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Abstract: In this article, computational fluid dynamics (CFD) are used to explore
the dynamics of water transport inside the pitted thickening of a plant xylem ves-
sel. A pitted thickening model combined with the Bernoulli equation is used to
analyze the influence of various factors (namely, the inner diameter, thickening
width, thickening height, thickening spacing, number of laps and adjacent pit
axial rotation). The pressure drop and the flow resistance coefficient are the vari-
able parameters for our analysis. The results show that these two parameters are
proportional to the thickening height and thickening width, and inversely propor-
tional to the inner diameter, thickening spacing and number of laps. Three differ-
ent wall thickening structures of the vessel are compared and the pitted thickening
vessel is shown to provide the largest structural flow resistance, the annular thick-
ening vessel has the second largest resistance and the helical thickening vessel
corresponds to the smallest resistance of the three structures.

Keywords: Pitted thickening; water transport; Bernoulli equation; pressure drop;
flow resistance coefficient

1 Introduction

Water plays an important role in the physiological ecology of plants and can directly or indirectly affect
various physiological activities during plant growth and development. The mechanism of water transport has
always been an active research area [1]. The xylem is the main water transport channel that connects the root
system and the canopy. Water passes from the roots to the leaves through the xylem, using the vessels and
tracheids distributed throughout the xylem as the transport channels [2,3]. The length of the vessels vary but
their inner diameter is generally in the micron scale, which makes it difficult to calculate the water transfer
capabilities of each vessel [4,5]. Currently, experimental observation is the main method used [6,7].

To address the deficiencies of experimental observation, some scholars have explored the flow
characteristics of a xylem vessel by constructing a xylem vessel model and using the Computational
Fluid Dynamics (CFD) method [8]. Roth [9] has established a two-dimensional simplified model of a
vessel which analyzed the flow characteristics of the ring thickenings and concluded that water flow
characteristics are related to the two closest adjacent thickenings. Schulte [10] has analyzed the water
flow characteristics of a 20-hole perforated plate of xylem tube using experiments and simulations. The
experimental results showed that the water flow resistance of the perforated plate accounted for 21% of
the total water transport resistance and the simulated value was 23%. Ai [11] has simulated the pressure
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distribution and velocity distribution of the ladder-shaped perforated plate based on the k-¢ model and
discovered that the number of holes in the perforated plate is proportional to the total pressure drop. Most
of the previous study models are based on analysis of ring thickenings and the perforated plate. Different
thickening types appear in an ontogenetic sequence with annular thickening occurring first, followed in
order by helical and pitted thickening [12,13], which have different water transport characteristics [14—
16]. The influence of pitted thickening on water transport has not been previously studied [17,18].
Therefore, this paper investigates the influence of a pitted thickening vessel on water transport and
analyzes the relationship between the resistance for the same parameters with annular or helical
thickening [19-22].

In this paper, a pitted thickening structured distribution model is proposed that simulates the effect of
xylem vessel thickening on water transport. Combined with Bernoulli’s equation, the influence of factors
such as the inner diameter, thickening width, thickening height, thickening spacing, number of laps and
adjacent pit axial rotation of pitted thickening on the micro-flow inside the vessel were analyzed by
varying the flow resistance coefficient to evaluate the effect of xylem vessel thickening on water transport
in the vessels during the process of plant growth.

2 Pitted Thickening Vessel Model

2.1 Pitted Thickening Model

The type of secondary wall thickening can be determined by the dimension (diameter) of the vessel and
the maturity and growth stage of the plant (ontogeny). Pitted thickening is the most complicated type of
thickening of the three possible structures (Fig. 1). The literature contains many descriptions of secondary
wall patterns which analyze water transport characteristics of vessels with pitted thickening, but do not
provide an exact model. The problem of water transport in a pitted thickening vessel is described in the
next section and a possible explanation for the observed behavior is provided.
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Figure 1: Different secondary wall thickening patterns. (a) Annular thickening; (b) Helical thickening;
(c) Pitted thickening

2.2 Different Secondary Wall Thickening Patterns of a Pitted Thickening Model for Different Vessel Types

Several 3D models of plant xylem vessels have been established in the literature [11,15,16] were
established to compare the water transport characteristics of different pitted thickening patterns of the
xylem, as shown in Fig. 2. Since pitted thickening can have different parameters in different vessels, a
model of each vessel is required for analysis. The models contain a flow region with wall thickening
patterns of length 150 um. To avoid effects at the entrance and exit, an extended smooth segment with
length 20 pm is added at both ends of the vessel. In Fig. 3, d is the inner diameter, h is the pitted
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Figure 2: 3D model of pitted thickening
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Figure 3: Different parameters of pitted thickening patterns

thickening height, w is the pitted thickening width, s is the pitted thickening spacing, n is the number of laps
and 0 is the adjacent pit axial rotation.

