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Abstract

The integration of remote technology into the construction industry has advanced the emergence of smart, self-
learning infrastructure across all levels of land transportation design and development. However, energy harvesting
capabilities for smart road ventilation purposes have not yet been fully researched as the world gravitates towards energy
sustainability. This study thus presents a mathematical investigation of the self-draining design potentials of road
pavements, leveraging on energy absorption and conversion to accelerate conductive and convective ventilation of these
pavements during wet conditions, as a means of ensuring the skid resistance and safety of such pavements are not
compromised. Applying numerical methods with the aid of commercial software code MATLAB®, the classical physics
of fluid-surface interaction was used to model accelerated drainage of microflood off paved surfaces through methodical
modification of the thickness of the boundary layer associated with the flow regime over the flat road surface. Results
indicate significant influences of energy exchange, thermal, and viscous diffusivity on flow acceleration. Alterations in
parameters such as the slip factor, thermally induced Brownian motion or phoretic characteristics of the fluid particles
at the boundary induce accelerated flow at the surface of the pavement. The findings contribute to the advancement of
smart infrastructure by offering practical insights into the potential benefits of integrating energy-harvesting
technologies into road pavement systems. By optimizing flow acceleration mechanisms, smart pavements can play a
crucial role in improving road safety and sustainability in urban environments.
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. transitioned from an object of mere academic curiosity to
1. Introduction ) . :
the next level of socioeconomic and environmental

In contemporary times, technology has become part of recent times, road

advanced towards

development revolution. In

construction

everyday living. The integration of technology into
virtually everything around us has brought about
advancements in almost every endeavour and even
opened up vistas for innovation and development. The
construction and infrastructure industry is not left out of
this race to make everything around us “intelligent”, self-
diagnosing and self-learning. Currently, the idea of
intelligent and sustainable systems and networks, driven
by integrated and advanced remote technologies and
cyber-infrastructure as demonstrated by [1] and [2] has
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technology has
accommodating intelligence as part of the evolution of
transportation infrastructure. ‘Smart’ pavements are now
designed in ways that incorporate remote sensing, data
transmission and learning technologies to enhance road
functionality and performance. Researchers such as [3],
[4], [5], [6] have investigated and presented integrated
smart sensing systems of road networks capable of
monitoring pavement surface conditions and overall
structural health employing integrated data-driven system
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architecture. These are proposed to help roads have the
capacity to manage and possibly repair themselves to save
lives, improve their life cycle and ensure sustainability.
What sets them apart from conventional road pavements,
amongst others, include features that obtain and provide
data in real-time about different attributes and parameters
of the road condition. This can be in synchrony with
components that help harvest energy from the road for
storage or other applications as presented by [7] in their
review of energy harvesting from pavements and
roadways, or components that provide energy to the road
to power applications such as lighting, road markings
illumination, commuter visibility enhancers, wireless
charging and many others.

The potential of these capabilities for converting or
transferring energy is also being evaluated for the
advancement of smart heating pavements which can help
in mitigating the buildup of ice, snow, and microflooding
on roads, which have historically led to issues such as
pitting, erosion, and increased skidding. In this study, the
self-draining potentials of road pavements of the future
are investigated by mathematical methods of classical
boundary layer fluid flow over surfaces, with the aim of
proposing designs that accelerate conductive and
convective ventilation of road pavements via energy
absorption and conversion capabilities. This is in a bid to
ensure that such roads are ‘smart’ enough to assess surface
conditions that offer low traction during wet conditions
and initiate mechanisms of integrated energy harvesting
and conversion that will help stem the lubricating effects
of low-depth, low-velocity precipitation run-off
incursions on paved surfaces, and improve the overall
safety of the road in such situations.

