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Relationship between pore structure and gas permeability in poplar
(Populus deltoides CL.’55/65’) tension wood
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Abstract
& Key message The important anatomical changes in tension wood, e.g., the high fiber ratio and rich mesopores, did not
significantly increase the air and nitrogen flow; thus the gas permeability in the longitudinal direction of poplar (Populus
deltoides CL.’55/65′) tension wood is actually affected by the cell tissue macroporous porosity.
& Context Gas permeability is one of the most important physical properties of wood and is closely related to its internal
microstructure, particularly porosity. Tension wood is widespread in woody plants and displays significant structural differences
compared with opposite wood.
& Aims The study was designed to clarify the relationship between pore structure and gas permeability in poplar tension wood.
& Methods The gas permeability was measured using a self-made device. The meso- and macroporosity characteristics were
measured by nitrogen adsorption–desorption and mercury intrusion porosimetry. The flow was simulated using ANSYS Fluent
software to illustrate the role of pore structure on permeability.
& Results The morphological features of vessels have an effect on wood permeability. Compared with tension wood, opposite
wood, which has higher vessel ratio, larger cell lumen diameter, and more rich pits, shows stronger gas permeability. Increasing
the airflow path will actually reduce the gas permeability. The simulation results are consistent with the experimental results.
& Conclusion In hardwoods, the gas permeability in the longitudinal direction is mainly dictated by the vessels. The high fiber
ratio and rich mesopore in tension wood do not significantly increase gas flow, suggesting the permeability of wood was actually
determined by the cell tissue with macroporous porosity. Vessel tissue ratio, length and diameter, and intervessel pit size were
found responsible for influencing the permeability in the longitudinal direction.
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1 Introduction

Wood has a certain level of permeability due to its porous
characteristics (Rice and D’Onofrio 1996; Bao et al. 1999;
Chun and Ahmed 2006). Permeability reflects the wood’s

ability to be penetrated by gases and liquids and hence is an
important physical characteristic. Permeability is also impor-
tant in the non-mechanical processing of wood as it affects
drying and treatment processes such as preservatives and
flame retardants and dimensional stabilization processes
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(Wang et al. 1991; Lehringer et al. 2009). The efficiency of
gas permeation through wood is closely related to its internal
microstructure, particularly porosity, pore size, and connectiv-
ity between pores (Lehringer et al. 2009; Ahmed and Chun
2011, 2014). As a natural polymer composite with multiscale
hierarchical structure, wood exhibits multiscale pore distribu-
tions ranging from the macro to the nano levels. Macroscopic
pores such as cell lumen, resin channels, and pit apertures are
the main channels for the permeation of liquids (Bao et al.
2001). However, mesoporous pores, such as pores in the cell
walls or between cellulose microfibrils, have large specific
surface areas and strong adsorption capacities, which are also
significant (Choong and Tesoro 1989).

The process of wood formation is often influenced by en-
vironmental or other factors (Pilate et al. 2004). In order to
adapt to the changes, such as phytohormone, gravity, wind,
and other internal and external environment simulation, an-
giosperms often produce tension wood that generates high
tensile stress on the upper side of a leaning stem to maintain
the directional growth of the tree (Fisher and Stevenson 1981;
Tarmian et al. 2009). In most temperate species, such as pop-
lars, oaks, and chestnuts, tension wood is characterized by the
presence of gelatinous (G-) fibers that contain a peculiar cell
wall layer called the G-layer (Dadswell and Wardrop 1955;
Jourez et al. 2001; Ruelle et al. 2011). The structure of the G-
layer is gel-like and contains abundant water-filled mesopores
(Clair et al. 2008; Chang et al. 2015, 2017). Significant chang-
es in the cell wall structure of tension wood cause differences
in its properties when compared with opposite wood (Pramod
et al. 2013). As a 3-D porous material, wood contains natural
flow channels (such as vessels). Channels with different di-
ameters, lengths, curves, and microstructures can produce dif-
ferent effects as fluid passes through the wood along the di-
rection of growth.

The gas permeability of wood and its influencing factors
have already largely been studied in the literature, but in most
cases, it concerned normal wood. The significant anatomical
differences especially in pore structure characteristics in ten-
sion wood will actually affect its permeability. The main ob-
jective of this study is to investigate the relationship between
pore structure and gas permeability in tension wood and to
clarify the following questions: (i) to what extent does
mesopore affect the gas permeability? and (ii) can the flow
paths through wood macro-/micropores be traced or simulat-
ed? The gas permeability of tension wood was measured by
using a self-designed and manufactured experimental device,
with special interest on tension wood behavior compared with
opposite wood and on the influence of pore structure in its
behavior. The mesopore and macropore characteristics of
wood samples were analyzed using the nitrogen adsorption–
desorption method and mercury intrusion porosimetry.
Current research on the gas permeability in wood is mainly
through structural anatomy and observational experiments.

