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Abstract

We unveil the flow and ionic transport characteristics of xylem vessels to establish a correlation between in situ elec-
trical energy generation and plant bioregulation. Scanning electron microscopy of the vascular bundles of Brassica
Jjuncea provides detailed features of lumen diameter and the porous pit structures of xylem walls. To investigate the
nutrient transport and in situ electrical energy generation, we develop a two-dimensional modelling framework of
the xylem vessel that is aligned with the experimental data. The solid wall model of the xylem vessel significantly
underestimates axial flow resistance at higher inlet pressures, especially for smaller lumen diameters. Within the
considered inlet pressure range, the under-prediction in axial flow resistance ranges from 3.14 % to 6.78 % and
0.37 % to 1.19 % for lumen sizes of 5 um and 15 um, respectively. Our analysis manifests that radial transport of
ionic nutrients improves with increased porosity and permeability of the pitted porous wall. In the range of inlet
pressure under consideration, it is shown that radial efficiency increases by 793.2 % to 471.9 % when the lumen
diameter is reduced from 15 pum to 5 pum. The increased radial flow efficiency in narrower xylem vessels may
support plant survivability under drought stress. Remarkably, we demonstrate that it is not the electrical potential
alone, but the combined electrical and hydraulic power that influences plant growth. The amplified hydraulic and
electrical power in plants with larger xylem vessels may promote growth attributed to more efficient ionic nutrient
transport. We establish that the ratio of specific hydraulic conductivity to electrical conductivity acts as a potential
indicator of plant health. This ratio increases with root-side inlet pressure; nevertheless, its dependence on lumen
diameter is non-monotonic. The insights gained from the current work may advance the understanding of how in
situ electrical stimulation regulates plant bioactivities.

Impact Statement

This research provides novel insights into the electro-hydrodynamically regulated bioactivities of plants, par-
ticularly the role of in situ electrical energy generation associated with nutrient transport through a xylem
vessel. By examining the interplay between xylem vessel geometry, ionic flow and electric potential, we demon-
strate how lumen diameter influences axial and radial nutrient flux, and hydraulic and electrical power, which
then affect plant health. Our findings show that larger lumen diameters enhance both hydraulic and electrical
power, but reduce the electric potential difference, underscoring a complex balance between these factors for
optimal plant function. Additionally, the ratio of specific hydraulic to electrical conductivity emerges as a key
indicator of plant health, influenced by root-side pressure and vessel size. These insights could shape future
agricultural practices, enhancing plant resilience, particularly under stress conditions like drought.
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1. Introduction

Analogous to any commercial electronic devices, plants are integrated with living electrical circuits,
essential for their proper functioning and metabolic regulation (de Toledo et al., 2019). Plants are capable
of generating electricity due to the intrinsic flow of ionic nutrients along with water through micro-sized
xylem vessels. The walls of these vessels are composed of cellulose, which contains carboxylic groups
as key components (van Doorn et al., 2011). The carboxylic groups impart a negative zeta potential
to the xylem walls (Mason, 1950). Plant membranes exhibit a zeta potential of up to nearly —15 mV
(Farquhar & Field, 1971). The flow of ionic nutrient solution over such negatively charged surfaces
induces a streaming current due to the downstream accumulation of counter-ions in micro/nanofluidic
channels (Vasu & De, 2010; Xie et al., 2024). Hence, the streaming current generated in xylem ves-
sels during pressure-driven flow may facilitate the production of electrical energy within plants. It has
been observed that plants exposed to electrical fields exhibit better growth, attributed to various physio-
biochemical responses (Scopa et al., 2009). Electrical stimulation at the soil—plant interface favours plant
development by promoting transport efficiency, gene expression, enzyme activation and wound heal-
ing (Lemstrom, 1904; Wang & Wang, 2004). Studies have shown that the application of electric fields
also increases calcium influx, biosynthesis of secondary metabolites, seed germination and root growth
(Graziana et al., 1990; Kaimoyo et al., 2008; Lee & Oh, 2021). Moreover, self-induced biopotential
at the plant’s rhizosphere region enhances photosynthesis and overall plant development by improving
physiological activities such as metabolism, early flowering, fruit size, leaf surface area, node forma-
tion and gene expression (Venkata Mohan & Yeruva, 2023). These effects are largely attributed to the
increased availability of nutrients, which significantly enhances the concentrations of chlorophyll, pro-
teins and carbohydrates. However, plant growth under electrical stimulation depends critically on the
intensity of the electric field and the duration of exposure (Lemstrom, 1904). Despite these promising
findings, quantitative insights into how in situ electrical energy modulates plant bioactivity remains
limited. Interestingly, this self-sustained energy generated in xylem vessels could also be harnessed as
a renewable energy source (Teng et al., 2018).

Previous studies suggest that the transport of ionic nutrient solutions through xylem vessels is actu-
ated by osmotically generated root pressure and the transpiration pull from leaves (De Boer & Volkov,
2003). At night, the absence of transpiration leads to a reduction in xylem pressure, which in turn
decreases the streaming potential (Guha et al., 2024). Xylem vessel morphology plays a crucial role
in influencing transport characteristics, with transport efficiency increasing alongside vessel diameter
(Qaderi et al., 2019). This flow of nutrient solution interacts with the negatively charged elastic walls of
the xylem and the elasticity of the walls is positively correlated with nutrient uptake efficiency (Cosgrove,
1993). Further, xylem walls are equipped with porous pit structures which allow the radial transport of
water and nutrients between adjacent vessels (Park et al., 2021). In angiosperms, these pits significantly
enhance drought tolerance by improving lateral connectivity (Jansen et al., 2003). Because of the exis-
tence of these porous pit structures, the electrical permittivity of xylem vessels is much lesser than that
of the flowing ionic nutrient solution (Zimmermann et al., 1995). This contrast in permittivity leads to
an ion-partitioning effect, driven by the discontinuity in electrostatic free energy near the solid-liquid
interface (Ismayeel et al., 2024). The resulting augmentation in cationic selectivity and pore current
under confinement conditions enhances blue energy conversion efficiency (Ismayeel et al., 2024). Thus,
the arrangement of porous pits on xylem walls may significantly influence electrical energy generation
in plants.

The intricate axio-radial flow of nutrient solution within micro-sized xylem vessels offers signifi-
cant experimental challenges for accurately characterising the transport mechanisms (Brodersen et al.,
2019). Consequently, researchers have increasingly employed computational fluid dynamics (CFD) to
investigate local variations in xylem flow fields (Roth, 1996; Xu et al., 2020, 2021). However, stud-
ies have found that smooth-walled xylem models underestimate transport efficiency, highlighting the
necessity of incorporating pit structures in simulations (Xu et al., 2022). In addition, the xylem vessels
with larger diameters encounter higher flow velocities by reducing pressure drop and flow resistance
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coefficient (Chen et al., 2015). While these computational models present a preliminary understanding
of xylem flow dynamics, none have fully integrated the electrokinetic transport phenomena of ionic
nutrient solutions along negatively charged xylem walls.

A comprehensive review of the aforementioned literature reveals the strong influence of electri-
cal stimuli on plant development and the potential of xylem vessels to generate bioelectric signals.
Nevertheless, limited work has quantitatively explored how in situ electrical energy modulates plant
bioactivities resulting from nutrient flow through xylem vessels. In this context, we perform a two-
dimensional numerical study to quantify in sifu electrical energy generation in plants by mimicking
realistic flow phenomenon in elastic xylem vessel. To accomplish this, we first conduct a detailed mor-
phological study of xylem vessels to determine key geometric parameters such as lumen diameter and
the distribution of wall-bound pit structures These parameters are then used to construct a computational
model of the xylem vessel incorporating the pitted porous walls. In the numerical simulations, we inves-
tigate the effects of xylem wall porosity, permeability and lumen diameter on transport efficiency, and
the generation of electrical and hydraulic energy. We believe this work will open up a new avenue for
understanding the relationship between in situ electrical energy and physiological responses in plants,
potentially guiding future strategies in agriculture.