Following the section which has introduced and
provided a background to this study, shedding a backdrop
to the emergence of smart roads from the integration of
cyber-electronic infrastructure into civil construction and
facilities management such as in transportation systems
and networks, and the potentials thereof as the world
prepares for the emergence and application of these
innovations in the near future, this paper is further divided
into a literature review section where previous related
studies have been carried out and where this study stand
in relation, a methodology
mathematical methods applied in the study and presented,
a results and discussion section where the outcomes of the

section where the

computations are presented and elaborated upon for more

clarity and understanding and a section which concludes
and elucidates on the way forward with respect to the
findings of this study. Thus the study will explore the
physics of thermal fluid properties such as energy
harvesting, conversion and thermal conductivity for heat
transfer intensification in futuristic smart pavement
towards improving them for performance and safety, thus
providing the basis for an enormous innovation in next-
generation road construction, which will be of major
importance to transportation safety in a number of civil
engineering sectors requiring optimal transport networks
management.

2. Literature Review

Integrating smart systems in the design of road
networks presents cutting-edge advancement in pavement
infrastructure ~ management, advanced
technologies to monitor pavement surface conditions and
overall structural health, especially during wet conditions.
As illustrated in Figure 1, these embedded systems
employ a variety of sensors, which are strategically
entrenched within the road structure, to collect and

utilizing

transmit data on wetness conditions in real-time to central

processing units through wireless communication
networks. This integrated approach allows for continuous
and comprehensive monitoring of road conditions,
detecting issues such as cracks, potholes, and structural

weaknesses long before they become severe problems.
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Figure 1. Schematic of a smart pavement [8].

Various studies have appraised the difficulties posed
by flooding resulting from precipitation runoff and
obstructed drainage with [9], [10] and [11] revealing
concerns about how social economic practices and
climate change continue to further exacerbate its

consequences on civil, and specifically land
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transportation infrastructure. In their study, [12] and [13]
opined that population growth, land use, and the need for
housing have promoted continued watershed alterations
via the development of more impermeable surfaces,
construction on flood plains and land reclamation from
swampy areas within the metropolis have become flood
risk accelerators together with the challenge of rising sea
levels, more incessant and aggressive rainfalls and the
overall decadence and in some cases obsolescence in
drainage infrastructure in many communities. Inquiries
conducted by [14], [15], [16] and [17] revealed that floods
can cause local accumulation and phase transition
disruptions, resulting in widespread malfunctioning of
road networks at crucial locations. Tackling this challenge
effectively requires the development of integrated
mathematical and network science-based frameworks to
enhance the resilience of critical infrastructure networks
against flooding. A modest flooding of 1.3% of road
segments, according to [18] caused an 8% temporal
expansion of the entire traffic network. This inferred that
trips would experience a greater percentage increase in
travel time, a variable which may not decay with distance
from inundated areas, suggesting that the spatial reach of
flood impacts extends beyond flooded areas.

The impacts on roads due to microfloods are more
evident in the chain of events that follow from the
progressive micro and macro-physical damage to
pavements to the affectance of the skid/antiskid
characteristics of the road surface, the compromised
safety of road users and disruption to travel in terms of
increase travel times, but to name a few. These effects
according to [19] in their review of the impacts of urban
floods on roads and connectivity, were more significant
on the middle and lower-middle income groups in the
developing countries. Retaining pavement runoff water
on road surfaces remained an indication of a lack of
natural flood mitigation capability, and its impacts
according to [20] could only be compensated for and
addressed by
management practices.

implementing systematic stormwater

To estimate in real-time, the advancement, recession
and extent of flood identify affected roads during a flood
disaster, [21] employed data obtained via remote sensing,
while [22] developed an improved methodology for
processing raw light detection and ranging (LiDAR) data
to support urban flood modelling, which often involved
the application of 1D or 2D systems of flow velocity,