2.3 Governing Equations
The steady-state conservation equations for mass and momentum in fluid are given as follows [23,24]:

Continuity equation:
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where, u, v and w are the components of the velocity vector along the x, y and z-directions, respectively, p is
the fluid density, P is the fluid pressure and u is the dynamic viscosity.

2.4 Bernoulli Equation Model

Fig. 4 provides a schematic cross-sectional view showing the distribution of the pitted thickening model
along the inner wall, with the arrow representing the direction of water movement. For the mathematical
model, there were several assumptions used for a more reasonable and simpler analysis:

1. The flow is steady and laminar.
2. The fluid is incompressible, Newtonian and viscous.
3. There is a non-slip velocity.
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Figure 4: Schematic of water flow in a pitted thickening vessel

The energy conservation law of liquid flow (the Bernoulli equation) can be used on the model to analyze
the fluid flow in the pitted thickening vessel. It is assumed that the flow between arbitrary sections satisfies
the Bernoulli equation, which can be written for each section Z;, Z,, Z, from the inlet to the exit as:
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where P, and V,, are the average pressure and the flow velocity in section n, p is the fluid density, g is the
acceleration due to gravity, Z, is the elevation head in the section, &,_; is the local loss coefficient
between section n-1 to section n, A is friction factor of the head loss and /,—; is the length between two
adjacent sections.

The two sides of the equations in Eq. (3) can be summed in order to obtain:
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It is known by the continuity equation that:
Vidy = Vd, = V3A3 = - - =V, 4, (5)

InEq. (5),4i (i=1,2...,n) is the flow area of the corresponding section. Substituting Eq. (5) into Eq. (4)
gives:
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where:
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Eq. (6) can be simplified to:
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which can be expressed as:
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which can be expressed in terms of the flow rate:
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In Egs. (9a) and (9b), & is the flow resistance coefficient, L = z,-z; is the vessel length (the vertical
height) and Q is the average flow rate in the vessel. Obviously, ¢ reflects the influence of the pitted
thickening inside the vessel and its geometrical characteristics on the flow. A larger value of £ indicates a
larger vessel resistance, and a smaller ¢ value indicates a smaller vessel resistance. Eqs. (9a) and (9b)
represent the physical and mechanical relationships between the plant vessel geometrical characteristics
and the water transport force and driving force, reflecting the mechanism of water transport in plant
xylem vessels.

2.5 Initial Condition and Grid

A finite volume method with non-staggered grid technique is used for spatial discretization and a second
order implicit scheme is used to discretize time. The SIMPLEC scheme is chosen to achieve a coupling
solution for the pressure and velocity equations. The second order scheme is used for the pressure term,
and a second order upwind scheme is used for the momentum term. The residuals have convergence
criteria of 1 x 107> and the maximum number of iterations per time-step is set to 150. The uniform
fluid velocity specified at the inlet is 0.3 mm-s '. For this step, the scale of the mesh is based on the
prediction accuracy of the inlet/outlet pressure drop, and so a mesh size independence test is performed
with results shown in Tab. 1. The difference in pressure drop between a standard mesh and a fine mesh
1s 0.21% and so the number of meshes has no effect on the calculation results. Therefore, a standard
number of meshes is used. The total number of meshes in a pitted thickening vessel is approximately
0.6 million. The distribution pattern of the pitted thickening wall is shown in Fig. 5. The maximum
element size is 1.22 x 10 mm and the minimum element size is 2.24 x 10* mm. Since the
calculation scale can be considered to be small, the simulations are conducted using a PowerCube-S01
cloud cube high performance computing system for parallel computing, based at Kunming University
of Science and Technology.

Table 1: Mesh size independence test

Mesh number Pressure drop difference
Very Coarse 114521 -
Coarse 317541 1.18%
Standard 601524 0.46%

Fine 1557854 0.21%
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Figure 5: Pitted thickening wall mesh distribution

3 Result and Discussion

3.1 Influence of the Pitted Thickening Patterns

To facilitate a comparative analysis, the model focuses on the pitted thickening patterns and investigates
the influence of the inner diameter, thickening width, thickening height, thickening spacing, number of laps
and adjacent pit axial rotation on the pressure drop and the flow resistance coefficient of the vessel model.