2. Mathematical model and experimental details
2.1. Mathematical modelling

We show in Figure 1(a) a typical plant and its anatomical section highlighting different cellular struc-
tures along with the axio-radial flow of ionic nutrient solutions through the xylem vessel. The walls
of the xylem vessel consist of a porous pit arrangement which enables radial nutrient transport among
the adjacent xylem vessels. We schematically show the interface separating the nutrient solution in the
lumen and pitted porous xylem wall along with the radial view of the pits in the upper left corner of fig-
ure 1(a). Notably, the transport of ionic nutrient solution over the negatively charged xylem walls results
in the accumulation of counter-ions in the downstream of the xylem vessel. This phenomenon leads to
the development of an electrical double layer and sets in an electric potential difference across the ves-
sel. This electric potential difference triggers the generation of electrical energy in plants. Note that a
contrast in electrical permittivity between the nutrient solution and the pitted porous walls of the xylem
contributes to the ion-partitioning effect, which significantly affect the energy generation mechanism. It
is worth adding here that plants may use this in situ electrical energy for their metabolic regulation.

We model the underlying phenomenon through the xylem vessel to estimate the axial and radial
nutrient transport in plants. The computational domain mimicking the xylem configuration between a
root-side and a shoot-side reservoir (radius and height as 25 ym and 27.5 um) is shown in the left side
of Figure 1(b). Note that we included reservoirs deliberately in the computational domain essentially to
stabilise the numerical simulations. In Figure 1(b), the internal radius of xylem (lumen) is r; (= 0.5D)
and the pitted porous wall thickness is z. The values of r; and ¢ are determined from scanning electron
microscopy (SEM). Considering the laminar, incompressible flow of ionic nutrient solution, the gov-
erning equations describing the transport of ionic nutrients, flow field and the interfacial electrokinetic
interaction can be expressed as follows.

The induced electric field in the xylem vessel is governed by the Poisson equation as follows (Sadeghi
et al., 2019; Teodoro et al., 2024):

6
for lumen: V- (e, Vy) =-F Z ZiCi; (1

i=1

6
for pitted porous wall: V - (ex, V¢) = -F Z ZiCi, 2)

i=1
where £, and &y, are the electrical permittivity of nutrient solution in the lumen and pitted porous wall
of the xylem vessel, respectively. The values of the corresponding relative permittivity (equivalently,
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Figure 1. (a) A typical plant and its anatomical section showcasing different cellular structures along
with an enlarged view of axio-radial transport phenomena of ionic nutrient solution (water + K* +
Ca?* + Fe?* + Zn>* + CI™ + SO4%*) through the xylem vessel having pitted porous wall. (b) Computational
domain of the xylem vessel with an enlarged view of mesh structures.

permittivity ratio), £x;/€9 and &4, /go are taken as 78 and 7 (Hu et al., 2025; Zimmermann et al.,
1995), respectively. The induced electric potential, Faraday’s constant (= 96485 C mol~!), valency of
ionic nutrients and concentration of the ionic nutrients are denoted by the symbols ¢, F, z; and c;,
respectively. Here, i stands for the number of ions available in the nutrient solution which are K, Ca?t,
Fe?*, Zn?*, C1~ and SO4>~ in our study.

Further, the ionic nutrient concentration field inside the xylem vessel can be obtained by solving the
Nernst—Planck equation as (Khatibi et al., 2021)

Dx i
for lumen: V- (—Dxl,chi - z,-R—zlchl-le) +u-Ve; =0, 3)
. Dxp,i
for pitted porous wall: V- =Dy, ;Vc; — z; RT Fe;Viy | +u-Ve; =0. “4)

Here, Dy;,;, and Dy, ; are the diffusion coefficients of ionic nutrients in the lumen and pitted porous
walls of the xylem, respectively. The diffusion coefficients inside the xylem lumen (D, ;) for K*, Ca**
Fe?*, Zn>*, CI~ and SO4>" ions are taken as 1.960 x 107, 0.793 x 1072, 0.719 x 10, 0.715 x 107,
2.030 x 107 and 1.070 x 107 m? s~!, respectively (Vanysek, 1972). As the pitted porous wall of
the xylem vessel are porous in nature, the diffusion coefficient of ionic nutrients in the xylem lumen
(Dxp,i) is estimated by employing the Millington and Quirk model as Dy, ; = €*/3D,; ; (Millington &
Quirk, 1961); here, € is the pitted porous wall porosity. Moreover, R, T and u represent the universal
gas constant (= 8.314 J mol~'K™"), absolute temperature (= 298 K) and velocity vector, respectively.
The r and z components of u are taken as u, and u;,, respectively.

We use the following equations to describe the flow field in the xylem vessel .

Continuity equation (Mehta & Mondal, 2024):

V-u=0. (©)
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Momentum transport equation (Louf et al., 2018; Sadeghi et al., 2019; Teodoro et al., 2024):
for lumen: p(u - V)u =-Vp + ,uVQu + (FXzic;)(=Vy); (6)
for pitted porous wall: p (u-V) ¥ -Vp+ EV2u - % + (FZzic;) (-Vy), @)
€ € €

where p, p and u are the density of the nutrient solution (= 1000 kg m™2), the pressure within the xylem
vessel and the dynamic viscosity of the ionic nutrient solution. Wen et al. (2023) found that the viscosity
of xylem sap is nearly similar to that of pure water. The xylem liquid viscosity is therefore taken to be
0.001 Pa s, as Jensen et al. (2016) also employed in their two-dimensional simulation. The permeability
of pitted porous walls is denoted by k. Note that the permeability is calculated by analysing the images
captured through SEM of the xylem vessels.

The structural deformation of the xylem walls caused by the internal mechanical stress, resulting from
flow loading due to transport of ionic nutrient solution through the porous xylem, is solved considering
two-way coupled equations as described below. The governing equation for the deformation field can
be described as follows (Panja et al., 2024):

V(F S)T =0. ®)

Here, F and S are the displacement gradient and second-Piola—Kirchhoff stress, respectively; and F
is associated with the displacement field (V's) as follows:

F=I1+VVs, ©))
where I is the identity matrix and S can be expressed as
S=2ure+ Artr(e)l. (10)

Here, & denotes the Lagrange-Green strain and is defined as & = 0.5(F (F)T —I). The first and
second Lamé parameters, which are used in (10), are expressed as follows (Panja et al., 2024):

AL =vE/(L+v)2v-1), ur=E/2(1+v), (11)

where E (= 500 MPa) (Park et al., 2021) and v (= 0.3) (Karam, 2005) are Young’s modulus and Poisson’s
ratio of the xylem, respectively. We can estimate the Cauchy stress tensor by the following correlation:

o= %(FS(F)T). (12)

In (12), J denotes the Jacobian of F.