water depth, discharge, stagnation, mass or momentum
approaches. Real-time data transmission and numerical
computations were employed by [23], with inverse
distance weighting (IDW) of accumulated rainfall, the
flooding history, rainfall range causing flooding from
previous rainfall information and frequency probability of
precipitation to determine the flood risk on roads during
sudden local flooding of a small area (unit), which
according to [24] occurred with higher frequency. In a
similar vein, [25] leveraged physics-based approaches in
the form of reliability and seismic damage probability
functions to delineate the intricate operating scheme of
interdependent stormwater drainage and road transport
systems in the synthetical assessment of their resilience
performance. The outcomes enable decision-makers to
capture the varying component conditions in one
infrastructure system (i.e. stormwater drainage system)
and depict the aggravated adverse impacts on its
interdependent infrastructure system (i.e. road transport
system) after a hazard has occurred. The continuous
advancement and development of high-performance
computing technology according to [26] and [27] has
opened up vistas of new possibilities and opportunities in
applied scientific research, paving the way for deeper
investigations than as witnessed in the past. This has also
found application in flood modelling and management as
demonstrated by [28] in their assessment of dual-drainage
modelling to determine the effects of green stormwater
and traffic
performance using microscopic flow simulations to
examine the specific hazard of roadway flooding and the

infrastructure on roadway flooding

effects of flooding on traffic performance. Likewise, [29]
applied a hydro-inundation model to simulate surface
water-related flooding arising from extreme precipitation
at the city scale to predict broad patterns of inundated
areas at the city scale. Machine learning techniques were
also incorporated by [30] to develop a surrogate model
trained to mimic relationships present within the physics
flood inundation, for better modelling and prediction of
combined tidal and pluvial flood inundation.

Despite all the positive news heralding the ongoing
development of smart road pavements, it is still pertinent
to note the realities of its lack of immunity from natural
precipitation,
microflooding, pavement runoff water and foreign objects
spillage onto the pavement surfaces and so on. Flooding
could be of mega or micro magnitude in extent and

environmental elements such as
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duration as asserted by [31], with road flooding due to
drainage overflow during rainfall being a classic example
of micro flooding. According to [32]’s study on the
definition and classification of flood inundation of coastal
cities, floods classed as not large enough to cause
significant property damage or threaten public safety, but
capable of disrupting routine activities and putting added
stress on infrastructure such as transportation systems and
storm sewers can be referred to as minor flooding. They
characterized them in terms of their depth (>3 cm) and
velocity (>3 m/s), capable of affecting the values of real
estate within the affected area and heightening risks to
public health. Meanwhile, within the context of this study,
the concept of microflooding will be focused on flood
depths at < 3cm and velocities at < 3 m/s, capable of
causing disruptions to routine activities, compromising
the integrity of road pavements and impacting the safety
of vehicular traffic, particularly the skid resistance
characteristics of the pavements. While attention is
usually focused on the mega or macro magnitude
flooding, the micro or temporary flood conditions also
contribute significantly to negative impacts on social,
economic and health conditions.

Friction Co-efficient (@ 50km/hr)

Stopping Distance (m)

Figure 2. Relationship between stopping distance and
friction.

The degree of friction offered by road surfaces has
previously been associated with several road crashes by
[33], linking uncontrolled skidding and subsequently
accidents, to low traction offered by low frictional
resistance characteristics between tyre and pavement. The
situation is worsened by wet surface conditions where
even large vehicles such as commercial aircraft skidding
off runways in wet conditions have become a somewhat
reoccurring incidence across the globe. Hence, [34]
identified the frictional resistance of paved surfaces as
being a fundamental feature of driving, ensuring the safe
manoeuvring of dynamic bodies in both the longitudinal

