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Abstract: One of the most effective technologies for recycling organic waste is its thermal destruction
by pyrolysis methods to produce valuable products such as hydrogen and mixtures containing
hydrogen. Increasing the thermal power of the flow helps to reduce the formation of secondary
reactions, making the non-condensable hydrocarbon gas in the pyrolysis process cleaner, which
simplifies further technology for the production of hydrogen and hydrogen-containing mixtures. In
addition, the economic viability of pyrolysis depends on the energy costs required to decompose the
organic feedstock. Using passive intensifiers in the form of discrete rough surfaces in heat exchanging
channels is a widely used method of increasing heat transfer. This paper presents the results of
numerical and experimental studies of heat transfer and hydraulic resistance in a channel with and
without hemispherical protrusions applied to the heat transfer surface. The investigations were
carried out for a reactor channel 150 mm long and 31 mm in diameter, with a constant pitch of the
protrusions along the channels of 20 mm and protrusion heights h of 1 to 4 mm for 419 ≤ Re ≤ 2795.
Compared to a smooth channel, a channel with protrusions increases heat transfer by an average
of 2.23 times. By comparing the heat exchange parameters and the hydraulic resistance of the heat
exchange channels, it was determined that h = 2 mm and 838 < Re < 1223 is the combination of
parameters providing the best energetic mode of reactor operation. In general, an increase in h and
coolant flow rate resulted in an uneven increase in heat transfer intensity. However, as h increases,
the dead zone effect behind the protrusions increases and the rough channel working area decreases.
Furthermore, increasing Re > 1223 is not advisable due to the increased cost of maintaining high
coolant velocity and the reduced heat transfer capacity of the channel.

Keywords: heat transfer enhancement; hydrogen; protrusions; rough surface; tubular pyrolysis
reactor

1. Introduction

Industrial processes produce by-products—industrial waste—in addition to the basic
useful products [1,2]. The conversion of by-products into a useful product and/or disposal
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often requires a different level of processing [3]. One of today’s burning issues is the
generation of hydrocarbon waste [4–6], particularly gases [7], which is a major cause
of global warming [8]. There are many sources of hydrocarbon gas emissions into the
atmosphere [9–11]: the processing or incomplete combustion of hydrocarbons, including
flue gas formation from various sources; the thawing of organic material residues; as well
as others. Approximately 2 million tonnes of unburned methane are released into the
atmosphere each year, according to estimates [12,13]. As the problems of global warming
and the depletion of non-renewable natural resources become more pressing, the issue of
technologies for the capture, processing and disposal of waste hydrocarbon gases appears
to be increasingly important for sustainable development in the environmental and energy
fields [14]. There remains a pressing scientific and practical challenge to the breadth and
quality of hydrocarbon waste treatment processes.

As production capacities and consumer needs evolve, more and more attention is paid
to improving the performance of heat exchangers, and in particular, to increasing the yield
of the finished product while maintaining its performance characteristics [15–17]. Process
lines and equipment for the thermal destruction of hydrocarbon waste were developed
as a special type of industrial heat exchanger [18,19]. The ability to utilise waste while
producing useful products in the form of hydrogen and hydrogen mixtures is a key feature
of these units [20]. However, there are a number of technical problems associated with this
type of process. For instance, the thermal utilisation of organic products is carried out at
the recommended temperatures of 650 to 1150 K [21], requiring high energy consumption.
This, in turn, reduces the efficiency of hydrocarbon processing in terms of production
and economic costs. In a thermal destruction apparatus, there is an interaction between
two substances, hydrocarbon waste and a coolant (heat source to sustain the destruction
reaction), separated by a wall. High-temperature (873 K and above) convective gases from
the combustion of fossil fuels in flare burners, which combine radiation and convective
heat transfer, are often used as coolants. Due to the high cost of energy, using electricity
as a heat source is considered to be less feasible [22]. In order to reduce energy costs in
thermal destruction facilities, it is, therefore, necessary to develop scientific and technical
solutions aimed at improving the quality of the thermal destruction process.

It is known that in order to reduce energy costs, it is possible to artificially enhance the
heat transfer by changing the nature of the coolant flow in the channel by transferring it
from laminar to turbulent motion [23,24]. The following criterion equations, proposed by
Petukhov for laminar flow, can be used to mathematically describe these types of flows
(Re < 2300) and by Mikheev for turbulent flow (2300 ≤ Re ≤ 104) [25]. Simplified, these
equations can be presented for laminar (1) and turbulent (2) flows as follows:

Nu = 0.146 · Re0.33 ·Gr0.1 (1)

Nu = 0.018 · Re0.8 (2)

where Re is the Reynolds number; Gr is the Grashof number.
When the thermal conductivity is determined using the criterion of Equations (1)

and (2), it can be seen that in turbulent gas flows corresponding to higher Reynolds numbers,
the thermal conductivity increases and, consequently, the thermal energy requirement of
the apparatus decreases. In industry, passive heat exchange intensifiers are used to improve
the thermal characteristics of heat exchange equipment by transitioning the coolant (gas)
from laminar to turbulent motion [26]. Passive devices used to increase heat exchange are
a type of structural modification to the heat exchanger. Their main benefit is to increase
the efficiency of waste recycling processes by increasing thermal capacity without adding
energy to the equipment.

The intensification of heat and mass exchange processes is an urgent task in the pro-
duction of hydrocarbon gas, which is required in the complex technology of the production
of hydrogen mixtures and hydrogen by the thermal processing of organic raw materials,



Energies 2023, 16, 6086 3 of 27

described in [27,28]. The technology involves two main stages. Sequential controlled ther-
mal decomposition of hydrocarbons into their constituent parts is the essence of the stages.
In the first stage, hydrocarbons are formed by breaking down into lighter compounds
according to the radical chain mechanism. The second stage involves the decomposition
of non-condensable hydrocarbon gases to produce hydrogen-containing mixtures and
hydrogen. The purity of the resultant hydrocarbon gas has a direct impact on the quality of
the next stage of hydrogen blending and hydrogen production [29]. When C-C bonds are
broken, radicals are formed that have an interaction with a larger hydrocarbon molecule. A
new aliphatic radical is formed in this reaction. Secondary β-decay reactions also occur,
and the resulting radical can enter new reactions and be the source of nucleation for new
chains [30]. However, secondary reactions give rise to substances that are pollutants in
the hydrocarbon gases. This effect can be reduced by the use of intensification equipment.
As mentioned above, with these devices it is possible to add more heat power to the flow.
Thus, by heating the feedstock faster, we can avoid or reduce the formation of secondary
reactions, thereby making the resulting non-condensable hydrocarbon gas cleaner and the
complex process of producing hydrogen mixtures and hydrogen simpler.