Because of the small size and complex structure of gas
conducting tissue in wood, the flow patterns of gas in the
wood xylem, is not easily perceived by means of plant phys-
iology. In this study, gas transport at the microscale of wood
xylem was studied from the point of view of fluid mechanics.
Combined with anatomical observation and experimental re-
search, by means of fluid modeling and numerical simulation,
the flow fluid inside the vessels and the influence of vessel
structure on flow resistance were simulated using the ANSYS
Fluent software which has been already applied to plant xylem
flow (Wang et al. 2017; Chen et al. 2017).

2 Material and methods

2.1 Plant material

A naturally leaning poplar tree (Populus deltoidesCL.’55/65′)
of around 20 m in height and 23 cm in diameter at breast
height was sampled near the Jiaozuo experimental field in
Henan, China. The tree was chosen according to its tilted
shape indicating an active process to restore verticality.
Poplar was chosen for this investigation as it has previously
been used as a model plant for studies on the characteristics of
tension wood in several scientific studies (Chang et al. 2014;
Roussel and Clair 2015). This species is known to produce
tension wood (from the upper side of the inclined axis) with a
typical gelatinous layer. The presence of tension wood was
confirmed by anatomical observations of a large amount of G-
fiber (Vazquez-Cooz and Meyer 2006). The opposite wood
from the lower side of the inclined axis was employed as a
control.

2.2 Sample preparation

Wood blocks were taken from the upper side (tension wood)
and the lower side (opposite wood) of the inclined stem.
Along the direction of the fiber, blocks were gradually
trimmed into cylinders of 8-mm diameter using a sharp blade
in wet conditions. Blocks in lengths of 4, 6, and 8 mm were
prepared from the tension and opposite wood. Three samples
of each length were made. The remaining fragments that were
formed during the trimming of samples were collected and
used for pore texture measurements.

2.3 Optical microscopy

Transverse sections (10-μm thick) were cut using a sliding
microtome (G.S.L.1, Switzerland) with disposable razor
blades. Transverse sections were stained with safranin O/fast
green FCFmix and observed under a light microscope (Nikon
H550S). This method allows us to identify tension wood and
opposite wood quickly. The G-fibers were easily
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distinguished from other fibers after double staining, which
resulted in lignified layers being stained red and varying de-
grees of green, whereas the main cellulosic cell wall layers,
e.g., the G-layers, are stained bluish green. On the cross sec-
tions, proportions of the various cell types (vessels, fibers, ray,
and axial parenchyma) in both tension wood and opposite
wood were measured using image analysis software (Image-
Pro Plus 6.0). Supercritical dried samples were observed using
a scanning electron microscope (SEM, Quanta 450) on tan-
gential sections after platinum metallization.

2.4 Measuring gas permeability

Permeability measurements in the axial direction were carried
out using self-designed and manufactured experimental appa-
ratus (Appendix Fig. 9) (Liu et al. 2019) with air and nitrogen
gas as the fluid medium. The devices were designed according
to Darcy’s law as fluids generally follow this law when pass-
ing through wood (Hansmann et al. 2002). Darcy’s law states
that a linear relationship exists between fluid flux and pressure
when fluid flows through wood and other porous solid mate-
rials, usually identified by the following formula:

K ¼ F
ΔP

ð1Þ

where K is the permeability coefficient, F is the permeation
flux, and ΔP is the pressure difference.

The air permeability device, as shown in Appendix Fig. 9b,
consists mainly of a small air pump, filter, control valve, and
flow meter. The device is used by turning on the vacuum
pump, slowly adjusting the precision vacuum gage pointer
by one grid (0.02 MPa is a unit and each unit is divided into
9 grids, i.e., each adjustment of one grid is around
0.0022 MPa), and recording the number on the digital flow-
meter under different pressures. The permeate flux was calcu-
lated on the basis of stable permeate volume divided by filtra-
tion time, with a unit of L/min. The nitrogen gas permeability
device, as shown in Appendix Fig. 9c, consists mainly of a
nitrogen tank, pressure gage, and flow meter. The device is
used by opening the valve of the nitrogen tank, slowly
adjusting the pointer of the pressure gage, and recording the
number on the digital flowmeter under different pressures.