and transversal directions when moving on them. As
clearly illustrated by [35] in Figure 2, the stopping
distance a vehicle will traverse after braking is inversely
proportional to skidding resistance which implies that a
driver will travel a shorter distance on a road of good skid
resistance to initiate the necessary evasive actions to
prevent collision, as opposed to the longer distance
required on a road of poor skid resistance. The lubricating
effects of water on paved surfaces on the reduction in the
fraction of the tyre/road contact area was demonstrated by
[36], showing losses in friction forces generated
ultimately leading to a reduced friction coefficient, and by
extension the skid resistance. Similarly, [37] described the
effect of weather changes on friction coefficient,
revealing variations over dry-wet-dry periods. The
relationship between road surface water depth and
tyre/road friction has also been a subject of research
interest with [38], [39] and [40] affirming that the
coefficient of friction (= EF,, ), which happens to be the
ratio of the tangential force exerted by the rolling tyre and
the force due to its weight as illustrated in Figure 3, varies
as the logarithm of water depth, where it may be
independent of water depth at low speeds (up to 50 km/h)
but strongly influenced by water depth at high speeds (96
km/h or greater).

Wheel weight, Fw

Rotation

Direction
of motion

Figure 3. Various forces in action during a tyre-pavement
interaction [33].

As earlier stated, this study investigates induced
energy transfer effects in smart heating pavements,
employing mathematical modelling of the physics of heat
and mass transfer between boundaries of different phases
of matter. This aim is to decrease or prevent unintended
and unrestricted road surface lubrication during wet
conditions or instances of incursions from overflowing
drainage systems resulting in microflooding of sections of
the road. According to the principles of fluid dynamics, a
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viscous fluid flowing over a stationary impermeable solid
or rigid interface, or vice versa, essentially does so at a
zero velocity relative to the fixed surface’s boundary as
depicted in Figure 4. The modifying effects of this multi-
phase interaction arising from adhesion or cohesion
forces, and conductive or inductive heat transfer remain
primarily concentrated and significant at the regions
adjacent to, and close to the different phase boundaries
known as the boundary layers.
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Figure 4. Energy and mass exchange by fluid flow over a
flat solid homogenous surface.

As a result, for this case of a microflooded pavement
of flood depth less than 3cm from the phase boundaries
and flow velocity ranging between Om/s (fully stagnated)
and 3m/s (corresponding to the external frictionless flow),
the boundary layer theory will be applied.

Figure 5. Development of boundary layers due to fluid flow
over a flat solid homogenous surface [41].

As depicted in Figure 5, a numerical analysis will be
carried out on an impermeable horizontal flat sectional
model of a pavement with water moving continuously at
a constant velocity and maintaining a constant
temperature at the entry point. The boundary layer
theorems of flow, heat and mass interaction will be carried
out, and the energy exchange and transfer between both
media from the surface of contact to the free stream of the
fluid will be characterised and probed for drainage
acceleration application either by inertial induction or
thermal dispersion of the flowing pool of water.

3. Methodology
3.1. Modelling Assumptions

In the analysis of this problem, the following
modelling assumptions were adopted:

e All flow is steady, viscous, incompressible and
Newtonian.

e A perfectly flat and horizontal pavement surface
geometry is assumed.

e All physical properties of the fluid are to remain
constant.

e Dimensionless variables and similarity solutions
where the stream function is uniform across the flow
boundary layers are to be adopted in governing
equations transformation.

Table 1. Definition of various terms in the equations 1 — 12.

Tw, Cy Plate temperature, concentration v Kinematic viscosity
Te, Co Ambient temperature, concentration U Dynamic viscosity
Re, Reynolds number 1) Boundary layer thickness
Dp Brownian diffusion coefficient o Thermal boundary layer thickness
Dy Phoretic diffusion coefficient o Thermal diffusivity
Ly Dimensionless slip factor T Surface shear stress
Nb Brownian Motion parameter n Similarity variable
Nt Phoresis parameter Y Stream function
Pr Prandtl number 0 Dimensionless temperature
Sc Dimensionless Schmidt parameter 0] Dimensionless concentration
Su Permeability parameter 0'(0) Reduced Nusselt numbers
S, Surface roughness factor @'(0) Reduced Sherwood numbers
TC Temperature, Concentration £ D.imensionless nth derivative of a stream
) function
" Surface friction coefficient f' Velocity ratio
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3.2. Governing Equations