The main types of passive intensifiers that are widely used in the industry are as
follows:

1. Intensifying turbulators and swirl flow devices. They are devices used to control the
flow of liquid or gas in a channel [31]. In particular, the geometry of the devices generates
swirls and redistributes the flow velocities and forces. As a result, the coolant path length is
increased, entropy generation is minimised and output power is maximised in accordance
with the Gouy–Stodola theorem [32,33]. The most commonly used turbulators are twisted
tapes and other screw inserts in various configurations [34]. Disadvantages of their use,
which have a negative impact on heat transfer and flow parameters, include significant
blockage of the flow channel causing flow retardation and increased pumping costs and
high pressure drop, which can cause reverse flow and cavitation. Furthermore, these
devices are relatively complicated to manufacture and require a significant change in heat
exchanger design.

2. Rough surface intensifiers, especially discreet rough surface intensifiers. Surface
roughness refers to different types of micro or macro unevenness, periodic or non-periodic,
on the surface of the hydraulic channels of equipment or piping [35,36]. A discrete (dis-
continuous) arrangement of dimples or protrusions of different shapes is usually used to
distinguish discrete rough surfaces. Using rough channels helps to increase heat transfer by
increasing the area of the heat exchanging surface and transitioning the material flow to the
earlier turbulent motion [37]. Rough-surfaced channels have a higher thermal-hydraulic
efficiency than turbulence inserts [38]. The technologies are well studied and proven on
existing equipment to produce rough surfaces, such as plastic deformation [39] or the
cutting of material [40,41].

The geometric parameters, shape and density of rough heat transferring surfaces are
covered in many modern studies [36,42–44]. High heat transfer rates in systems with rough
surfaces are noted by the authors [45–47]. The use of ribbed channels and channels with
hemispherical dimples/protrusions is the most attractive from the point of view of heat
exchange intensification [48,49]. The effect of sinusoidal wave roughness on heat transfer
was studied by Xu et al. [50]. Surface roughness was found to play a dominant role in the
heat transfer rate increase coefficient. Ebrahimi and Naranjani [51] conducted a numerical
investigation of the thermal-hydraulic properties of a flat-plate channel equipped with
pyramidal protrusions under laminar flow conditions. Heat transfer was found to increase
by 277.9% but with a significant increase in pressure loss, up to 179.4%. The previous
numerical studies have reported the enhancement of heat transfer through the use of work-
ing fluids, such as nanofluids [52] and shear-thinning liquids [53], in combination with
equipping the channels with longitudinal vortex generators. The combination of channel
reshaping and specialised working fluids is predominantly employed for the cooling of
high-performance electronic devices. In their study, Nagesha et al. [54] analysed the impact
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of surface roughness elements, such as V-grooves and multiple hemispheres, on heat trans-
fer enhancement in a flat channel under turbulent conditions at room temperature, using
both numerical and experimental methods. The study’s findings indicate that multiple
hemispheres with significant separation between them lead to higher heat transfer enhance-
ment than V-grooves that are closely spaced together. The hemispherical shaped channels
are known to have better flowability. If the flowability is poor, there is flow separation and
stagnant zones are formed where there is almost no heat transfer. Due to these phenomena,
the efficiency of heat transfer channels with hemispherical dimples/protrusions is close to
the efficiency of using circumferentially ribbed tubes [55]. Numerical studies of passive
heat transfer intensifiers in the form of spherical depressions are reported by Isaev et al. [56].
While the heat transfer enhancement by spherical depressions is evident, the intensity of
swirling currents and the heat transfer coefficient inside the depression is observed to
be low, leaving the problem of selecting rational forms of passive intensifiers with the
highest thermal and hydraulic characteristics unresolved. In a numerical comparison,
Wang et al. [57] compared heat transfer intensifiers in the form of spherical depressions
and protrusions in the channel of a tubular heat exchanger using turbulent water flow
with a temperature of 546 K. The maximum heat transfer enhancement was 1.94 times in
the depression and 2.74 times in the protrusion when compared to a smooth channel wall.
Using a roughened surface in the form of hemispherical protrusions can also be justified by
the simple technology used to produce them.

Most of the previous studies have investigated the heat transfer characteristics through
a numerical simulation, which presents both technological challenges in experimental se-
tups as well as the ability to visualise the simulation results. It is important to note the
limited number of studies that have explored the efficiency of passive heat transfer intensifi-
cation in high-temperature plant operations, especially in industrial waste pyrolysis plants.
The majority of the studies on increasing passive heat exchange efficiency are related to
cooling physical objects. This involves different modelling conditions, such as the use
of the incompressible flow of the working medium and a channel wall heated above the
working medium temperature serving as a boundary condition. Nevertheless, there is
ample evidence to demonstrate that fitting ducts with vortex generators is a promising
method for enhancing passive heat transfer efficiency. The optimal parameters for rough
heat exchanger surfaces depend on equipment-specific processes and their process parame-
ters, including the substances used, temperatures and others. In view of the foregoing, the
purpose of this article is to study the efficiency of using channels with hemispherical pro-
trusions and their optimal parameters in the complex technology of hydrogen-containing
mixtures and hydrogen production during the thermal destruction of hydrocarbon feed-
stocks in a batch tubular pyrolysis reactor using the COMSOL Multiphysics software
product and laboratory experiments.

2. Materials and Methods
2.1. Model and Numerical Method
2.1.1. Geometrical Model

SolidWorks 2020 CAD software was used to create the initial model geometry. The
batch pyrolysis reactor was modelled using a reduced scale 1:10 model of the existing
apparatus. The geometric dimensions of the reactor model are shown in Figure 1. Pipes 1
and 2 are designed for feedstock inlet and outlet and form a feedstock flow channel with
baffles 3. Waste oil was used as the feedstock in this CFD modelling. The space bounded
by the inlet 4 and outlet 5 openings forms a flow channel for heating the feedstocks.
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Figure 1. The reactor model geometrical dimensions (protrusions are not shown and all dimensions
are in millimetres (mm), where: 1—feedstock inlet pipe; 2—feedstock outlet pipe; 3—baffle; 4—
coolant flow channel inlet; 5—coolant flow channel outlet; 6—shell.