We solve the above-mentioned equations by employing physically consistent boundary conditions in
the computational domain. We show the boundary conditions used to solve each equation separately
through the schematic depiction in Figure 2. For the potential field ((1) and (2)), at the top and bottom
reservoir wall, dy/dz = 0, for the side wall of the reservoir, = 0; and for the centreline, dy/dr = 0.
Due to the reservoir potential’s non-physical contribution to the xylem vessel, these neutral boundary
conditions for the reservoir boundaries are chosen. Here, the reservoir is solely used to numerically solve
the ionic transport field for the xylem vessel. It is obvious that there is no reservoir in the actual xylem
vessel and the reservoir condition is set solely for numerical purposes. Furthermore, the potential of the
xylem wall is set at ¢y = —15mV. For (3) and (4), the bottom side of the reservoir is set as ¢; = Croot-side,i
and top wall concertation of nutrient is set based on the concentration gradient (dc;/dz) available in
the xylem vessel (discussed in the upcoming section) as ¢; = Croot-side,; + (0¢;/0z)l (Khan et al., 2020).

. . Dp.i .
The reservoir side boundaries and vessel wall are set as n - (=Dxp, ;Vc¢; — z; —g5Fc; Vi) = 0, which

is zero-diffusive and migration flux; and the central line is set as % =0 because of the symmetry
nature of the domain. It is noted that the dominant convective radial ionic flow (ionic Péclét number
>> 1) at the xylem pitted porous wall allows non-zero ionic nutrient flow. Moreover, at the interface
between the pitted porous wall and free bulk electrolyte, the ion-partitioning effect is taken to consider

the Born energy difference generated by the electrical permittivity difference as fi, = exp(=Aw; /kgT),
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Figure 2. Representation of boundary conditions employed in the computational domain to solve the
transport equations governing nutrient flow through the xylem vessels: (a) for obtaining the induced
electric field [(1)—(2)]; (b) ionic species concentration field [(3)—(4)]; (c) flow field [(5)—(7)] and
(d) deformation field [(8)].

and details are presented in the upcoming paragraph. To solve (5)—(7), the top reservoir pressure is set
as p =0 and the bottom part (shoot-side) pressure is imposed as p = p;,,. Here, p;, is set based on the
pressure gradient available in the xylem vessel which actually drives the flow. The previous experimental
evidence underscores that the xylem pressure gradient ranges from 0.1 to 20 MPa m~! among various
plant species (Hellkvist et al. 1974). Thus, following this reported data, we consider the range of root-
side pressure (p;,) and a constant shoot-side pressure as 10 to 50 Pa and O Pa, respectively, for the
xylem length of 55 um for the mentioned range of pressure gradient. Moreover, the pressure at the
xylem outer wall is set based on the apoplast pressure according to the pressure gradient of that region
as p = (0.04 x z) MPa (Cabrita et al., 2013). For (8), the fixed boundary (Vs = 0) is taken at the ends of
the pitted porous wall. The structural interaction of the pitted porous wall with bulk flow is coupled as
onypr=(pl+uVu + Vu)T)) - nyj . Here, nyp v and -n,; v are the outward normal in the pitted
porous domain and free liquid domain at the interface, respectively.

We consider the ion-partitioning effect, which takes into account the free energy difference caused
by the differential in electrical permittivity between the free ionic nutrient solution and the pitted porous
walls of the xylem vessel. We introduce an ion-partitioning factor (fi,) to precisely anticipate the
ionic distribution close to the interface. The ion-partitioning factor can be defined as the concentration
ratio of mobile ionic concentration within the pitted porous wall of the xylem vessel (c,) to the ionic
nutrients at the free region (¢, ) (Khatibi et al., 2021) close to the interface. Thus, we employ the bound-
ary condition for Nernst-Planck’s equation at the interface as fi, = exp(=Aw;/kpT) = cp,/cn, Where
Aw; = [(ezi)2/8nri]{(1/sx,,) — (1/&41)} is the Born energy difference and r; is the radius of hydrated
ionic nutrient species, i (Khatibi et al., 2021). The values of r; are taken as 3.31, 4.12, 4.30, 2.15, 3.32,
3.79 A for K*, Ca?*, Fe?*, Zn?>*, CI~ and SO4%, respectively (Kielland, 1937; Paul et al., 2012). The
ionic concentration of different ionic species in the root-side reservoir is taken as follows: cx+ = 0.0256
mol m™3, ccuz+ = 0.0625 mol m™3, cpe2+ = 0.06858 mol m™3, ¢y 2+ = 0.06057 mol m™, co- = 0.01
mol m™3, C50,2- = 0.1 mol m™3 (Khan et al., 2020). It is reported that there exists a concentration gra-
dient of some ionic species between the root and shoot of the plants (Khan et al., 2020). Following this
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reported inference, the concentration of different ionic species is implemented close to the shoot-side
reservoir and given as ck+ = 0.0256 + (=1.1076 x 1076) x I mol m™3, ¢p2+ = 0.0625 + (7.5 x 1072) x
I mol m™3, cpe2+ = 0.06858 + (3.58 X 1072) x I mol m~3, czp2+ = 0.06057 mol m=3, ccp- = 0.01 mol
m~3 and cg0,2- =0.1 mol m~3. Here, [ is the length of the xylem vessel, which is 55 ym in our study.

The radial transport of ionic nutrients among the adjacent xylem vessels is essential for the survival
of plants subjected to drought-induced stresses (Jansen et al., 2003). Hence, we undertake an effort to
calculate the radial flow of ionic nutrients associated with the radial transport (g, ) through the pitted
porous wall of a xylem vessel using the following mathematical expression:

fr:rlﬂ uyc; dr

r=ry
[

Here, u, and c; are the radial flow velocity and concentration of the ith nutrients and dr is the radial
element in the pitted porous wall. The radial nutrient flow is calculated as the averaged convective
nutrient flux in (13). Using the flow velocity order of ~10~> m s~!, the nutrient ionic diffusion coefficient
order of ~107 m? s~ (Vanysek, 1972) and the xylem lumen dimeter order of ~107> m, the order of the
ionic Péclét number is derived as ~10%. As a result, the convection strength of ionic transport dominates
diffusion-based transport. Therefore, to estimate the radial nutrient flow, we have used the convective
flux (u,c;).

Further, to estimate the effect of the pitted porous wall of the xylem vessel on the radial transport of
ionic nutrients, we estimate the corresponding radial efficiency as expressed as (Xu et al., 2020)
_Fh-F Q-0

F 0,

Here, F; and F; are the resistance to the underlying radial flow in the xylem vessel with porous
structures and without porous structures on the walls. The radial net flow is represented by the term (Q2 —
01). The flow resistance in both cases is calculated as F;,, = AQP—V':; where Ap,, and Q,, = %DQMZAV& m
are the pressure drop inside the xylem vessel and the corresponding flow rate, respectively. The average
axial velocity is denoted by uzayg ,, Where m = 1,2 stands for xylem vessels having porous structures
and without porous structures on the walls, respectively.