3.1.1 Influence of the Inner Diameter

For this simulation, the pitted thickening patterns have dimensions of w=2.3 um, h=2.3 um, s =4 um,
n = 4 and the axial rotation is 45°. The inner diameter is varied from 20 pm to 30 um. Tab. 2 shows the
influence of the inner diameter on the pressure drop and the flow resistance coefficient.

Table 2: Effect of inner diameter of vessel on the pressure drop and the flow resistance coefficient

Inner diameter Pressure drop Mean flow Flow resistance
of vessel/um AP/Pa Q/(107 " m*s™) coefficient &
20 5.954 0.550 290345

25 3.534 0.971 103858

30 2.348 1.510 37128

From Tab. 2, it can be seen that as the inner diameter increases, the pressure drop and the flow resistance
coefficient decrease while the mean flow increases. When the inner diameter is increased to 30 um, the
pressure drop reduces by approximately 60.56% and the flow resistance coefficient reduces by
approximately 87.21%. This is mainly because the flow area in the vessel increases as the inner diameter
increases, resulting in an increase in the mean flow which greatly decreases the pressure drop.

3.1.2 Influence of the Pitted Thickening Height

For this simulation, the pitted thickening patterns have dimensions of w = 2.3 pm, d =30 pm, s =4 um,
n =4 and the axial rotation is 45°. The pitted thickening height is varied from 2.3 pm to 4 um. Tab. 3 shows
the influence of the pitted thickening height on the pressure drop and the flow resistance coefficient.

Table 3: Effect of pitted thickening height on pressure drop and flow resistance coefficient

Inner diameter Pressure drop Mean flow Flow resistance
of vessel/um AP/Pa Q/(107"° m*>s™") coefficient &
2.3 2.348 1.510 37128

3.0 2.600 1.347 60522

3.5 2.823 1.236 86452

4.0 3.065 1.130 122352
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From Tab. 3, it can be seen that as the pitted thickening height increases, the pressure drop and the flow
resistance coefficient increase while the mean flow decreases. When the pitted thickening height is increased
to 4 um, the pressure drop increases by approximately 30.54% and the flow resistance coefficient increases
by approximately 229.54%. This is mainly because the flow area in the vessel increases due to a reduction in
the inner diameter of the fluid domain as the pitted thickening height increases, resulting in an increase in the
mean flow and a rapid increase in the pressure drop.

3.1.3 Influence of the Pitted Thickening Width

For this simulation, the dimensions of the pitted thickening patterns are h=2.3 pm, d =30 um, s =4 pm,
n =4 and the axial rotation is 45°. The pitted thickening width is varied from 2.3 pm to 5.0 um. Tab. 4 shows
the influence of the pitted thickening width on the pressure drop and the flow resistance coefficient.

Table 4: Effect of pitted thickening width on pressure drop and flow resistance coefficient

Pitted thickening Pressure drop Mean flow Flow resistance
width/um AP/Pa Q/(107 " m*s™) coefficient &
2.3 2.348 1.510 37128

3.0 2.350 1.510 37215

4.0 2.351 1.510 37259

5.0 2.352 1.510 37303

From Tab. 4, it can be seen that as the pitted thickening width increases, the pressure drop and the flow
resistance coefficient increase while the mean flow stays constant. When the pitted thickening width is
increased to 5 pm, the pressure drop increases by approximately 0.17%, and the flow resistance
coefficient increases by approximately 0.47%. This is mainly because the smooth area in the vessel
decreases as the pitted thickening width increases, resulting in an increase in the pressure drop and the
flow resistance coefficient in the vessel.

3.1.4 Influence of the Pitted Thickening Spacing

For this simulation, the dimensions of the pitted thickening patterns are w =2.3 um, h=2.3 ym, d =30 um,
n =4 and the axial rotation is 45°. The pitted thickening spacing is varied from 2.4 um to 4.8 um. Tab. 5 shows
the influence of the pitted thickening spacing on the pressure drop and the flow resistance coefficient.