The channels through which the coolant flows were a smooth channel and channels
with a discrete rough surface in the form of hemispherical protrusions located on the inner
surface of the shell 6 (Figure 1). The height and pitch of the hemispherical protrusions were
chosen on the basis of the ratio obtained by Solntsev and Krukov for rough surfaces of
different pitches [58]:

α

αsm
= 0.91 + 0.275 ln(t/h) (3)

where α and αsm—heat transfer coefficients for rough and smooth channels, respectively;
t—pitch of the protrusions (mm); h—height of the protrusions (mm). At the same time, the
ratio t/h should be ≤10, as maintaining this condition ensures the highest heat transfer
efficiency.

In addition, the height of the protrusions also depends on the diameter of the channel
with a discrete rough surface. The correction factor obtained by Zlobin and Tarasevich was
also used to determine the optimal height of the hemispherical protrusions [59]:

εpr = 1 + 2.8
(
h/deq

)0.3 (4)

deq =

(
4V
πL

)0.5
(5)
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where deq—equivalent diameter (mm); V—channel volume (m3); L—channel length (m).
The correction factor εpr is taken into account further for determining the heat transfer
intensity and is calculated at Re up to 9·104 and the ratio of height to equivalent diameter
h/deq = 0.025–0.065. This range provides the highest heat transfer efficiency [59]. In
simulation modelling, the h/deq ratio was in the range 0.033–0.144, where the expression
error is embedded (4).

Thus, the reactor channel was used with the height of the hemispherical protrusions
being equal to 1 mm, 2 mm, 3 mm and 4 mm. The pitch, i.e., the distance between the centres
of the hemispherical protrusions, was 20 mm along the channel and 9.7 mm along the
circumference; the number of protrusions was 150; and the arrangement of the protrusions
was staggered. For example, Figure 2 shows the channels with protrusion heights of 1 and
2 mm.
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2.1.2. Mathematical Model, Governing Equations and Boundary Conditions

The k-εmodel is one of the most commonly used turbulence models for computations
in fluid dynamics. The k-εmodel was first proposed in 1968 by Harlow and Nakayama [60]
as a universal approach to the determination of the missing variable at any point in
space. In 1972, after the publication of Launder and Spalding, the formulation of the k-ε
model of turbulence acceptable for numerical computations became widespread [61]. The
model is widely used in industrial applications due to its robustness to errors and its
reasonable accuracy for a wide range of turbulent flows [62]. This model includes two
transfer variables: the turbulent kinetic energy k and the dissipation rate of the turbulent
kinetic energy ε. The transport equation for the turbulent kinetic energy k was obtained by
transforming the Reynolds stress transport equation and has the following form [63]:

ρ(u.∇)k = ∇ · ((µ +
µT
σk

)∇k) + Pk − ρ · ε (6)

Pk = µT(∇u : (∇u + (∇u)T)− 2
3
(∇ · u)2)− 2

3
ρk∇ · u (7)

µT = ρCµ
k2

ε
(8)
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where ρ—density; k—turbulent kinetic energy; u = [ux, uy, uz]—velocity vector in the global
coordinates x, y, z; Pk—production term; µ—dynamic viscosity coefficient; µT—turbulent
dynamic viscosity coefficient; σk—empirical constant; Cµ is a model constant. The transport
equation for ε reads:

ρ(u.∇)ε = ∇ · ((µ +
µT
σε

)∇ε) +
ε

k
[Cε1 · PK − Cε2 · ρ · ε] (9)

where σε—is the analogue of the Prandtl number for ε; Cε1, Cε2—empirical constants. The
empirical constants for the standard k-ε model are assigned the following values [64]:
Cµ = 0.09; Cε1 = 1.44; Cε2 = 1.92; σk = 1.0; σε = 1.3.

The k-ε model has proven to be stable, relatively computationally inexpensive and
of considerable accuracy for a wide range of problems. In addition, the advantage of
this model is that it has a relatively low degree of non-linearity, which results in fewer
convergence problems. As the model uses adjoint functions, there is no need for strong
densification of the mesh near the walls. The disadvantage of this turbulence model is
the rather poor results for calculations under large pressure gradients, which is due to the
presence of the near-wall functions [65].

In view of the above, it was decided to use the k-ε turbulence closure model for further
studies by CFD modelling of heat transfer in a channel with hemispherical protrusions. To
investigate the heat transfer properties of a tubular pyrolysis reactor heating hydrocarbon
products, CFD modelling was conducted on a circular cross-section channel including
hemispherical protrusions of varying heights as a heat exchange mechanism.

The study of the heat exchange efficiency was carried out by comparing the average
temperatures in the reaction zone of the reactor at a fixed coolant temperature. The k-ε
turbulence model Equations (6)–(9) were solved using the COMSOL Multiphysics software
(version 5.5). The CFD commercial code COMSOL Multiphysics software allows us to
determine the velocity components and temperature of the non-isothermal, compressible
gas flow within the tubular reactor channel by solving the RANS averaged transport
equations and adopting eddy viscosity turbulence models:

• the equation of mass conservation:

∂ρ

∂t
+∇ · (ρu) = 0 (10)

• and the momentum conservation equation:

ρ
∂u
∂t

+ ρu · ∇u = −∇p +∇ · τ + F (11)

τ = µ(∇u + (∇u)T)− 2
3

µ(∇ · u)I (12)

where p—pressure; F = [0, −g, 0]T—body force vector; τ—viscous stress; I—identity tensor.
The energy conversion equation for the cooling fluid is expressed as

ρCpu · ∇T +∇ · q = Q (13)

q = −k f∇T (14)

where Cp—specific heat capacity; q—conductive heat flux vector; T—absolute temperature;
kf—thermal conductivity; Q—heat sources.