After computing the flow field, ionic concentration distribution and potential field, we numerically
estimate the magnitude of the axial in situ electric field (E;) as an axial gradient of the potential field.
Moreover, we determine the electric potential difference (V) that develops due to ionic transport through
the xylem vessel by using the expression of Vg = Esl. Now, to calculate in situ electrical power in plants,
we estimate the net axial ionic current (/;) in the xylem vessels as (Jafari et al., 2024; Khatibi et al.,

2021)
r=ry Dxp,i r=rp
IZ Zf F —Dxp,ch,- —Zi RT FCiVlﬁ dA f dA. (15)
r=0 r=0

Here, the limit of the integral is from » = 0 to r = r; and elemental cross-sectional area, dA = 2zr dr.
This leads us to determine the electrical power generated in the plants as

Pelectric = Vs Iz- (16)
Also, the hydraulic power available in the xylem vessels due to the flow of ionic nutrient solution
can be estimated by the expression QAp (Sarkar, 2020). Again, to examine the flow efficiency of xylem

vessels, we define hydraulic conductivity (K) which can be expressed as (Melcher et al., 2012; Quintana-
Pulido et al., 2018)

gr = (13)

(14)

r

l
K= PoL
ApA
Here, A is the cross-sectional area of lumen and is expressed as A = 0.257D?.
We estimate the electrical conductivity of the ionic nutrient solution present in the xylem vessel
to assess the ability of the ionic nutrient solution to transmit electricity in plants. The mathematical

A7)
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Figure 3. (a) Plot showing the average axial flow velocity at the mid cross-section of the xylem vessel for
different mesh elements obtained using grid convergence index. Benchmarking of the present numerical
model with (b) analytically obtained non-dimensionalized axial velocity profile at a given cross-section
of a partially porous microcylinder having € = 0.14 and Darcy number (Da) = 107 and 1073, and
(c) with the results of Pivonka & Smith (2005) for local cationic and anionic concentration along
the axial centreline of a nanofluidic channel having height = 10 nm and surface charge density

=-0.0 Cm™.
expression for electrical conductivity can be outlined as (Heaney, 2004)
Il
= . 18
o VA (18)

2.2. Numerical methodology and model benchmarking

Considering a two-dimensional configuration, we numerically solve the governing equations, describing
electrokinetically modulated transport through the xylem vessel by employing the boundary conditions
stated in the preceding subsection. We use the finite element framework of COMSOL Multiphysics to
solve how the induced potential develops due to electrical double layer effect, flow field, ionic con-
centration distribution in the domain and displacement fields. We split the computational domain into
smaller non-uniform triangular shaped elements, as shown in the right side of figure 1(b). We use
the linear shape function for flow velocity and pressure, quadratic serendipity shape function for dis-
placement, and quadratic shape function for both the ionic concentration and electric potential fields
to produce the global matrix system. Each governing equation is separately solved using a segre-
gated solver in such a way that the flow and displacement fields are solved using the parallel direct
sparse solver (PARDISO), while the concentration and electric fields are solved by adopting the mul-
tifrontal massively parallel sparse direct solver (MUMPS). Subsequently, we have conducted a grid
independence test with 29 359, 69 252 and 184 216 meshing elements. In this context, we appeal to the
Richardson extrapolation method-based grid convergence index (GCI) (Celik et al., 2008) to calculate
the error of the numerical scheme employed in this study. We undertake this endeavour to ascertain
that our numerical results become independent of the number of mesh elements considered. To this
end, we estimate the average axial flow velocity at the mid-cross-sectional line of the xylem vessel as
a key variable of this method. The details of the mathematical calculations of GCI are presented in
Appendix A. The results of our analysis are consistent with two different grid convergence indices,
GC I;r}e =0.00284% and GCI ;’fe =0.07911%, which allow us to obtain an asymptotic solution satisfy-

ing the criterion GC Igfe/ R;GC 1 ffnle =0.9994 =~ 1, as depicted in Figure 3(a). Following this analysis,
we perform simulations for all the cases considered in the current study with N, (= 69252) mesh ele-
ments to minimise the involved computational cost without compromising the accuracy of the numerical
results.

Further, we undertake an effort to benchmark our numerical model from two different perspectives. To
this end, we compare our simulated results with the analytically obtained dimensionless velocity profile

(cf. Appendix B) in a partially porous microcylinder, as depicted in Figure 3(b). We observe a fairly
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accurate match between our numerical results and the analytical velocity profile for two different values
of Darcy number (Da) equal to 107> and 1073, In the second effort, we obtain the ionic concentration
field from the present model and compare our results with the reported data of Pivonka & Smith (2005).

Note that the electrokinetic movement of cations and anions of NaCl solution through a nanochannel
having height and surface charge density equal to 10 nm and —0.01 Cm™2, respectively, is considered
to plot the variations depicted in Figure 3(c). For this part, the bulk ionic concentrations of left-side
and right-side reservoirs are maintained as 20 mol m~3 and 10 mol m~3, respectively. The promising
agreement between the current and the reported results confirms the accuracy of our numerical model
developed in this endeavour.

2.3. Experimentation: estimation of xylem vessel diameter, porosity and permeability of pitted
porous wall

We experimentally measure the diameter of the xylem vessels, the porosity and the permeability of the
pitted porous wall. This information is very much needed for numerical simulations towards estimating
nutrient flux through the xylem vessels. For this part, we conduct SEM of the anatomical sections of the
root and stem of a thirty days old plant of Brassica juncea, grown in the green house of the Translational
Crop Research Laboratory, Indian Institute of Technology, Guwahati, during the month of October,
2024. The seeds were procured from the Indian Agricultural Research Institute (IARI) Regional Station,
Karnal, Haryana, India. The obtained seeds were surface sterilised with 4 % sodium hypochlorite solu-
tion (w/v) to avoid any pathogenic contamination. Subsequently, the seeds were repeatedly rinsed three
times with autoclaved double-distilled water to eliminate any chemical residue. After the rinsing oper-
ation, the seeds were sown in pots containing one and half kg of soil each. During the growth period,
necessary water was supplied to the plants upholding standard agricultural practices. The average tem-
perature and relative humidity of the atmosphere were 33 + 2°C and 78 + 5%, respectively, throughout
the growth period of the plants.

To perform SEM, a root and a stem segment of 2 cm length were collected from a healthy plant on
the 30" day after sowing the seeds in the soil. Subsequently, thin lateral and longitudinal sections were
extracted from the root and stem segments and preserved in 2.5 % glutardialdehyde prepared in 0.1 M
sodium phosphate buffer for 2 hr at 4 °C, maintaining the previously established protocol by Nikara
et al. (2020). The plant samples were then sequentially dehydrated with 25 %, 50 %, 70 %, 90 % and
100 % of ethanol for 15 min each. The samples were further dried using hexamethyldisilazane (HDMS)
overnight to prepare them for imaging. The images were captured by a field emission scanning electron
microscope (Zeiss®, Sigma 300). In Figure 4(a), we represent the images of multiple xylem vessels
along with an enlarged view of a xylem vessel with pitted porous wall. The xylem lumens observed in
SEM images are nearly cylindrical in shape having circular cross-sections. Further, we show the zoomed
in view of xylem wall pits of both root and shoot sides of the plant in Figures 4(b) and 4(c), respectively.
The shape of the xylem pits is found to be elliptical as witnessed in Figures 4(b) and 4(c). We estimate
the equivalent diameter of the elliptical-shaped pits by using the following formula (Islam et al., 2024):

d= Vab. 19)

Here, d, a and b are the equivalent diameter of the xylem pit, major and minor axes of the elliptical-
shaped pit, respectively. The values of a and b are measured using ImageJ software.

A closer scrutiny of figures 4(b) and 4(c) reveals that the pits on the root-side xylem walls are com-
paratively smaller than those on the shoot side. The equivalent diameter of xylem pit d on the root side
ranges from 0.881 to 1.751 um, while the same varies from 1.366 to 2.471 um on the shoot side. The
distribution of equivalent diameter of xylem wall pits for both root and shoot sides are depicted in fig-
ures 4(d) and 4(e), respectively. Also, we calculate the weighted arithmetic average equivalent diameter
(dwa) of xylem pits for root and shoot sides by using the following equation (Krejc¢i & Stoklasa 2018):
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(a) Scanning electron microscope images of xylem

Xylem wall pits
(b) Root-side A (c) Shoot-side Aq

(d) (e)

Weighted arithmetic Weighted arithmetic
mean=1.211 ym mean = 1.896 m
Standard deviation = 0.356 yim Standard deviation = 0.346 ym

DO

Figure 4. (a) Representative SEM images of xylem vessels of Brassica juncea alongside an enlarged
view of xylem. Plot demonstrating the xylem wall pit distributions in (b) root side and (c) shoot side of
Brassica juncea obtained from SEM. Distributions of the size of the elliptical-shaped pits are shown in
(d) root side and (e) shoot side of Brassica juncea.
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where w; and d; are the fractional weight and arithmetic mean diameter for a 1 um interval of the
distribution, respectively. The interval of the distribution is indexed by i. The value of dvw, for root- and
shoot-side xylem wall pits are found to be 1.211 + 0.356 um and 1.896 + 0.346 um, respectively.