Sample preparation and test conditions were the same for
both permeability devices. Supercritical dried cylindrical sam-
ples were glued with a modified acrylate adhesive to the end
of the matching tube (Appendix Fig. 9a). Modified acrylate
adhesive can be used for bonding wood, metal, ceramic, and
quartz. The applicable temperature range is from − 60 to
100 °C, the curing time at room temperature is 24 h, and the
bonding strength can reach 18MPa. To ensure accuracy in the
measurements, the samples had to be attached completely to
the tube with no gap and contamination of the test surface was

avoided throughout the preparation process. The well-adhered
samples were then clamped to the device for testing.

In order to check the reproducibility of our measurements,
another poplar tree and other five species were also sampled
and tested, and the results, which were in good agreement with
the data presented in the main body of the article, are shown in
Appendix Fig. 10.

2.5 Permeability simulation of vessel

In order to clarify the relationship between pore structure and
gas permeability and to understand the dynamic transport pro-
cess of gas in the main flow channel, the fluid distribution in
the vessels at a given pressure was simulated using the
ANSYS software (Fluent 19.0, ANSYS Inc., Pennsylvania,
USA). The ANSYS Fluent is a flow analysis software that
can simulate fluid flow, heat transfer, and chemical reactions.
It has recently been used to simulate fluid transport in plant
xylem (Wang et al. 2017; Chen et al. 2017).

The simulation process can mainly be divided into three
steps. Firstly, the basic structural parameter data obtained
from the anatomical measurement is applied to the preprocess-
ing module of the software. A single vessel model of tension
wood and opposite wood was established and meshed for
subsequent calculations. Then, the analysis and calculation
module is used to perform the fluid dynamic analysis, and
the gas (air or nitrogen) flow characteristics through a single
vessel can be obtained. Finally, the simulation results are an-
alyzed and compared using the post-processing module.

2.6 Measurements of pore texture

In this study, gas adsorption and mercury intrusion methods
were used to characterize the surface area of the wood and
pore size distribution. Before testing, all samples were
supercritically dried to maintain the integrity of the internal
pore structures (Clair et al. 2008). To ensure the consistency,
samples were mostly obtained from the fragments remaining
from the permeability sample preparation. Samples
(2 × 2 × 2 mm) were kept in 30% ethanol and dehydrated
using a gradient of ethanol solutions [(30, 50, 70, 85, 95,
and 100% (three times)] for 24 h each. The dehydrated sam-
ples were then introduced into a Quorum K850 critical point
drier (Quorum Technologies Limited, Kent, UK) with liquid
CO2 as the transitional fluid and supercritically dried without
surface tension.

Nitrogen adsorption measurements were performed using a
Coulter SA3100 surface area analyzer (Beckman Coulter, Inc.
Florida Miami, USA) at 77 K. Prior to the adsorption exper-
iment, supercritically dried samples (masses between 0.1 and
0.3 g were preferable) were outgassed at 75 °C under a vacu-
um until the pressure was stabilized at 3 × 10−5 MPa to re-
move the physically adsorbed gases and impurities from the
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pore surface of the samples. This experimental technique
allowed us to characterize the mesoporous texture and record
the adsorption–desorption isotherm. The adsorption at low
relative pressure allows the specific surface area of the sam-
ples to be evaluated by the BET method (Brunauer et al.
1938), assuming an adsorbed N2 molecule covers
0.162 nm2. The method of Broekhoff and de Boer (1968),
which make use of the modified Kelvin equation, is used for
mesopore size analysis. This method is more suitable for the
pore size distribution calculation of wood materials (Clair
et al. 2008; Chang et al. 2009).

Mercury intrusion measurements were carried out using a
Micromeritics AutoPore IV9510 apparatus (Micromeritics in-
strument Ltd., Atlanta, USA). The dry sample mass was
around 0.1 to 0.2 g. The test procedure was initiated with a
low-pressure stage, followed by a high-pressure stage with a
maximum intrusion pressure of 414 MPa. This technique al-
lows the evaluation of the macropore and/or mesopore size
and records the adsorption–desorption isotherm distribution
from the incremental volumes of mercury by applying the
Washburn equation (Washburn 1921).