Figure 3 shows the boundary conditions for the fluid domain. Nitrogen was used as
the heat transfer gas. A standard set of parameters embedded in COMSOL Multiphysics
was used to determine the physical properties of the nitrogen. The temperature of the
coolant was chosen on the basis of the experimental data obtained at the production plant
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and was set at 973 K. The inlet coolant flow rate was varied from 1 to 5 m/s with a pitch
of 2 m/s. Waste oil, with the characteristics outlined in Table 1, was used as a heated raw
material. The waste oil’s initial temperature was 293 K. Due to the fact that the feedstock is
in the reactor for approximately 20–25 min, the flow velocity of the waste oil in the reactor
was set to 3·10−4 m/s to indicate the absence of feedstock movement within the reaction
zone of the reactor. AISI 310S stainless steel with a thickness of 5 mm is used for the reactor
body and elements.
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Figure 3. Fluid domain boundary nomenclature, where: 1—coolant channel inlet; 2—coolant channel
outlet; 3—waste oil channel inlet; 4—waste oil channel outlet.

The inlets 1 and 3 of the coolant and oil flows were set to have a fully developed flow
condition, in terms of average flow velocity. This was accomplished by selecting the “Fully
developed flow” and “Average velocity” options, respectively, as shown in Figure 3. Fully
developed flow is a type of boundary condition in COMSOL Multiphysics, where a virtual
domain is constructed. The one-dimensional Navier–Stokes equation for stabilised flow
is solved within the virtual domain and then transferred to the boundary. This boundary
condition variant is available for both laminar and turbulent models. At outlets 2 and 4
(Figure 3) of the coolant and oil flows, respectively, zero gauge pressure (P0 = 0) was set. The
parameters for normal flow (selected as “Normal flow” option) and suppression of backflow
(selected as “Suppress backflow” option) were configured. The flow modelling considers
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the incompressible flow condition (selected option: “Compressible Flow (Ma < 0.3))”. All
internal surfaces, highlighted in white in the figure, and hemispherical protrusions had
a thin layer condition applied (“Thin Layer” option). The adiabatic wall condition was
applied to all internal surfaces highlighted in green in the figure. A non-adhering boundary
condition was introduced to describe the flow of heat transfer gas and waste oil (“No slip”
option). The generalised modelling conditions are summarised in Table 1.

Table 1. CFD modelling conditions.

Parameter Value

Pressure in the channels Zero gauge pressure (P0 = 0)
Working gas (heat carrier) Nitrogen

Gas velocity, m/s 1, 3 and 5
Gas initial temperature, K 973

Gas density, kg/m3 at 973 K and P0 = 0 0.340
Gas viscosity, mm2/s at 973 K and P0 = 0 116.7·10−6

Gas specific heat capacity, kJ·kg−1K−1 at 973 K
and P0 = 0

1.161

Raw material Waste oil
Oil density, kg/m3 at 15 ◦C 878

Oil viscosity, mm2/s at 40 ◦C 5.4
Oil specific heat capacity, kJ·kg−1K−1 at 40 ◦C 2.173

Oil flow velocity, m/s 3·10−4

Initial oil temperature, K 293
Reactor material AISI 310S steel

AISI 310S thermal conductivity, W·m−1K−1 14.2
Turbulence model k-ε

Height of hemispherical protrusions, mm 1, 2, 3 and 4
Turbulent flow mode Fully developed flow

Housing thickness (reactor vessel), mm 5
Properties of housing (reactor vessel) Thin layer, nonlayered shell

In order to estimate the pressure losses in the channel with the coolant, the friction
factor, derived from the Darcy–Weisbach formula, is calculated as follows [66]:

f =
2∆pDH

ρu2L
(15)

where ∆p—pressure difference in the channel (based on pressure contours) (Pa); u—average
velocity of the coolant flow in the channel (based on velocity contours) (m/s); DH—
hydraulic channel diameter (m).

2.1.3. Mesh and Code Validation

A mesh independence test was applied on both the smooth channel and the channel
with 3 mm hemispherical protrusions to assess the density of the mesh required. For both
channels, five meshes were used, labelled “Coarser”, “Coarse”, “Normal”, “Fine” and
“Finer”. The average channel temperature T calculated for each mesh is shown in Figure 4.
As can be seen, the “Fine” mesh provides acceptable results and turnaround time, so it was
used as the base mesh (Figure 5) for reactors with different channels. The scale residual
has convergence conditions of the order of 10−5 for velocity and 10−6 for temperature. The
“physics-controlled mesh” parameter was activated to automatically determine the size
attributes and the sequence of operations required to generate a mesh adapted to the task,
using the internal algorithms of the software package.
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Figure 5. COMSOL Mesh.

The simulation model was compared with previous numerical studies to ensure the
accuracy of the results. The model was compared with Wang et al. [57], who modelled
a tubular heat exchanger in the FLUENT numerical simulation software environment to
investigate channels with different height dimples/protrusions. The comparison of the
drag coefficient calculations (15) of the present simulation in COMSOL with the published
results is shown in Figure 6.
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Figure 6. Model validation [57].

The comparison with the present work showed a good agreement when the tempera-
ture at the inlet of the channel with protrusions was set at 546 K, the pressure at the outlet
of this channel was set at 20 MPa, and the height of the hemispherical protrusions was set
at 7 mm. At Re = 10,000, the maximum relative error of the calculated drag coefficient was
3.4%. The possible explanations for this error include algorithmic variations in two different
commercial CFD modelling software, errors in the solvers themselves, and uncontrolled
errors in modelling conditions such as mesh differences. The Reynolds number was defined
by the channel inlet velocity uin and the hydraulic diameter DH as

Re = uinDH/υ (16)

2.2. Laboratory Studies

To conduct the experimental studies, a thermal degradation process unit equipped
with a tubular pyrolysis reactor was utilised. This unit can be represented in a simplified
manner using the scheme presented in Figure 7. The process unit comprised a heat carrier
gas supply unit 1, known as the gas generator, a thermal destruction reactor 2, and a heat
carrier channel 3. The thermal destruction reactor 2 was designed in two versions. The first
version utilised a reactor with a smooth coolant channel 3, featuring a nominal diameter
of 31 mm. In the second option, a reactor 2 with a rough discrete channel 3 having a
nominal diameter of 31 mm and hemispherical protrusions 2 mm high (deq = 30.2 mm)
was implemented. The design was based on CFD modelling results from this study. The
remaining channel geometry also adhered to the parameters presented in Figures 1 and 2.
The technological unit also included a Forsthoff Grand-L-Electronic-3400 model hot air
gun (Forsthoff GmbH, Solingen, Germany) 4, an OVEN 2TRM1 model thermoregulator-
measurer (Production Association OVEN LLC, Ekaterinburg City, Russia) 5 that has an
accuracy class of 0.5/0.25 and hoods.
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Figure 7. Experimental thermal destruction unit diagram, where: 1—gas-heat carrier supply block; 2—
thermal destruction reactor; 3—heat carrier channel; 4—hot air gun; 5—thermoregulation measuring
device; 6—hood; 7—thermoelectric transducers; 8—flow meters; 9—acoustic signal sensor; 10—raw
material loading pipe; 11—reaction product unloading pipe; 12—heat carrier outlet pipe; 13—pressure
gauge.