Table 5: Effect of pitted thickening spacing on pressure drop and flow resistance coefficient

Pitted thickening Pressure drop Mean flow Flow resistance
width/um AP/Pa Q/(107 " m*s™) coefficient &
2.4 2.369 1.510 38047

3.2 2.358 1.510 37565

4.0 2.348 1.510 37128

4.8 2.329 1.510 36296

From Tab. 5, it can be seen that as the pitted thickening spacing increases, the pressure drop and flow
resistance coefficient decrease while the mean flow stays constant. When pitted thickening spacing is
increased to 4.8 um, the pressure drop decreases by approximately 1.69%, and the flow resistance
coefficient decreases by approximately 4.60%. This is mainly because the number of pits in the same area



532 FDMP, 2020, vol.16, no.3

decreases as the pitted thickening spacing increases, resulting in an increase in the pressure drop and the flow
resistance coefficient in the vessel.

3.1.5 Influence of the Number of Laps

For this simulation, the dimensions of the pitted thickening patterns are w = 2.3 um, h = 2.3 um, s =
4 pm, d = 30 pum and the axial rotation is 0°. The number of laps is varied from 4 to 8. Tab. 6 shows the
influence of the number of laps on the pressure drop and the flow resistance coefficient.

Table 6: Effect of the number of laps on pressure drop and flow resistance coefficient

Number of laps  Pressure drop AP/Pa Mean flow Q/(10""* m®>s™")  Flow resistance coefficient &

4 2.348 1.510 37128
6 2.327 1.510 36208
8 2.311 1.510 35508

From Tab. 6, it can be seen that as the number of laps increases, the pressure drop and the flow resistance
coefficient decrease while the mean flow stays constant. When the number of laps is increased to 8, the
pressure drop decreases by approximately 1.45%, and the flow resistance coefficient decreases by
approximately 4.02%. This is mainly because the equivalent radius of the vessel increases as the number
of laps increases, so the pressure drop in the vessel increases and the flow resistance coefficient
decreases. This also explains the reason for the large number of pits in the vessel.

3.1.6 Influence of the Adjacent Pit Axial Rotation

For this simulation, the dimensions of the pitted thickening patterns are w = 2.3 um, h = 2.3 um, s =
4 um, n = 4 and d = 30 um. The adjacent pit axial rotation is varied from 0° to 45°. Tab. 7 shows the
influence of the adjacent pit axial rotation on the pressure drop and the flow resistance coefficient.

From Tab. 7, it can be seen that as the adjacent pit axial rotation increases, the pressure drop and the flow
resistance coefficient firstly decrease and then increase while the mean flow stays constant. When the
pressure drop is at its maximum, the adjacent pit axial rotation 6 is 30° and the pressure drop has
increased by approximately 0.34%, and the flow resistance coefficient increases by approximately 0.95%.
This is mainly because the disturbance effect firstly decreases and then increases as the adjacent pit axial
rotation increases, so the maximum pressure drop and flow resistance coefficient values occur at 30°.

Table 7: Effect of adjacent pit axial rotation on pressure drop and flow resistance coefficient

Adjacent pit Pressure drop Mean flow Flow resistance
axial rotation AP/Pa Q/(107 P mis™) coefficient &
axial rotation 0° 2.345 1.510 36996

axial rotation 15° 2.341 1.510 36821

axial rotation 30° 2.349 1.510 37171

axial rotation 45° 2.348 1.510 37128

3.2 Analysis of Flow Characteristics of Pitted Thickening

A pitted thickening vessel was selected to analyze the flow characteristics. For this model, the
dimensions of the pitted thickening patterns are w = 2.3 pm, h = 2.3 um, s = 4.8 um, n = 4, d = 30 um
and the axial rotation is 45°. It can be seen from Fig. 6 that the pressure at the inlet wall is large, and the
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pressure uniformly reduces with fluid flow. When a convex portion is encountered on a nearby wall surface,
the local energy loss increases due to encountering resistance to the flow, and a pressure difference occurs
before and after the convex portion. Fig. 7 shows that the overall flow velocity of the fluid along the
vessel wall surface is very small. Due to the existence of pitted thickening, a local low velocity vortex
flow is produced on the convex wall surface, causing the effective inner diameter to be smaller than the
actual inner diameter of the vessel.

Pressure [Pa]

I T 'm

0,0,0.0,7,7.7.7:°,9,,

0 % % % "0 "5 s "6 S0 S0 S8

Figure 6: Pressure distribution of fluid in a reticulated thickened vessel

Velocity [ms™1]

Figure 7: Schematic of fluid flow along the wall of a vessel

3.3 Analysis of Resistance between Different Vessel Wall Thickening Patterns and Smooth Vessels

The different vessel wall thickening patterns and smooth vessels were compared and analyzed in order to
study the water transport efficiency of a xylem vessel. The structural flow resistance of different thickened
structures is calculated using:

F=(-¢)/¢ (10)

where F' is the structural flow resistance, & is the flow resistance coefficient for different vessel wall
thickening patterns and & is smooth vessel flow resistance coefficient. It is obvious that the closer the
structural flow resistance value is to 1, the closer the transmission efficiency of the wall thickening
pattern is to an ideal vessel.