To estimate the porosity of the xylem wall (pitted porous wall), we calculate the rectangular area (Ar)
of the images shown in Figures 4(b) and 4(c) by enclosing the pits. We also calculate the total pit area
(3 A;) in the root and shoot sides. Thus, the porosity (€) of the xylem wall can be evaluated using the
following formula:

2 Ai
== 21
e== 1)
We estimate the porosity of the xylem wall for both the root and shoot sides of the plant as 0.035
and 0.140, respectively. Finally, we determine the permeability (k) of the pitted porous wall based on
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the minimum and maximum equivalent diameters of pits (cf. Figures 4d and 4e). Note that for the
calculation of the pitted porous wall permeability, we consider minimum and maximum porosity of
elliptical cylindrical pits, and appeal to the Kozeny—Carman equation for cylindrical pores (Schulz et al.,
2019) given as
d2 3
k=t
80 (1 —¢)?
It is worth mentioning here that the range of permeability of the pitted porous wall is obtained as
1078 m? to 1071 m?.

(22)

3. Results and discussion

In the current study, we consider a two-dimensional configuration of the xylem vessel, as discussed in
§ 2.2, to estimate nutrient transport through the vessel and to assess the cooperative-correlative effect
of ionic nutrient transport on in situ electrical energy generation in plants. It is worth adding here that
in situ electrical energy generation helps bioregulation in plants. To explore this, we estimate the flow
velocity of ionic nutrients, average outward radial convective flux, radial flow efficiency, flow-induced
electric potential generation inside the plant, hydraulic power, electrical power, specific hydraulic con-
ductivity and electrical conductivity in the xylem vessels. We estimate these parameters for the window
of experimentally measured xylem wall porosity, permeability and lumen diameter, as discussed in § 2.3.

In all the cases, the thickness (¢) of the pitted porous wall of the xylem vessel is maintained constant as
t =1 um (Liet al., 2016). We set the inlet root-side reservoir pressure to maintain the pressure gradient
(according to the reported experimental results) in the xylem vessel with a shoot-side reservoir pressure
of 0 Pa. The previous experimental evidence underscores that the xylem pressure gradient ranges from
0.1 to 20 MPa m~! among various plant species (Hellkvist et al.1974). Thus, following this reported
data, we consider the range of root-side pressure and a constant shoot-side pressure as 10 to 50 Pa and
0 Pa, respectively, for the xylem length of 55 um for the mentioned range of pressure gradient.

3.1. Effect of xylem wall porosity and permeability on the outward radial ionic convective flux

The radial transport of ionic nutrient solutions among the adjacent xylem vessels plays a crucial role
in ensuring plant survival under drought stress. It may be mentioned here that the radial transport is
largely influenced by the porosity and permeability of the porous pit structures of the xylem walls, which
regulate the radial flux of nutrients. In Figures 5(a)-5(d), we demonstrate the average outward radial
convective flux f cs Plur - n) dA for potassium and sulphate ions through the porous wall versus root-
side inlet pressure. The plots are depicted for varying porosity and permeability of the pitted porous wall.
It is evident that radial convective flux of both potassium and sulphate ions increases with the increase
in wall porosity (cf. Figure 5a, b). This is because the fractional void regions increase at higher porosity,
offering additional pathways for the ionic nutrients to radially move out through the porous wall of the
xylem vessel. This effect is more prominent at higher inlet pressure for sulphate ion, attributed primarily
to the enhanced strength of advection. The augmented advection aids in overcoming the electrostatic
repulsion between SO, ions and the negatively charged xylem wall, pushing more SO4%" ions radially
outward of the xylem vessel through the wall. However, the stronger electrostatic attraction between K*
ions and the negatively charged xylem wall limits the increasing rate of average outward radial convective
flux for potassium ions with increasing inlet pressure. Similarly, the average radial convective flux for
both ionic nutrients increase with higher wall permeability of the xylem vessel (cf. Figures 5S¢ and 5d).
It is attributed to the enhanced conductance of the radial flow with higher permeability of the xylem
wall, which promotes the radial transport of an ionic nutrient solution through the walls. The foregoing
analysis signifies the importance of radial transport among the adjacent xylem vessels of the plants for
their adequate growth and long-term survival. However, under the severe drought stressed condition,
the pressure inside the xylem vessels significantly drops, which, in turn, reduces the radial transport of
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Figure 5. Plot depicting the variation in average outward radial convective flux of potassium (K*) and
sulphate (SO4>~) ions versus root-side inlet pressure. The variations are depicted for different morpho-
logical parameters of xylem vessel: (a),(b) for different values of porosity and (c),(d) for different values
of permeability. The xylem is modelled with pitted porous wall having lumen diameter D = 15 um.

ionic nutrients. The underlying phenomenon becomes detrimental for plant survivability and ultimately
leads to plants’ death at draught stress condition.

3.2. Effect of xylem lumen diameter on nutrient transport and energy generation

The SEM imaging illustrated in Figure 6(a) depicts the lumen diameter distribution in the vascular
bundle of B. juncea. From this micro-level image, we estimate that the lumen diameter approximately
ranges from 5 to 15 um. Accordingly, we show in Figure 6() the flow field contours inside the xylem
vessel for the experimentally calculated range of lumen diameter. It is observed from Figure 6(b) that the
flow velocity follows an increasing trend with an increase in the magnitude of the lumen diameter. This
observation is attributed to the enhancement in mass flow rate of the ionic nutrient as the cross-sectional
area increases with a larger lumen diameter. The increased mass flow rate intensifies the flow field at a
larger lumen diameter during the flow of incompressible aqueous ionic solution through xylem vessels,
as witnessed by the flow field contours depicted in Figure 6(b).

From (15), it is evident that the net ionic current strongly depends on the convective flux (=uc;).
In an effort to look into the underlying physics of energy generation, we illustrate the convective flux
contours of K* in Figure 6(c) for two different values of the lumen diameter for lower (left) and higher
(right) root-side pressure. We observe that the convective flux enhances with an increase in lumen diam-
eter for both low and high root-side pressures. We attribute this observation to the augmentation in axial
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Figure 6. (a) SEM images of xylem vessels illustrating different lumen diameters. (b) Contours of axial
flow velocity simulated for three different values of lumen diameters: 5 um (left), 10 um (middle) and
15 um (right). (c) Contours of the convective flux for K* at different lumen diameter when root-side
pressure is 10 Pa (left) and 50 Pa (right). The other parameters being € = 0.140, k = 107> m? , and
root-side inlet pressure is equal to 50 Pa.

flow strength (cf. Figure 6b) and K* concentration as the lumen diameter increases. The increase in
K™ concentration with lumen diameter is mainly due to the higher strength of the convection-dominated
ionic transport in the prevailing situation, as the ionic Péclét number exceeds unity (~100). For the same
reason, higher root-side pressure allows greater convective flux of K* concentration owing to the greater
flow velocity of the ionic nutrient solution. Note that the increased K* concentration in plants is deemed
pertinent to enhance the stomatal conductance and transpiration rates of water through leaves (Sperling
et al., 2024), which, in turn, ultimately promotes plant growth and yield. Therefore, we can infer that
the increased flux of K* in the lumen with larger diameter will lead to optimal growth of plants because
of the enhancement in photosynthetic activity owing to the augmented stomatal conductance (Sperling
et al., 2024).