Thermoelectric transducers of type K 7, Panametrics GM868(XGM) flow meters 8
(Baker Hughes (Panametrics), Billerica, MA, USA), and an acoustic signal sensor 9 were
utilised to monitor the operating parameters. For acoustic signal detection, a piezoelectric
film sensor SDT1-028K (Measurement Specialties, Inc., Hampton, VA, USA) model 9 was
used. The sensor has a uniform bandwidth of 10 Hz to 10 MHz and an output resistance of
10 MΩ. Additionally, the sensor’s sensitivity is guaranteed to not be worse than 2% strain.

The VK-701 signal collection board (Vkinging Corporation, Shanghai, China) was used
to convert the analogue signal from the acoustic sensor and transmit it to the computer.

Reactor 2 was equipped with a feedstock loading port 10, a reaction product discharge
port 11 and a coolant outlet port 12. The unreacted feedstock residue was discharged
through the reactor lid 2, which is not displayed in the diagram. In addition, automatic
shut-off valves were employed, although they are not shown on the diagram. The pressure
control was conducted with the aid of MP100HH pressure gauge 13 (Jumas LLC (scientific
production association), Moscow, Russia).

The start of the thermal degradation process involved feeding the feedstock into
the reactor via nozzle 10 (refer to Figure 7). The waste engine oil, whose properties are
explained in Table 1, served as a feedstock to the reactor. Gas generator 1 facilitated the
generation and heating of heat carrier gas at the appropriate temperature, which was
then supplied to channel 3 of reactor 2, aided by a hot air gun 4. After releasing the
required amount of heat energy, the heat carrier gas was directed to fume hood 6 through
branch pipe 12 for further utilisation. The gaseous reaction products resulting from the
thermal processing of organic raw material were directed through branch pipe 11 to hood 6
for further processing, in line with the complex technology of hydrogen production and
hydrogen-containing mixtures presented in [27,28].

Carbon dioxide was used as a heat carrier gas (CO2) (ρ = 0.533 kg/m3, υ = 77.1·10−6 m2/s,
Cp = 1.225 kJ/(kg·K) at 973 K and P0 = 0). The initial coolant temperature was 973 K with
laminar and turbulent flows, and the reactor pressure was approximately equal to the
atmospheric pressure (P0 = 0). The acoustic signal sensor 9 was used to determine the
laminar-to-turbulent transition. Simultaneously, a surge in amplitude was observed on
the pulse wave feature when the coolant flow velocity changed. The temperature of the
raw material was determined by readings from thermoelectric transducers 7. Once the raw
material temperature had stabilised, indicating a steady state in the heat transfer process,
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all measurements were taken. The required average velocity was regulated by reading
flowmeter sensor 8. The sensors recorded all necessary information, while the temperature
indicator and its average value was determined with the help of the thermoregulator–
measurer.

As previously stated, CFD modelling assumes that the process is adiabatic (with adia-
batic reactor surfaces being selected as an option). However, it is impossible to confirm that
the process occurs without heat losses through the reactor elements into the environment
under experimental conditions. To minimise this factor, thermal insulation materials based
on polyisocyanurate foam were applied. Tolerances in the dimensions and shapes of the
parts, necessary technological clearances and manufacturing tolerances of the reactor parts
can also cause losses. This is the primary assumption considered in the experimental stud-
ies. Another assumption involves the allowable deviations in the chemical composition of
the steel and the differences in the chemical and/or physical surface treatment technologies
of the reactor components, which are used in the experimental study. These factors influ-
ence the difference in mechanical and physical properties of the materials and parts used
in their production. Furthermore, it is crucial to acknowledge that these properties can
change during experimental studies. Finally, experimental studies can be prone to errors,
particularly due to uncertainties in the measurements and the parameters produced.

The uncertainties of measured and produced parameters are ±2.8% for the coolant
temperature measured by thermoelectric elements, ±3.5% for the coolant flow rate and
±0.01% for the hydrocarbon flow rate obtained by means of flowmeters. The measurement
error for the thermometer regulator is ±0.15% and the acoustic signal sensor is ±0.49%.

The heat transfer efficiency was determined by finding the Nusselt number at fluid
flow velocities from 1 to 7 m/s with 1 m/s increments. The Nusselt number for a smooth
channel was determined using expression (1) for laminar flow and expression (2) for
turbulent flow and the same formulae but taking into account the correction factor εpr for a
rough channel:

Nupr = 0.146 · Re0.33 ·Gr0.1 · εpr (17)

Nupr = 0.018Re0.8 · εpr (18)

The processing of the experimental results was based on the comparison of the results
obtained by experimental means and the results of the analytical solution for coolant flow
in smooth and discrete rough channels. The error was estimated as follows:

Err =
Nuexp − Nuan

Nuan
· 100% (19)

where Nuexp and Nuan are the Nusselt numbers based on the experimental data and on
the analytical calculations, respectively, which are calculated according to the following
Formulae (1), (2), (17) and (18). In this case, the correction factor εpr was determined from
(4), and to determine the Reynolds number according to (16), the kinematic viscosity of CO2
was determined based on the temperature given for the analytical solution and measured
by the above method for experimental studies.