The basic governing equations are representative of
the fundamental physical laws that govern the process,
which in turn form the mathematical basis for the analysis.
A two-dimensional boundary layer flow and heat transfer
analysis of a steady, laminar, incompressible but viscous
fluid moving horizontally past a heated surface is hence
considered. The conservation equations of continuity,
momentum, energy and concentration in Equations 1 — 4
respectively in their non-linear partial differential forms,
were transformed to linear ordinary differential equations
(ODEs) using similarity solutions of appropriate stream
functions listed in Equations 5 — 8. The similarity
functions, adopted from the study carried out by [42] were
based on the fluid properties and shape of the velocity
profiles of flow, shown in Figure 5, which suggests a
geometrical similarity, differing only by a stretching
factor in the vertical dimension as a function of the
distance along the horizontal surface of the flow. The
transformed linecar ODEs were then solved using the
Runge-Kutta numerical method, subject to the boundary
conditions for the velocity, temperature and concentration
field listed respectively in Equations 9 and 10. The terms
in the equations are provided in Table 1.

au
T 5 =0 (1)
uSt V= ZZTZ @)
v ma e b () (G 0
ac d%c 0°T
u6_+V6 _DB( dy? )+ (ay ) (4)
¥ (x,y) = Vuevxf(n) ©)
n=(/x)(Re: = y(2y2 (6)
0 = (7—=); (7
om = (=) (8)
Aty=0
u= L1( ) (9a)
v=—2=Yis, (9b)
T = TW, (%)
C= Cy; (9d)

Aty — o
U > Ug; (10a)
v - 0; (10b)
T = Tw; (10c)
C - Cy; (10d)

By transforming the partial differential equations 1 —
4, u and v were obtained in terms of the stream function.
By substituting them and other obtained derivatives,
Equations 2 — 4 transform respectively to Equations 11 —
13;

a 1
L= —2hfs (1)
% = Pr[—0.5f,0, — Nb0,@, — Nt6,%]  (12)
1) Nt 026
6_712 = _Ea_nz - O.SSCflﬂz (13)

With Equations 11 — 13, now first-order ordinary
differential equations, solutions are subsequently
obtainable and thus computationally evaluated by
developing step-wise numerical solution algorithms. This
was done using the Runge-Kutta differential equation
solver and executed in commercial computational
software MATLAB ® as illustrated in Figure 6.

Function Initialization
solinit=bvpinit(l1i

HSPEGB(G: ]-D} r [r: ]}

v

BVP code execution
Res = bvpbc(yl,yl, res)

v

Solver ODE
[yprime]=myblayerodel
(eta,y,Pr_nf,S5c nf)

v

[terate

E Boundary Value Initialization

res=[resl;resi;resl;]

y—=deval (eta, sol);
anl.eta=eta;

s0l.Y=Y;

v

Plot Results
plot (eta,y(2,:)

Figure 6. The numerical solution of the governing equations
in the code solver environment.
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4. Results and Discussion

Equations 11 — 13 were solved as boundary value
problems. In such instances as characterized by boundary
value problems, the solution satisfies boundary surface
characteristic conditions such as the surface roughness
factor (S,(u)), permeability (S,), conduction and
diffusivity, ably represented in the form y’ = f(x,y),
‘y’, the
dependent variable, and y’ representing the derivative
(dy/dx), of y with respect to x. Such that:

with ‘x’ being the independent variable,

y'= fxy.p) (14)
subject to boundary conditions:
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Figure 7. Validation of results of the current study with
previous similar studies: (a) Classical Blasius and Sakiadis
solutions (b) Ishak et al.’s solution

For the various values of the parameters of interest
which include the velocity and temperature distributions,
friction fact, velocity ratio, Nusselt and Sherwood
Numbers, results were computed by resolving the
corresponding ordinary differential equations for the
evaluated parameters as they apply to drainage
acceleration via energy absorption in futuristic smart
municipal pavements. The results are forthwith presented
and discussed. However, in order to validate the accuracy
of the results obtained through the numerical method
employed, the results for the surface friction coefficient
(f"(0)), reduced Nusselt 8'(0) and Sherwood @'(0)
numbers were compared with previous analytical studies
presented in Figures 7(a) and 7(b).