The efficiency of radial flux, as expressed in (14), is related to the resistance (F},, = Ap,,,/Qm) offered
to the underlying transport through the xylem wall. Quite notably, the efficiency of radial flux thus
depends on the geometrical configuration of the xylem wall considered in the model. To investigate
this important fluidic functionality of the xylem vessel, we demonstrate the variation in flow resistance
provided by xylem wall versus root-side inlet pressure considering two different models (solid wall and
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Figure 7. Plot showing the comparison of flow resistance (calculated from numerical simulations)
through xylem vessel having a solid wall and pitted porous wall versus root-side inlet pressure for dif-
ferent values of lumen diameter: (a) D = 5 um; (b) D = 10 um; and (c) D = 15 um. (d) Variation in
radial flow efficiency (n, ) with respect to root-side inlet pressure, obtained for different lumen diameter.
The other parameters considered are € = 0.140 and k = 10775 m?.

porous wall), as shown in Figures 7(a)-7(c). The variations are depicted for three different values of
Iumen diameter D = 5,10 and 15 um. We observe that flow resistance decreases with an increase in
root-side inlet pressures. It is attributed to the rate of increase in net throughput owing to the higher
pressure drop as well as concentration gradient induced flow actuation. Moreover, the flow resistance
predicted by the pitted porous wall model is found to be higher than that of the solid wall model. Thus,
for a given pressure difference, the axial flow rate calculated by the present model is expected to be less
than that predicted by the solid wall model. It may be mentioned here that the contribution of radial
transport through the pitted porous wall reduces the axial flow velocity through the xylem vessel upon
satisfying the mass conservation constraint. Interestingly, the flow resistance decreases by an order of
magnitude with an increase in lumen diameter. This reduction in flow resistance can be attributed to the
increase in lumen diameter according to the Hagen—Poiseuille law (hy oc 1/D). Furthermore, the solid
wall model (without a pitted porous wall) greatly under-predicts the axial flow resistance at higher inlet
pressure, particularly for smaller lumen diameters. The axial flow resistance percentage under-prediction
ranges from 3.14 % to 6.78 % and 0.37 % to 1.19 % for 5 um and 15 pum lumen diameters, respectively,
within the stated inlet pressure range.

The flow resistance follows ideal Hagen—Poiseuille law at larger lumen diameters due to the minimal
effect of ionic concentration gradient on the underlying flow, resulting from a decrease in electric-
double layer thickness. Also, the variation in radial efficiency with root-side inlet pressure is depicted
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Figure 8. Variation in (a) induced electric potential and in situ electric field (colour-coded), (b)
hydraulic power and (c) electrical power at different lumen diameter by changing the root-side inlet
pressure. The other parameters considered are € = 0.140 and k = 107 m?.

in Figure 7(d) for the different values of lumen diameter. It is observed that the radial flow efficiency
increases with root-side inlet pressure. The highly pressurised transport through xylem vessels at ele-
vated root-side pressure improves the radial flow, which, in turn, enhances the radial flow efficiency.
Moreover, the radial flow efficiency reduces with an increase in the lumen diameter. Note that an increase
in axial flow velocity with increasing the lumen diameter for a given driving force (cf. Figure 6b) is
expected to render smaller radial flow velocity through the pitted porous wall of the xylem to satisfy the
mass conservation constraints. Thus, attenuation of radial flow velocity at larger lumen diameter reduces
the radial flow efficiency as witnessed in Figure 7(d). Reducing the lumen diameter from 15 ymto 5 ym
increases radial efficiency by 471.9 %—793.2 % in the stated inlet pressure range. Note that the higher
radial flow efficiency in narrower xylem is deemed beneficial as it supports the plants’ survivability
under the drought-induced stressed situation.

As the diameter of xylem vessels significantly impacts the bioactivities in plants (Schreiber et al.,
2015), we make an effort to unveil the correlation between in situ electrical energy generation character-
istics and bioregulation in plants for different values of lumen diameter. To this end, we first present in
Figure 8(a) the variation of in situ electric potential difference along with the electric field (colour-coded)
generated inside the plants versus root-side inlet pressure for the chosen window of lumen diameters.
It can be visualised that the accumulation of more counter-ions in the shoot side (transport takes place
from the root side to the shoot side) due to the higher convective strength with increase in the root-side
inlet pressure augments the electric potential. Notably, a significant reduction in the electric potential
is observed with an increase in lumen diameter. This observation can be attributed to the formation of
thinner electrical-double layer at the walls of larger xylem vessels, which restricts the displacement of
counter-ions from upstream (root side) to downstream (shoot side) of the vessel (cf. Figure 6¢). This
effect ultimately culminates in a smaller potential difference across the xylem vessels with larger lumen
diameter. Reported inferences suggest that the plants with larger xylem vessels show enhancement in
growth parameters, such as height, hydraulic conductivity, photosynthetic activity, CO, fixation and
transpiration rate (Manhdes et al. 2022; Qaderi et al., 2019; Schreiber et al., 2015; Yugang & Hongyi,
2013). In this study, we obtain a higher value of electric potential for smaller lumen diameter. This obser-
vation suggests that the electrical potential is not the sole factor influencing plant growth. It is worth
mentioning here that the order of in situ electric field observed in our numerical analysis aligns with the
reported experimental evidence as well (Venkata Mohan & Yeruva, 2023).

The effect of lumen diameter on hydraulic power is presented in Figure 8(b). The variations are
depicted for different values of the root-side inlet pressure. We observe that the hydraulic power is
enhanced with an increase in root-side pressure, attributed primarily to the increase in nutrient mass
flow rate. Notably, an increase in lumen diameter augments the hydraulic power by nearly an order of
magnitude for a given root-side pressure. It is attributed to the dependency of flow rate on the square
of the lumen diameter according to the Hagen—Poiseuille law. Additionally, a significant reduction in
axial flow resistance (cf. Figures 7a—7c¢) synonymously improves the axial flow velocity with an increase
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Figure 9. Plot showing the variation of (a) specific hydraulic conductivity (K) and (b) electrical con-
ductivity (o) in the window of root-side inlet pressure at different lumen diameters. The other parameters
being € = 0.140 and k = 10715 m?.

in lumen diameter. Therefore, a reduction in axial flow resistance (hy oc 1/D) together with larger flow
pathway area with increasing lumen diameter increases the axial flow rate (Q = %D2uz Avg) and simulta-
neously improves the hydraulic power (= QAp). The increased hydraulic power in larger xylem vessels
results in the transport of more ionic nutrients (both co- and counter-ions) with higher flow rate. This
augmented nutrient flow in the plants promotes various bioactivities, such as stomatal conductivity,
transpiration, photosynthesis, early flowering, etc. (Venkata Mohan & Yeruva, 2023). Thus, plants com-
posed of larger xylem vessels showcase a rapid growth and development (Manhdes et al. 2022; Qaderi
et al., 2019; Schreiber et al., 2015; Yugang & Hongyi, 2013), primarily because of the higher nutrient
transport through vasculature.