As mentioned above, in order to study a discrete rough surface with hemispherical
protrusions, a channel with the protrusion height of 2 mm was created. The technology
to obtain a channel with a discrete rough surface consisted of three main stages: forming
the thermal contact surface on the sheet material (Figure 8); giving the sheet the required
shape; and fixing the sheet with the thermal contact surface using an adhesive. Similar to
the CFD modelling, the reactor material used here was AISI 310S steel. The hemispherical
protrusions were formed using knurling technology with a forming tool. This technology
was chosen for the trial because of its ability to create complex protrusion profiles as an
alternative to thin sheet forging. The results of the tests will be presented in future studies.
The forming tool is shown in Figure 9.
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The forming tool (Figure 9) was a hollow shaft 8 supported by a holder 7 in the form of
a U-shaped frame. A drum 4 was mounted on a shaft 8. The drum 4 consisted of assembly
sections—inserts 1, the number of which was adjusted according to the width of the sheet
material and the required discrete roughness of the surface. The inserts 1 could be quickly
mounted on the drum 4. A convex relief 2 was formed on the working surface of the
inserts 1 so that when knurling took place, recesses were created that were a reflection of
the relief 2 on the workpiece 3. The smooth and discrete rough channels were brought to
Ra = 0.11 µm by grinding the channel with a diamond-coated needle and then polishing
the channel with ASM 7/3 diamond paste. The roughness of the channel surfaces was
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measured using a HOMMEL Tester T2000 (Hommelwerke GmbH, Ingelheim am Rhein,
Germany) profilograph-profilometer.

3. Results and Discussion
3.1. CFD-Modelling

The CFD modelling was performed with the same parameters for a smooth channel
and a channel with hemispherical protrusions of different sizes to determine the benefits of
using discrete rough channels. The temperature distribution contours obtained in COMSOL
Multiphysics for a flat channel and a channel with hemispherical protrusions of 1 mm
height are shown in Figure 10. Figure 11 shows the temperature distribution contours for
the protrusion heights of 2 and 3 mm.

The average temperature in the reaction chamber of the reactor was used to estimate
the heat transfer efficiency of the channels. According to the results of the CFD modelling,
it becomes obvious that the first factor influencing the heat transfer was the flow velocity
of the coolant, regardless of the pipe geometry (with or without protrusions). For example,
for the smooth channel (Figure 10a–c) with an initial coolant temperature of 973 K and
coolant flow rates of 1, 3 and 5 m/s, the average waste oil temperatures were 778, 854.5 and
880.5 K, respectively. The same pattern of increasing average temperature with increasing
coolant flow velocity is observed for rough channels (Figure 10d–f).

The second factor with an impact on heat transfer was the modification of the channel
geometry with a discrete rough surface. Modification of the channel with hemispherical
protrusions of 1 mm height contributed to a slight increase in the average temperature in
the reactor, which was 794.8, 865.5 and 888.6 K at coolant flow velocities of 1, 3 and 5 m/s,
respectively (Figure 10d–f). Compared to the smooth channel, the percentage increases in
average temperature in the reactor reaction chamber were 2.1, 1.3 and 0.9% for coolant flow
rates of 1, 3 and 5 m/s, respectively. The insignificant increase in the average temperature
is explained by the fact that the condition t/h ≤ 10 from Equation (3) is not fulfilled, as well
as by the insignificant entry of the correction factor εpr from Equation (4) into the threshold,
which is confirmed by the corresponding calculations (t = 20 mm, h = 1 mm, t/h = 20 and
h/deq = 0.033).

The third factor with an impact on heat transfer was the change in geometry of the dis-
crete rough surface. Increasing the height of the hemispherical protrusions to 2 mm, while
maintaining the pitch, contributes to a more significant increase in the average temperature
in the reactor reaction chamber (Figure 11a–c). The mean temperature index values in
this case were 818, 880.1 and 899.7 K at coolant flow rates of 1, 3 and 5 m/s, respectively.
Compared to the smooth channel, the percentage increases in the average temperature in
the reactor reaction chamber were 4.9, 2.9 and 2.1% for the coolant flow velocities of 1, 3
and 5 m/s, respectively. The value of t/h is 10, and the value of h/deq = 0.066.

Higher mean temperatures were observed at 3 mm protrusion height (Figure 11d–f).
At coolant flow rates of 1, 3 and 5 m/s, the temperatures in the reaction chamber were
830.3, 888.9 and 907.5 K, respectively (t/h = 6.67, h/deq = 0.102). If we express these figures
as percentages, we can see that the average temperature increases by 6.3, 3.9 and 3%,
respectively, in comparison with the smooth channel.
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The clear influence of protrusion height on the reaction chamber average temperature
in the tubular pyrolysis reactor can be illustrated by the graph shown in Figure 12. The av-
erage reactor temperature did not increase significantly when the height of the protrusions
was increased to 4 mm (t/h = 5, h/deq = 0.144). This advantage was only 6, 3.2 and 2.8 K at
coolant flow velocities of 1, 3 and 5 m/s, respectively, compared to a 3 mm channel.
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The insignificant overshoot of the h/deq ratio of the correction factor εpr at the height
of the protrusions of 2 mm can be explained by the error in the SFD modelling related both
to the experimental conditions (type and parameters of the mesh, boundary conditions,
etc.) and to the approximate analytical solution of the correction factor εpr by expression
(4). Exceeding the limits of the h/deq ratio in the case of a 3 mm protrusion height is
accompanied by a decrease in the rise in the average temperature of the reactor reaction
chamber. When using 2 mm high protrusions, the average temperature increased by
19.2–40 K compared to the smooth channel; then, when 3 mm protrusions were applied,
the average temperature increase amounted to 27–52.3 K compared to the smooth channel.
When the height of the protrusions was further increased to 4 mm, the h/deq increased and
resulted in even lower average temperature gains (heat transfer efficiency), which generally
showed a decrease in the average temperature rise per millimetre of protrusion and good
agreement with the need to ensure the condition h/deq = 0.025–0.065. This indicates that
it is inappropriate to analyse the effect of further increasing the height of the protrusions
with a set pitch, given the negative effects of a jump-like increase in hydraulic resistance to
flow when increasing the height of the protrusions, which is analysed below.

The influence of the coolant flow velocity u and the height of the hemispherical
protrusions on the friction factor f is shown in Figure 13.
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Figure 13. Variation in friction factor with coolant velocity.

The analysis of the data obtained shows that with the appearance of hemispherical
protrusions and the increase in their height, the friction factor increases. Increasing the
height of the protrusions creates a greater hydraulic resistance, which, in turn, has a
positive effect on the heat transfer capacity of the channel, up to a certain limit. The highest
coefficient of hydraulic resistance is observed at a coolant flow rate of 1 m/s in all of the
channels taken into consideration. Between 1 and 3 m/s, the greater the drop rate f, the
higher the height of the protrusion and, consequently, the pressure drop in the channel.
At 3 m/s, the slope of the friction factor curve is altered. Between 3 and 5 m/s the curve
becomes almost linear, with the square of the coolant flow rate being proportional to and
almost equal to the pressure drop. From this, it can be concluded that increasing the coolant
flow rate from 3 m/s and above is not advisable in view of the increase in the cost of
maintaining a high coolant flow rate and the low indicators of increasing the heat transfer
capacity of the channel. It was found that increasing the height of the protrusions up to
4 mm significantly increases the hydraulic resistance without significantly increasing the
average temperature of the channel. This phenomenon can be explained by the fact that
the height of the protrusions relative to the channel diameter reaches such values that the
vortices formed become less stable, resulting in an increased probability of their entering
the main flow.