3 Results

3.1 Microscopic observation

Transverse sections stained with safranin/fast green to identify
tension wood and opposite wood are illustrated in Fig. 1.
Compared with opposite wood, tension wood contained large
fibers with well-differentiated G-layers, which were very ob-
viously bluish green after double staining (Fig. 1a). Tension
wood is anatomically very different from opposite wood both
with respect to the distribution of vessels and fibers. The most
notable contrast was that vessels in the opposite wood had
relatively larger tangential lumen diameters (80 μm) than
those in tension wood (65 μm). There was also a higher pro-
portion of vessels in opposite wood (34%) than in tension
wood (23%). Consequently, fibers formed a higher proportion
of tension wood (64%) than opposite wood (52%). This may
be explained by the fact that fibers have a mechanical role in
supporting tension wood for orientated growth (Ruelle et al.

2011). No apparent difference was found between the propor-
tions of rays in tension and opposite wood. The value was
about 9% in both.

Observation of tangential sections by SEM showed that
plurality of pore structures on the vessel walls could be ob-
served both in tension wood and opposite wood (Fig. 2).
There was no apparent difference in the intervascular pit ap-
erture between tension wood and opposite wood, with mean
values of between 3 and 6 μm (60 measurements). Equally,
the pits exhibited similar patterns of distribution in both types
of wood.

3.2 Gas permeability

In order to validate the stability of the test devices and the
repeatability of the measurements, herein, the results of gas
permeability measurements in tension wood are shown in
Fig. 3, with three replicates of each test (a 6-mm-long tension
wood sample was used as an example). The results were con-
sistent and stable, and good reproducibility was also obtained
in opposite wood samples of different lengths. Meanwhile,
binding permeability test data, F = a*P + b (F for the flux
and P for the pressure, a and b are variables), were used to
model complete pressure and gas flux in regression analysis
(Appendix Table 2). The pressure and flux showed stable
linear correlations and the correlation coefficients are between
0.9811 and 0.9991. These results indicate the high repeatabil-
ity and stability of measurements taken with our self-designed
test device.

Figure 4 shows the air and nitrogen permeability of poplar
opposite and tension wood samples with different longitudinal
lengths. The gas permeability of opposite wood was higher
than that of tension wood samples of the same size. In the two
types of wood, the nitrogen and air permeability trends were
the same regardless of the sample length and demonstrate that
the permeability of nitrogen is higher than that of air.

3.3 Mesopore structure

The nitrogen adsorption–desorption isotherms and pore size
distribution for poplar opposite and tension wood are shown
in Fig. 5. According to the IUPAC classification (Thommes

(a) (b)Fig. 1 Transverse sections of
poplar tension wood (a) and op-
posite wood (b) stained with saf-
ranin O and fast green.
Unlignified G-layer stained in
green-blue in tension wood and
lignified cell wall layers stained in
red in opposite wood and tension
wood. Scale bar (a, b) = 30 μm
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et al. 2015), the isotherm of tension wood (Fig. 5a) belongs to
type IV (a), with a H3-type hysteresis loop, indicating the
typical presence of mesopores (Kuila and Prasad 2013). The
amount of adsorbed nitrogen was 43 times greater in tension
wood than in opposite wood, corresponding to a significantly
higher mesopore-specific surface area in the tension wood
(51.8 m2 g−1) than in the opposite wood (4.18 m2 g−1). The
specific surface area was strongly correlated with the
mesopore volume. In tension wood, the mesopore volume
was 0.11 ml/g, accounting for 85% of the total pore volume,
which was seven times higher than that of opposite wood. For
opposite wood, the mesopore volume was 0.0158 ml/g, ac-
counting for 74% of the total pore volume. Both samples
presented broad pore size distributions ranging from 3 to
50 nm (Fig. 5b). In tension wood, 46% of the mesopores were
between 3 and 20 nm in size, with a peak pore size of 3.7 nm.

3.4 Macropore structure

The cumulative pore volumes measured in tension and
opposite wood using the mercury intrusion method are
shown in Fig. 6a. Under increasing pressure, mercury
first filled the macropores and then the micro-sized
pores (Zuo and Ye 2018). When filling pores with

diameter larger than 75 μm, the difference in the cumu-
lative pore volume of the two samples was small. Under
an increasing mercury pressure, the difference in cumu-
lative pore volume between the two samples became
larger, especially in the pores ranging in size from 85
to 38 μm. The increasing rate of pore volume in oppo-
site wood was greater than that in the tension wood. As
pores with diameters less than 38 μm were filled grad-
ually, the growth rates for pore volume in the two sam-
ples tended to be similar. Figure 6b shows the pore size
distributions for tension and opposite wood in logarith-
mic form. Both samples exhibited broad pore size dis-
tributions ranging from 0.01 to 334 μm, with the peak
size at 52 μm. Around 46% of macropores were distrib-
uted between pore sizes of between 30 and 90 μm,
which was the diameter range for the vessel lumens.