Since the electrical stimulation modulates the bioactivities in plants (Venkata Mohan & Yeruva,
2023), there may be a possibility that electrical energy induced in the xylem vessel influences metabolic
regulation in plants. Thus, we estimate the electrical power generation (=1, Vs) and present the variation
of the same with root-side pressure in Figure 8(c). The variations are depicted for different values of
lumen diameter and root-side inlet pressure. A substantial increase in electrical power is evident with
an increase in root-side inlet pressure and this is mainly due to the significant increase in ionic convec-
tive flux (cf. Figure 6¢). Similarly, an augmentation in ionic convective flux in larger lumen diameter
causes prominently higher electrical power to develop inside the plant. This observation suggests that
in situ electrical energy in plants can be augmented by supplying more ionic nutrients to the growing
media. This electrical power may act as an inherent electrical stimulation for plants to perform a variety
of bioactivities (Venkata Mohan & Yeruva, 2023). Notably, the electrical power generation follows a
reverse trend than that of the induced electric potential with increase in lumen diameter. This obser-
vation essentially demonstrates that plant growth under the development of an inherent electrical field
in the vasculature is not solely dependent on the potential difference, but also depends on the net flow
of ionic current in the xylem vessels. Thus, increased in situ electrical energy in larger xylem vessels
is deemed beneficial for the plant height, chlorophyll content, number of primary nodes, carbohydrate
contents, CO, fixation and upregulation of relative gene expression owing to enhanced ionic nutrient
transport, as evident from the reported work (Venkata Mohan & Yeruva, 2023).

To quantify the axial flow efficacy of the xylem vessels, we define the specific hydraulic conductivity
of the xylem. This parameter is interpreted as the ratio of the mass flow rate of nutrient solution in
the xylem vessel per unit pressure gradient as expressed in (17). We plot, in Figure 9(a), the variation
of specific hydraulic conductivity with root-side inlet pressure. The variations are shown for different
values of lumen diameter. It is observed that the root-side pressure has minimal effect on the specific
hydraulic conductivity at lower lumen diameter. The increased throughput maintains almost a constant
ratio of specific hydraulic conductivity with increase in root-side inlet pressure at a lower range of
lumen diameter. However, for bigger xylem vessels, a slight increase in specific hydraulic conductivity
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Figure 10. Plots depicting the variation of specific hydraulic conductivity to electrical conductivity
ratio (K /o) versus root-side inlet pressure for different diameters of xylem lumen: (a) 5 um; (b) 10 um;
and (c) 15 um. The best fitted curve fitted curve is also portrayed in the respective figure. The other
parameters considered are € = 0.140 and k = 107> m?.

is visible towards higher root-side pressure due to significant increase in flow velocity (cf. Figure 6b).
Interestingly, the specific hydraulic conductivity of the xylem vessel increases with an increase in its
diameter. It is attributed to the higher mass flow rate of nutrient solution in the larger xylem vessel caused
by the increased flow velocity at the same value of the root-side inlet pressure (cf. Figure 6b). The higher
specific hydraulic conductivity of larger xylem vessels makes it possible to transport the ionic nutrient
solution more efficiently, supporting appreciable plant growth (Manhaes et al. 2022; Qaderi et al., 2019;
Schreiber et al., 2015; Yugang & Hongyi, 2013).

The electrical conductivity, as expressed in (18), is also a crucial parameter typically used to describe
plant health. This parameter directly governs the availability of ionic nutrients to the xylem vessels
and becomes an indicator of osmotic stress (Carmo et al., 2024). Figure 9(b) depicts the change in
electrical conductivity with root-side inlet pressure obtained for different values of lumen diameter. The
electrical conductivity is found to decrease substantially with an increase in lower root-side inlet pressure
for its lower range. It is due to the dominance of the increase in electric potential difference with the
increase in this range of a lower root-side pressure (cf. Figure 8a). However, a mild reduction in electrical
conductivity is evident for higher root-side pressure. The substantial increase in ionic current owing to
enhanced ionic convective flux at a larger root-side pressure enables a greater rate of augmentation
of VA appearing in the denominator of (18). Hence, the coupled effect of enhanced in situ electric
potential development and substantial increase in ionic current at larger root-side pressure allows a
milder reduction in electrical conductivity. It is also seen that the electrical conductivity is significantly
increased with the lumen diameter. This observation is attributed to the coupled effect of increase in
ionic current and decrease in induced electric potential difference (cf. Figure 8a) at the larger lumen
diameter. Here, it is observed that the larger lumen diameter allows higher ionic convective flux to set
in (cf. Figure 6¢) so that the net ionic current becomes higher. However, it is worth mentioning in this
context here that a higher electrical conductivity is not beneficial for the plants as it indicates salinity
stress due to the presence of more salts (Cha et al., 2021). In contrast, a smaller value of electrical
conductivity denotes nutrient deficiency in plants (Carmo et al., 2024). Thus, in the forthcoming section,
we present the variation of the ratio of specific hydraulic conductivity to the electrical conductivity
(K/o) of the xylem vessel to estimate the relative importance of these two flow parameters on overall
growth of the plants.

We present in Figures 10(a)-10(c) how the ratio of specific hydraulic conductivity and electrical
conductivity (K/o) varies with the root-side inlet pressure for different values of lumen diameter. It is
evident that the variation in K/o- with pressure drop in the xylem vessel follows approximately a power
law relation (aAp® + ¢) having a correlation coefficient value greater than 0.99. For all the values of
lumen diameter considered, the ratio is found to be less than unity at a lower root-side inlet pressure.
This is attributed to the existence of a substantially higher electrical conductivity value (cf. Figure 9b)
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as compared with the specific hydraulic conductivity (cf. Figure 9a) at lower values of root-side inlet
pressure. It can be correlated to the availability of more ionic nutrients or salts in the nutrient solution
at a lower range of root-side inlet pressure in the xylem vessel. The prevailing situation is reminiscent
of plants undergoing drought stress, enabling a lower pressure difference to act across the xylem vessel
(Jansen et al., 2003), and results in a lower predication of K/o. Hence, we can say that the lower value of
K /o is one of the indications of drought stress. Further, increasing the root-side inlet pressure augments
the value of K/o. We attribute this observation to the combined effect of increased specific hydraulic
conductivity and decrease in electrical conductivity of the xylem vessel at a higher range of the root-side
inlet pressure (cf. Figure 9a, b). We can further substantiate the underlying discussion on the variation
of the K/o ratio in conjunction with the salt stress condition as follows. For wheat crop, the control
condition is approximately K =1.2 Kg m™' s™' MPa~! and o =3 mS cm~!. However, the high salt
stress condition shows nearly K =0.1 Kg m™' s™! MPa™! and o =10 mS cm™! (Fu et al., 2024; Thi
et al., 2017). For a wheat plant, therefore, we obtain the value of K/o as approximately 0.4 and 0.01
(Kg m™! s7! MPa~! (mS ecm™!)) for control and high salt stressed conditions, respectively. We can
clearly observe that the higher K/o ratio signifies a healthy condition of plant (control condition). In
contrast, a lower value of K/o is evident when plant is undergoing severe salt stressed condition. From
the aforementioned discussion, we can infer that the ratio of specific hydraulic conductivity and electrical
conductivity is a suitable index for describing the plant health.

It may be mention here that the K/o ratio of the xylem vessel is dependent on the pressure drop
in the xylem following the relation as K/o = aAp® + c. Here, the constants ‘a’, ‘b’ and ‘¢’ are several
functions of the lumen diameter described as

a=eD?+ fD*+ gD+ h, (23)
where ¢ = —0.0032, f = 0.1224, g = —1.4435 and h = 1.5103;
b=pD*+ gD +r, (24)
where p = 0.0017, g = —0.0070 and » = —-0.6619;
c=mD" + s, (25)

where m = —11.4678, n = —1.763 and s = 2.0111.