The above-mentioned results were analysed in
comparison with previous analytical results published on
similar studies such as Blasius’ and Sakiadis’ exact
solutions utilizing Similarity methods [43]. Their studies
remain to date notable analytical solutions of flow energy
and mass conservation without inertia linearization from
the solid surface into the flow domain. Additionally,
comparisons were made with the study conducted by [44].
Through these comparisons, direct correlations were
established, thereby instilling confidence in both the
method used and the results derived from it.

Presented in Figures 8(a) and 8(b) is the velocity
distribution of micro flood water flowing freely over the
pavement, as modelled in this study, showing the
streamlined contours of the flow field represented by 7.
As illustrated, the flow progresses for various values of
flow slip governed by the surface roughness factor
(Sp(u)), from the fluid-solid surface at zero to the
ambient. The flow patterns exhibit similarity across all
cases, with the profile originating from the wall at zero
and curving upwards, akin to the classical Blasius
problem, before asymptotically approaching free stream
values at an inflexion point where n=4. This point defines
the edge of the boundary layer, where frictional effects
due to forces of cohesion and adhesion can be felt by the
flowing fluid.
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Figure 8. Velocity distribution profile curves for
@ S,(w)=(0:02: D@ f'(m),
(b) Sy(w) =(=1:02:0) @ f'(m).

At the surface of interaction where 1 = 0, the velocity
ratio for the co-current (S, (u) =+ve) and counter-current
slip factors (S,(u) = -ve) increase and decrease
respectively with the slip factor as shown in Figure 9.
These scenarios of flow regimes revealed by these results
are significant in their effects of boundary layer thickness
on flow acceleration. While taking cognisance of the fact
that the fluid velocity changes gradually from zero at the
wall to that of the freestream, transitioning from a
stationary state to the overall flow speed, with increasing
slip factor however, the fluid near the boundary
approaches the free streamflow speed due to a thinner
boundary layer, leading to enhanced flow acceleration.
Consequently, the fluid closer to the pavement surface
moves at a higher velocity.
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Figure 9. Velocity distribution profile curves @ f'(0) for
(Sp(u) =(=1:0.2:1).

As a function of the surface roughness, it only infers
that the flow acceleration gets influenced to proceed more
rapidly by methodically controlling the roughness of the
pavement's surface in contact with the flowing water pool.
The knowledge of this can have significant implications
on aspects of pavement design and construction, material
selection, and overall engineering performance. It's worth
noting that increased friction reduces slip, whereas
reduced
consequently, the velocity ratio. It will however require
more in-depth investigations to identify the optimal

surface friction increases flow slip and,

balance points between frictional characteristics in the
design and engineering of smart pavements that ensure
enhanced flow acceleration for drainage purposes yet
maintain appropriate levels of vehicular skid resistance to
ensure traffic safety on these roads.

The contributions of heat transfer to the enhancement
of low acceleration through convective action, variations
in mass concentration, and buoyancy effects were
similarly investigated, and the method was validated by
the comparisons of the reduced Nusselt 6'(0) and
Sherwood @'(0) number results from the current study
with those of a previous study by [45], as presented in
Table 2.

Table 2. Validation of the current model results.