3.2. Experimental Studies

The kinematic viscosity of CO2 was assumed to be 77.1·10−6 m2/s (at 973 K) for the
analytical solution. The CO2 temperature obtained during the experimental studies and
the corresponding kinematic viscosity of the coolant are shown in Table 2.

Based on the data in Table 2, the numbers Re and Nu were calculated. The compared
calculations of the analytical solution of Rean and Nuan, based on the experiment Reexp and
Nuexp, are given for both types of channels in Table 3. For clarity, Figure 14 shows the
variation in the Nusselt criterion as a function of different Reynolds numbers for a smooth
channel and a channel with 2 mm high hemispherical protrusions.
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Table 2. Temperature measured and the corresponding CO2 viscosity.

Velocity, m/s
Smooth Channel Channel with Protrusions

Temperature, K Viscosity,
10−6·m2/s Temperature, K Viscosity,

10−6·m2/s

1 942 72.90 936 72.10
2 948 73.75 943 73.08
3 954 74.60 950 74.05
4 959 75.19 953 74.39
5 963 75.77 955 74.72
6 965 76.04 959 75.18
7 967 76.30 962 75.64

Table 3. Calculated results for determining heat exchange intensity.

Channel
Type u, m/s Rean Reexp Nuan Nuexp Err (19), %

Smooth
Channel

1 402 425 2.99 3.08 3.01
2 804 841 3.76 3.85 2.39
3 1206 1247 4.29 4.37 1.86
4 1608 1649 4.73 4.79 1.27
5 2010 2046 5.08 5.13 0.98
6 2412 2446 9.15 9.25 1.09
7 2815 2844 10.35 10.43 0.77

Channel
with Pro-
trusions

1 392 419 6.65 6.89 3.61
2 783 838 8.36 8.66 3.60
3 1175 1223 9.55 9.76 2.20
4 1567 1624 10.50 10.70 1.90
5 1959 2021 11.31 11.50 1.68
6 2350 2410 20.06 20.47 2.04
7 2742 2795 22.70 23.05 1.54
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In the range of coolant velocities investigated, the heat transfer performance increases
non-linearly with the Reynolds number. The growth of Nu is quite intense in the range
of Re numbers from 419 to 838 (coolant velocity from 1 to 2 m/s). This is probably due
to the fact that at Re = 419, the vortex (disturbance) formed by the protrusion has a small
force, which does not allow it to be fully distributed behind the protrusion. Starting from
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Re~838, the vortex formation increases, the flow strength stabilises, and the further growth
of the heat transfer intensity is almost linear up to Re = 2021 (coolant velocity—5 m/s).
This phenomenon can also be observed in the results of the CFD modelling. As the coolant
flow rate was increased up to ~3 m/s, the curve also showed intense growth, and from
3 m/s the curve growth rate slowed, which is expressed as flow stabilisation (Figure 12).
In the range of Re ~ 2410–2795 (6–7 m/s) the flow becomes transitional and the influence
of the protrusions on the heat transfer intensity becomes smaller, which is expressed in a
smaller difference between the ratio of Nu numbers of the channel with protrusions and
the smooth channel (Figure 14).

Comparing the Nusselt numbers obtained for the coolant flow in a smooth channel
and a channel with hemispherical protrusions of 2 mm height, the efficiency of the lat-
ter becomes obvious. The protuberance surface significantly improves the heat transfer
characteristics, as shown in Table 3 and Figure 14. A more than two-fold increase in the
heat transfer capacity of the reactor, according to the Nusselt criterion, is observed in the
rough channel. On average, a channel with protrusions increases heat transfer by 2.23 times
compared to a smooth channel. At the same time, this ratio of heat transfer intensities
decreases slightly at Re > 2300, probably due to the increase in the dead zone behind the
protrusion and, consequently, the decrease in the working surface of the rough channel.
These results correlate well with [57], where a more than twofold increase in Nu is also
observed for channels with grooves of different structures compared to a smooth channel,
and the influence of the dead zone of channels with protrusions is also noted.

The experimental results on the heat transfer of a smooth channel and a channel with
hemispherical protrusions of 2 mm height can be considered satisfactory. The error Err of
the experimental data with the analytical calculation was in the range of 0.77 to 3.01% for
the smooth channel (Table 3). For the channel with hemispherical protrusions of 2 mm in
height, the error Err was in the range of 1.54 to 3.61%. In general, increasing the Reynolds
number resulted in a decrease in error due to a smaller change in the viscosity of carbon
dioxide.

Several conclusions can be drawn about the changes in thermal conductivity in chan-
nels with hemispherical protrusions by analysing the results obtained from CFD modelling
and experimental studies:

• The inclusion of spherical protrusions in the channel of a tubular pyrolysis reactor
enhances heat transfer. Studies have found that the pressure difference between
the two sides of the protrusion causes the detachment of the flow from the edges,
resulting in the generation of longitudinal, transverse and horseshoe vortices [67]. The
protrusions enable the slow and inactive part of the flow (known as the wall flow) to
be redirected around the protrusion, resulting in the formation of a horseshoe vortex
that reduces the thickness of the boundary layer. This is especially true in laminar flow
conditions [68]. In addition, vortices created by the protrusions improve fluid mixing
and hinder the growth of the thermal boundary layer, leading to an increase in the
efficiency of heat exchange [53]. At the same time, a stagnant (dead) zone is created at
the back of the protrusion [57]. This limits the average temperature rise as the height
of the protrusions increases. However, an increase in the height of the protrusions
contributes to an increase in the average heat transfer, an increase in the amount of
turbulence near the wall and, thus, an intensification of the heat transfer.