Table 1 shows the macroporous structural parameters
for poplar tension wood and opposite wood. Compared
with tension wood, opposite wood had greater
macropore volume and higher porosity. Tension wood
possessed more pores less than 30 μm, whereas oppo-
site wood had a high proportion of pores between 30
and 150 μm in diameter, which corresponds to the high
vessel ratio and bigger lumen diameter.
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tension wood (a) and opposite
wood (b) after supercritical dry-
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3.5 Permeability simulation within vessel

To better illustrate the difference in gas permeability between
tension wood and opposite wood and understand the dynamic
transport process of gas in the main channel, the fluid distri-
bution in the vessels at a given pressure was simulated using
the ANSYS Fluent software. The morphological sizes of ves-
sel models were based on the measurements of cell segrega-
tion and SEM observations (Fig. 7a). Vessels in tension wood
and opposite wood were simplified as cylindrical channels
with diameters of 65 and 80 μm and lengths of 548 and
508 μm, respectively; additionally, 30 and 50 micropores
were distributed in the cell walls, respectively (Fig. 7b). The
simplified vessels had micropore aperture diameters of 5 μm.
Data for all geometries were scaled according to actual
measurements.

Firstly, the simulation of air passing through the
channels with and without micropores in the cell wall
was compared (Fig. 8). Significant differences were
found to exist in these two types of channels. The flow
velocity of the channel with no micropores in the cell
wall (Fig. 8b) was low (97 m s−1) at the center, where-
as the flow velocity for the channel containing micro-
pores in the cell wall (Fig. 8a) was higher at the center
(131 m s−1). The velocity through the micropore con-
tour lines indicates that the flow velocity weakens from
the center to the wall (7 m s−1). Some of the gas is
diverted through the micropores on the side wall, but
the flow velocity is significantly lower than at the cen-
ter of the vessel.

For poplar, a type of hardwood, gas transport through
the wood channels is dictated by the vessels. The gas
flow can be changed by changing the corresponding
features of the wood channels, e.g., channel diameter
and number of vessel pits. Figure 7c shows the flow
velocity contours of air and nitrogen through single
channels in opposite and tension wood. Figure 7d
shows the profile of gas flow velocity at both the inlets
and outlets of the channels. From the center of the
channel to the wall, the velocity profile magnitude at
the inlet is more uniformly distributed than that at the
outlet, where the velocity magnitude is obviously higher
at the center than at the wall of the channel. Because of
the diameter difference in these two channels, the flow
velocity profile of tension wood is lower than that of
opposite wood both at the inlet and the outlet.

4 Discussion

This study indicates the feasibility of rapid measurement
of longitudinal gas permeability in poplar tension wood
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at different sample lengths using a self-designed and
manufactured experimental device. With the same longi-
tudinal length, poplar opposite wood always showed a
higher level of gas permeability than tension wood. The
gas permeability difference between these is likely to be
related to the internal pore structure, particularly poros-
ity and pore size distribution. As a porous material,
wood contains large mixed macro- and micro-capillary
systems. The former system consists of the vessel lu-
men, fibrous cavity, wood ray, intercellular space, etc.,
and the latter constitutes the pit membrane and pores
among the cellulose microfibrils or fibrils in the cell
wall. Gas preferentially penetrates wood through the
large capillary systems such as the vessel lumen in
hardwood species (Greaves 1974). Along the longitudi-
nal direction, the vessel serves as the main transport
channel for tree growth and is also the main channel
for gas circulation (Leal et al. 2007; Tarmian and
Perré 2009). According to its anatomical structure, the
arrangement of a vessel is like that of a hollow passage
interconnected by perforated plates with adjacent ves-
sels. The prevention of gas flow is, therefore, minimal.
Meanwhile, the diameter of the vessel lumen in opposite
wood is 15 μm larger than that in tension wood, and
the vessel ratio is 11% higher than that in tension
wood. Thus, opposite wood provides more favorable
conditions for gas flow. Conversely, in tension wood,