6'(0) ?'(0)
Falana and Mensah -0.53622 -0.39648
Present Work -0.536219 -0.39648
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Figures 10(a) and 10(b) present the temperature and
mass concentration profiles due to the intensified
activation of Brownian motion and phoretic tribological
effects among interacting fluid particles respectively.
These effects are initiated by the variation in the quantum
of thermal and mass transport energy existing between the
energy-absorbent smart pavement surface and the flood
water encountering it at the solid-fluid interface. This
Brownian motion and phoretic parameters Nb and Nt
respectively are defined in Equations 16 and 17 by:

sz%Db(cw— Coo) (16)
T DT
Ne=25(T, - T.) (17)
VTeo
104 A
I\
0.8 \\\
\
om *°1  \\
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o = \ -
o 1 2 :I’x a 5 6
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6'(n) 0.6 \\ @:Nt=0.2
@' \ \ @:Nt=0.3
0.4 4 \ ‘-\
N
0.2 \
. ?\\_‘\
0.0 4 e B
(o] 1 2 é 4 5 6
)
(b)

Figure 10. Temperature and concentration distribution
profiles at full velocity slip and constant Prandtl parameter (A)
at variable Nb parameters (B) at variable Nt parameters.

The profiles of both thermal energy and mass transfer
descending from the wall at # = 0 into the freestream are
indicative of the occurrence of the highest transfer of heat
and mass at the interface of interaction at the boundary
between the pavement surface and the water. However, as
illustrated in Figure 10 (a), variations in the Brownian

motion of the fluid particles seem not to have any
significant or discernible effects on heat transfer rates
0'(n), suggesting that its contribution to heat dissipation
is relatively minor.

Conversely, the mass concentration @' (n) is perturbed
by increasing Brownian motion. As the Brownian motion
increases, the boundary layer thins, leading to faster
acceleration of flow and bringing the rate of mass transfer
closer to that of the free stream at the wall. This
contributes to increased momentum transport and overall
drainage acceleration over the surface. The induced
increase in Brownian interaction promotes more random
movement of fluid particles, influencing the dispersion
and distribution of mass within the system. This
accelerates the removal of water or other contaminants
from the pavement structure, contributing to effective
drainage.

As depicted in Figure 10 (b), phoretic action due to
induced gradients in the temperature of interacting
particles of the fluid showed an influence on mass transfer
while insignificantly affecting heat transfer rates. This is
also suggestive of a more dominant effect of particle
motion on the dispersion and distribution of mass within
the system as a consequence of the thinning of the region
affected by frictional forces between the streamlines as
the phoretic parameter decreases. While heat transfer rates
remain largely unaffected by the phoretic action in this
instance, phoretic action enhances the mixing and
diffusion of particles, leading to a more uniform
distribution of the mass concentration. This perturbation
of mass concentration helps in the transport and spreading
of mass, accelerating flow and potentially aiding in the
effective drainage from the pavement structure.

The effective contribution of thermal or mass diffusion
in promoting flow acceleration, as influenced by
variations in the Prandtl parameter is presented in Figures
11aand b. The depictions show the variation in the Prandtl
parameter and its attendant effect on the thermal energy
and mass transfer rates in the boundary layer profile.
While changes in boundary layer thickness typically do
not directly impact the Prandtl number as it is an inherent
fluid property, there are indications that some methodical
alteration of this property has an inverse impact on the
boundary layer thickness. Prandtl parameter effects were
observed to have minimal impacts on mass transfer rates
but exert a pronounced effect on thermal energy transfer.
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Figure 11. Variation of Prandtl parameter at constant physical
flow parameters: (a) Against the rate of heat transfer; (b)
Against the rate of mass transfer.

Here so, an increase in the parameter alters the
thickness of the boundary layer, decreasing it, and hence,
indicating the extent to which flow acceleration is
influenced by induced viscous effects compared to
thermal gradient-induced diffusion effects. The Prandtl
number affects the balance between momentum and
thermal diffusivities in the fluid and thus impacts the rate
at which energy is transported. At low Prandtl numbers,
diffusion is essentially driven by the existing thermal
gradients as opposed to kinematic or momentum effects,
while the opposite is the case as the parameter increases.
With
progressive thinning of the boundary layer, there tends to
be more pronounced flow variations and, consequently,

increasing momentum diffusivity and the

stimulation of accelerated flows. Where the application is
geared towards heating the pool to induce accelerated
evaporation and drying, thinning of the boundary layer
hastens the heat transfer process due to the reduced

thermal resistance offered by the steep relative velocity
gradient between the flow streamlines. Conductive heat
transfer is enhanced from the solid boundary to the fluid,
as well as across the layers of the fluid.