• Increasing the coolant flow rate led to an increase in the average temperature in the re-
actor reaction chamber in all cases. At the same time, the heat transfer increased. This
phenomenon’s results are obtained through flow visualisation using thermochromic
liquid crystals [69]. In the case of flow over spherical protrusions, it is demonstrated
that at Re = 550, a laminar flow is observed over the protrusion. However, the protru-
sion creates perturbations in the wake, resulting in an increased heat release. Upon
Re increment to 1025, the flow behind the protrusion separates, forming a substantial
recirculation zone. Simultaneously, the instability of the recirculation zone is observed,
introducing perturbations in the flow behind the protrusion, causing further heat
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transfer intensification in the trail. A faster laminar–turbulent transition is favoured
by the presence of hemispherical protrusions on the channel surface. In addition to
the change in the character of the obtained curves, the onset of the transition regime is
confirmed by the data obtained from the acoustic signal sensor, where a characteristic
amplitude spike in the pulse wave characteristic is observed when the flow velocity
changes (Figure 15). The acceleration of the transition up to critical Reynolds numbers
due to the presence of discrete roughness is also confirmed by the data obtained for
channels with spherical grooves [70].
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• The enhancement of heat transfer in channels featuring hemispherical protrusions
during flow regime transition can be explained by the formation of a viscous sublayer
phenomenon. The vortex formation as the Reynolds number changes can be visualised
in the diagram in Figure 16.
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Figure 16. Flow diagram of hemispherical protrusions under different flow conditions: (a) laminar,
(b) turbulent.

• The protrusions are completely covered by the viscous sublayer if the thickness of the
viscous sublayer is greater than the height of the protrusions (H > h). As can be seen
from the scheme presented (Figure 16a), the low flow velocities of the coolant flow
smoothly around the hemispherical protrusions and do not significantly affect the
flow pattern. As the Reynolds number increases, the thickness of the viscous sublayer
decreases. After reaching a certain condition, the ductile sublayer thickness may be
less than the height of the protrusions (H < h) (Figure 16b). This, in turn, results in the
dissipation of the kinetic energy of the flow turbulence, improving the heat transfer
between the heat transfer medium and the heat transfer surface.

• Increasing the coolant flow rate in tubular pyrolysis reactors can help reduce their mass
dimension indicators by increasing heat exchange efficiency. However, the physical
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and chemical properties of heat transfer fluids are worth considering. Therefore, if
the heat transfer fluids have drastically different heat transfer coefficients, the velocity
of the heat transfer fluid with the higher heat transfer coefficient has little effect on
the heat transfer coefficient. For this reason, it may be necessary to make dimensional
adjustments to the reactor design.

4. Conclusions

The thermal-hydraulic characteristics of channels with hemispherical protrusions in
tubular pyrolysis reactors were analysed through numerical and experimental studies.
The results of heat transfer variation for surfaces modified by roughness elements were
compared with those for a smooth surface. The velocity of the coolant flow for CFD
modelling ranged from 1 to 5 m/s in intervals of 2 m/s, while for laboratory experiments,
the flow velocity ranged from 1 to 7 m/s in intervals of 1 m/s (419 ≤ Re ≤ 2795). The
protrusion heights of 1, 2, 3 and 4 mm were analysed for CFD modelling, whereas the
laboratory experiments utilised a height of 2 mm based on the results from the CFD
modelling analysis.

The hemispherical protrusions present on the channel surface facilitate an earlier
laminar–turbulent transition compared to a smooth channel. An uneven increase in the
average temperature in the reactor reaction chamber was observed when increasing the
height of protrusions while maintaining the pitch. The heat transfer is on average increased
2.23 times more in the channel with protrusions compared to a smooth channel. The
maximum increase in the average channel temperature was observed at a protrusion height
of 2 mm. Increasing the height of the protrusions results in a decrease in the average
temperature increase due to the increase in the stagnant zone behind these protrusions.
This stagnant zone reduces the working surface of the rough channel. Irrespective of the
type of channel, increasing the coolant velocity results in an increase in heat transfer and a
drop in the friction factor when non-uniform velocity is present. It is not recommended
to increase the coolant flow velocity beyond 3 m/s (Re = 1175) due to the high costs of
maintaining this velocity and the low increase in the heat transfer capacity of the channel.

The use of passive heat exchange process intensifiers in tubular pyrolysis reactors at
the first stage (pyrolysis of feedstock) for the complex technology of organic waste utili-
sation has a positive effect on the quality of hydrogen-containing mixtures and hydrogen
production. The intensification of thermal energy transfer helps to minimise secondary
decomposition reactions, thus, reducing the amount of pollutants produced by pyrolysis of
non-condensable hydrocarbon gas wastes. The direct influence of the intensification of heat
exchange processes at the complex technology of organic raw materials thermal processing
on the quality of hydrogen-containing mixtures and hydrogen production is planned to be
presented in future works. Planned studies will investigate the impact of protrusion pitch
(density) and placement in the channel of a tubular pyrolysis reactor on heat transfer.
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Nomenclature

Cp Specific heat capacity, kJ/(kg·K) q Conductive heat flux vector, W/m2

Cε1, Cε2 Empirical constants Q Heat sources, W/m3

Cµ k-εmodel constant Ra Roughness, µm
deq Equivalent diameter, mm Re Reynolds number
DH Hydraulic diameter, m Rean Reynolds number based on analytical calculations
Err Comparison error Reexp Reynolds number based on experimental data
f Friction factor t Pitch of the protrusions, mm
F Body force vector, N T Absolute temperature
Gr Grashof number u Average velocity, m/s
h Height of the protrusions, mm uin Inlet velocity, m/s
I Identity tensor ui,k Fluctuation velocities of particles in turbulent motion, m/s
k Turbulent kinetic energy V Channel volume, m3

kf Thermal conductivity, W/(m·k) Greek symbols
L Channel length, m α Heat transfer coefficient for rough channel
Ma Mach number αsm Heat transfer coefficient for smooth channel
Nu Nusselt number ε Turbulent dissipation rate
Nuan Nusselt number based on analytical calculations εpr Correction factor
Nuexp Nusselt number based on experimental data µ Dynamic viscosity, Pa·s
Nupr Nusselt number based forrough channel µT Turbulent dynamic viscosity, Pa·s
p Pressure, Pa υ Kinematic viscosity, m2/s
∆p Pressure drop on the flow channel, Pa ρ Density, kg/m3

P0 Gauge pressure σk, σε Empirical constants
Pk Production term τ Viscous stress, MPa
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