For this simulation, the three different thickening patterns have a flow region length of 150 pm and w =
2.3 um, h=2.3 pm and s =4 um. The resulting vessel pressure drops are shown in Tab. 8, which shows that
the helical thickening and the annular thickening have a larger mean flow than the pitted thickening for the
same inner diameter, since the pitted thickening has the largest area which means that the overall flow of the
flow path is decreased.

The flow resistance coefficient of the different vessel thickening structures are shown in Tab. 9 and are
obtained using Eq. (9). The relationship between the inner diameter and the structural flow resistance is
calculated using Eq. (10), as shown in Fig. 8.

As shown in Fig. §, the calculations show that the structural flow resistance of different wall thickening
patterns is proportional to the size of the inner diameter of the vessel. Comparing the three types of wall
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Table 8: Calculation of pressure drop of vessels with different thickening structures and smooth vessels

Inner Diameter Helical thickening Annular thickening Smooth vessel Mean flow Q/

of vessel D/um  vessel pressure drop AP/ vessel pressure drop AP/ pressure drop AP/ (107" m>s™")
Pa Pa Pa

20 pm 7.162 7.169 3.692 0.933

25 pm 3.920 3.962 2.403 1.463

30 pm 2.484 2.562 1.692 2.109

Table 9: Flow resistance coefficient of different vessel thickening structures

Inner Pitted thickening Helical thickening Annular thickening Smooth vessel
Diameter of vessel flow resistance vessel flow resistance vessel flow resistance flow resistance
vessel D/um coefficient &§ coefficient & coefficient & coefficient &
20 um 290345 128261 128419 49655

25 um 103858 54432 55377 20288

30 um 37128 22045 23836 4309

100.00%
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60.00% x
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Figure 8: Relationship between structural flow resistance and inner diameter of different thickened vessel
structures

thickening vessel structures, the pitted thickening vessel has the largest structural flow resistance, the annular
thickening vessel has the second largest resistance and the helical thickening catheter has the smallest
structural flow resistance. This indicates that the pitted thickening vessel is closest to the ideal vessel,
which also explains the evolution of the wall thickening. As the inner diameter of the vessel increases,
the structural flow resistance increases for all three types of wall thickening structures. This confirms the
conclusions drawn by Tyree [2] and Chen [16] who observed that a vessel with a larger inner diameter
would have a water transport efficiency that is much closer to an ideal vessel, since changes to the
structural features of a vessel has less effect when the size of the vessel is large.

4 Conclusions

1. The flow resistance coefficient and the pressure drop were both found to be proportional to the thickening

height, and thickening width, and inversely proportional to the inner diameter, thickening spacing and
number of laps.

2. As the inner diameter was increased, the pressure drop reduced by approximately 60.56% and the flow
resistance coefficient reduced by approximately 87.21%. As the pitted thickening height was
increased, the pressure drop increased by approximately 30.54% and flow resistance coefficient



FDMP, 2020, vol.16, no.3 535

increased by approximately 229.54%. As the pitted thickening width was increased, the pressure drop
increased by approximately 0.17% and the flow resistance coefficient increased by approximately
0.47%. As the pitted thickening spacing was increased, the pressure drop decreased by approximately
1.69% and the flow resistance coefficient decreased by approximately 4.60%. As the number of laps
was increased, the pressure drop decreased by approximately 1.45% and the flow resistance coefficient
decreased by approximately 4.02%. The maximum pressure drop occurred when the adjacent pit axial
rotation was 30° and the pressure drop increased by approximately 0.34% and the flow resistance
coefficient increased by approximately 0.95%.

The structural flow resistance is an indicator of the water transmission efficiency i.e., the closer the
structural flow resistance is to 1, the closer the transmission efficiency of the wall thickening pattern is
to an ideal vessel. The pitted thickening vessel has the largest structural flow resistance, which
indicates that the pitted thickening vessel is closer to an ideal vessel and the structural flow resistance
of the wall thickening is proportional to the inner diameter of the vessel.
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