Flow acceleration influenced by the methodical
control of pavement surfaces suggests that engineers can
succeed in preventing common issues such as
hydroplaning and water-induced structural damage
through the optimization of surface texture parameters
during the design and construction phases of road
projects. Automation and sensory technology can also be
integrated into these phases to ensure dynamic monitoring
and adjustments of performance under varying weather
conditions. Furthermore, advanced materials and coatings
that enhance the Brownian interaction of fluid particles
can contribute to the pavement’s structural integrity and
also support environmental sustainability by reducing the
need for chemical cleaners and minimizing runoff
pollution. Adaptation of real-time data acquisition and
management systems, with thermal or surface slip control
features can help to optimize flow conditions in-situ and
prevent damage caused by prolonged water exposure.
This level of adaptability ensures that the pavement can
respond to changing conditions, enhancing its durability
and performance. Additionally, smart pavements could
communicate with vehicles and infrastructure, providing
data on surface conditions and potential hazards, further
enhancing road safety and efficiency. This approach not
only extends the lifespan of the pavement but also
enhances safety for vehicular traffic by maintaining better
traction and reducing the risk of accidents. These
innovations have the potential to transform the
infrastructure landscape, aligning with the goals of
sustainable development and smart city initiatives.
Furthermore, they are expected to inform the design and
engineering of future road pavements that prioritize safety
and environmental sustainability within smart cities, in
line with road infrastructure safety management systems
such as the ones highlighted by [46]. According to [47],
attention is shifting towards novel data flow and
management approaches. With advancements in design
and innovation, the installation of road pavements with
embedded digital infrastructure to obtain and transmit
traffic from proper
monitoring, control and management response is

becoming increasingly feasible.

information to base stations
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5. Conclusion

In conclusion, this study demonstrates the feasibility
of leveraging futuristic smart pavement systems to
enhance road surface drainage and mitigate the impacts of
microfloods caused by precipitation runoff, providing
valuable insights into the design and engineering of next-
generation smart road pavements. Mathematical
modelling methods were employed in investigating the
potential of harvesting energy from road pavements as a
means to accelerate the drainage of surfaces affected by
stagnant or freely flowing microfloods. The classic
boundary layer theory of flow, heat and mass transfer over
flat surfaces was used to analyse the energy and
momentum transfer effects on flow acceleration, with the
modelling of the flow process into differential equations
which were solved numerically, imposing appropriate
similarity functions and boundary conditions on
streamlines of layers of fluid flowing over the flat
surfaces. The interaction between the solid and fluid
interfaces was accounted for in the exchange of
momentum, energy and mass at the boundary between the
two phases and flow parameters’ influence on the
alteration of the boundary layer profile, in turn, flow
acceleration on flat-surfaced energy dissipating smart
pavements were evaluated. The study highlighted the
impact of energy exchange, thermal diffusivity, and
viscous diffusivity on flow acceleration, specifically how
they affect the thickness profiles of the boundary layer in
both the momentum flow regime and the thermal flow
regime.

Moving forward, further research is necessary to
explore the practical implementation of smart pavement
systems and evaluate their effectiveness in real-world
conditions. Continued advancements in technology and
materials science will drive innovation in smart
infrastructure, offering new opportunities to improve road

safety and sustainability in smart cities. Furthermore, the

integration of smart pavements allows for the
implementation of energy harvesting, absorption,
conversion, and induction transfer for various

applications. One such application is the acceleration of
drainage for microflooding and other instances of
by
considering these factors in pavement design, engineers
can optimize drainage performance and enhance the
resilience of road networks in urban environments.

roadway surface incursions. Consequently,
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