Having a closer look at the aforementioned equations, we find that the variation of K/o is non-
monotonic with the lumen diameter. Therefore, we find a non-monotonic variation of constant, a, with
the change in lumen diameter (cf. (23)). This observation is attributed to the following. First, the rate
of change in electrical conductivity with the lumen diameter in the window of pressure drop. Second,
increasing nature of K and o~ with lumen diameter (cf. Figure 9a, b). Hence, increasing the value of both
K and o allows non-monotonic trend of K/o- with lumen diameter in the considered range of pressure
drop.

4. Conclusions

In this endeavour, we investigated the influence of in sifu electrical energy on plant’s bioregulation. We
showed that the electrical energy is generated within the plant from the inherent flow of ionic nutri-
ent solution through xylem vessels. We used scanning electron microscopy of the vascular bundles of
Brassica juncea to visualise the lumen diameter and pit configurations on the xylem walls. We developed
a two-dimensional model of the xylem vessel using experimentally captured geometrical parameters to
simulate the flow field, ionic concentration distribution and electric potential fields within the plant.
Accounting for the effect of flow-induced structural deformation of the soft xylem wall on the underly-
ing flow, we employed a two-way coupled fluid—structure interaction to determine the flow parameters
governing nutrient transport. We systematically investigated the development of axial flow field, axial
and radial ionic convective flux, radial flow efficiency, in situ electric potential difference, hydraulic
power, electrical power, and electrical conductivity for the experimentally measured window of xylem
geometrical parameters and physically justified range of root-side inlet pressure. It is found that the
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radial convective flux follows an increasing trend for both cationic and anionic nutrient components
with increasing pitted porous wall porosity and permeability. We revealed that the lumen diameter sub-
stantially augments the ionic convective flux and the flow field. Interestingly, the rate of reduction in axial
flow resistance with root-side inlet pressure is found to be highly dependent on the lumen diameter. For
smaller lumen diameter, the rate of reduction in axial flow resistance with root-side inlet pressure is seen
to be nonlinear. However, in larger lumen, the reduction in flow resistance with increasing root-side inlet
pressure follows a nearly linear trend, adhering to the Hagen—Poiseuille law. We found that the axial flow
resistance drops with increasing lumen diameter, indicating a greater radial flow resistance. Consistent
with this observation on lumen diameter modulated alteration in axial flow resistance, we stipulated
that the larger lumen diameter impedes the radial transport and results in lower radial nutrient flow effi-
ciency — a situation that becomes detrimental for the survival of plants during drought-induced stress.
Intriguingly, we established that in situ electric potential difference decreases with increasing the lumen
diameter. Despite a reduction in the development of electric potential within the plant with larger lumen
diameter, we found that increasing lumen diameter improves both hydraulic power and electrical power.
This finding underscores that the plant’s growth under the influence of an inherent electric field depends
not only on the electric potential difference (inevitably associated with ionic nutrient flow through the
xylem vessel), but also on electrical power. We argued that the combined effect of augmented electrical
and hydraulic power may lead to an enhancement in a variety of bioactivity in plants with larger xylem
vessels. Furthermore, we explored that the specific hydraulic conductivity and electrical conductivity
augments with the lumen diameter, attributed to the increased ionic nutrient flow through the larger
xylem vessels. We have established that the ratio of specific hydraulic conductivity to electrical con-
ductivity (K/o) is an index of plant health. Finding evidence of non-monotonic dependence of K/o on
lumen diameter, we also unveiled that K/o follows an increasing trend with the increase in root-side
pressure. We believe that the findings of this research endeavour will provide a comprehensive under-
standing of electrohydrodynamic regulation of bioactivities in plants that act as a possible electrical
energy generation source.
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Appendix A. Calculation of grid convergence index (GCI)

To calculate the grid convergence index (GCI), we first define the average mesh size (H) for the two-
dimensional computational domain, as chosen in this analysis. The average mesh size is estimated using
the following expression:
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Table 1. Calculation of the error in discretization

Key variables (f) Average axial velocity at the mid cross-section of xylem, w (m s™1)

N1, N2, N3 184216, 69252, 29359
Roq 1.63
Rso 1.54
fi 0.006715
fa 0.006719
fs 0.006796
P 6.8122
e2! (%) 0.0611
ez (%) 0.015
GClIZ,, (%) 0.00284
Ggéﬁ’%z(%) 0.07911
e 0.9994~1
RE,GCIZT
| M 1/2
H= [ N Z; (AA,) (26)

Here, Ny and AA,, are the total number of mesh elements and the total area of the meshed domain,
respectively.

It is reported that the desirable grid refinement factor, R = Hcoarse/ Hfine, should be greater than 1.3.
Hence, in our study, the values of Ryy = Hy/H; and R3o = H3/H> are maintained to be greater than 1.3,
where H; < Hy < H3. Now, the apparent order of convergence, P, is calculated by applying the following

expression:
P=—|l o} P 27
ey I 102 /0 + (Pl @7
(py=tn( K272 (28)
=In N
i Rg’Q -

where s =1 -sign(ds2/d21), in which d32 = f3 — fo and 621 = fo — f1. It is noteworthy to mention
that g(P) =0 for a constant value of R. Equation (27) is solved by using fixed-point iteration. The
extrapolated values of fcan be evaluated as

2= (RhA- 1)1 (RS -1). (29)

Following similar steps, we estimated f>2.

Further, the relative projected error and relative extrapolated error are determined as

o _|f1—f2
ey =|———|, (30)
“ f1
fR2-f
=l G
ext
Thus, the fine-grid convergence index (GClj,,) is calculated as
1.25¢21
GCI2l = ——2 32
=% (32)

The values of several parameters calculated during the evaluation of GCI are mentioned in Table 1.
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Figure 11. Fully developed flow in a porous microcylinder.

Appendix B. Benchmarking of porous media flow

The flow through xylem pits, which falls in the low-Reynolds-number regime (Re < 1), in the absence
of any external forcing can be represented as the flow through a porous microcylinder, as shown in
Figure 11. The momentum transport equation describing the underlying low-Reynolds-number flow,
consistent with the Darcy model, is written as (Behera et al., 2023)

Op ud*u qpu 3
oz Yok 0, (33)

where p, u, €, k and u are the pressure, dynamic viscosity, porosity, permeability and z-component of
velocity respectively.

Now, we take an effort to write (33) in its non-dimensional counterpart using the dimensionless
variables written as

* _ u * p

Z
==, u = P = —.
LED T LT (D
k

The dimensionless momentum transport equation reads as

op* Da 0%u*

- + — -u*=0. 34
0z € Or+? " (34)
Here, Da = % denotes the Darcy number (Awartani & Hamdan, 2005). The complete solution of
the (34) is given as follows:
W (r*) = C1 e/ VPale) 4 ¢y o= (r7/VDale) 4 (—ZL) : (35)
Z*

We apply no-slip conditions at the walls of the micropore essentially to obtain constants C; and Co
appearing in (35) as follows: at r* = £0.5, u*(r*) = 0. On using the constants C; and C,, we obtain the
following expression of the flow velocity:

-0.5

0.5 r* -
(e VvDal/e +e \/Da/e) — (e VvDal/e +e \/Da/e)

(36)

* ( *) (9 )
az* 0.5 —0.5
e VDale +e VDal/e

Note that we have used u,,, as the reference velocity scale. Hence, u* (= u/u,) Will be equal to 1
at r* = 0, implicating that the magnitude of non-dimensional pressure gradient —g—? ~ 1 for the window
of Da and € pertinent to this analysis. Thus, the final form of non-dimensional axial velocity profile (36)
for the flow in a partially porous microcylinder can be represented as

0.5 -0.5 r* it
(e VDale +e\/Da/e) — (e VDale +e\/Du/5)
W () =

(37
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