the tapered ends of fiber channels are interconnected
by pits in adjacent cell walls, making it difficult for
gas to pass through (Chen et al. 2017). Therefore, the
high fiber ratio in tension wood is disadvantageous to
gas permeation. Consistent with results obtained for
beech tension and normal wood (Tarmian and Perré
2009), increasing the longitudinal length of the sample
through which gas passes significantly reduces perme-
ability in both samples. As such, the reduction in spec-
imen length increased permeability. This was thought to
be due, in part, to the increased proportion of fibers
open at one or both ends of the sample, particularly at
lengths below 4 mm. The decrease in permeability at
increasing longitudinal lengths indicated either partial
or total blockage of some of the conducting pathways
as sample lengths exceeded a few cell lengths in hard-
woods. Moreover, the significantly lower proportion of
narrow vessel lumen and a relatively small number of
pits in tension wood is likely to be responsible for the
diminished permeability of tension wood in the longitu-
dinal direction (Tarmian et al. 2009). On the other hand,
the formation of tension wood is always accompanied
by high growth tensile stress. Growth stresses are con-
trolled by the amount of G-layer in tension wood (Fang
et al. 2008). Therefore, in tension wood, the character-
istic of the inner porous structure will be different under
different growth stress and this will lead to the

Table 1 Macroporous structural parameters for poplar tension wood and opposite wood

Pore range < 30 μm % 30–90 μm % 90–150 μm % > 150 μm % Porosity % Total pore volume (ml g−1)

Tension wood 44.27 32.81 7.98 14.94 65.1 1.29

Opposite wood 37.69 46.08 8.21 8.02 71.3 1.73
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differences in wood permeability. The change was due
not only to the physical dimensions of the samples but
also to a change in the effective pathways within the
samples, that is, the effective pore distribution paths.

The nitrogen adsorption–desorption and mercury in-
trusion measurements showed that poplar opposite wood
had an abundance of macropores between 30 and

150 μm in diameter; however, tension wood had a large
number of mesopores between 2 and 20 nm in diameter,
which were confirmed to be present in the G-layer
(Clair et al. 2008; Chang et al. 2017). The abundance
of mesopores in the G-layers reduced the flow rate for
gas in the macro-sized pores, consequently lowering gas
permeability. What is more, the mesopores in tension

Micropore

(a) (b)

Fig. 8 Flow velocity contours of
air transport at the outlet in
cylindrical channels with (a) and
without (b) micropores in the cell
wall

(d)(b)

Vessel pit

Pit spacing

OW TW

(a)

100μm

Vessel
pits

(c)

OW-N2 TW-N2

OW-Air TW-Air

Fig. 7 (a) SEM images showing the channels in the tangential section of
poplar opposite wood. The vessel channels are highlighted with yellow
dotted lines and the pits on the side wall of the vessel are highlighted with
a red circle. Inset is an isolated single vessel. (b) Diagram of vessels in
poplar opposite wood (OW) and tension wood (TW) based on wood

segregation and SEM measurements. (c) Contours of velocity (m s−1)
for air and N2 transport in the vessels of TW and OW based on the
Fluent analysis. (d) Air and N2 velocity profiles for TW and OW at
different locations (inlet and outlet) based on the Fluent analysis
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wood showed an ink bottle shape with pore cavities that
were less than twice the diameter of the throats, which
were beneficial to the adsorption and collection of gas
but not conducive to gas permeation (Thommes et al.
2015). At the same time, in tension wood, the relatively
narrow lumen diameter increases the contact time be-
tween the gas and the channel wall, which enhances
the flow of gas closer to the wall, since the micropores
in the wall enable gas transport between channels.

Regardless of the wood type, the Fluent simulation
results showed that the flow velocity of nitrogen
through a single channel is slightly greater than that of
air. The tendency is similar in both simulation results
and experimental results, but the flow velocity differ-
ence between nitrogen and air was obviously reduced
in the simulation results. In fact, in the actual experi-
mental measurement, there is a certain amount of water
vapor in the air. When the gas passed through the dried
wood, water adsorption was inevitable, which reduced
the effective gas channels and increased the gas flux
difference between air and nitrogen. Compared with
the actual experimental environment, the setting of sim-
ulation conditions was relatively simple. Firstly, in per-
meability simulation, this effect of moisture in the air
on gas permeability was not fully taken into account.
Secondly, only the permeability of a single vessel (the
macropore) was simulated; however, the actual perme-
abil i ty channels in wood include not only the
macropores but also a large number of mesopores. As
a natural porous material, wood contains a complex
pore structure system, while the simulation of a single
vessel was a relatively ideal state. At the same time, the
permeability difference between these two gases could
also be attributed to the natural characteristics of the
gases themselves. Nitrogen is relatively less dense than
air; meanwhile, the friction between nitrogen and wood
is less than that for air, resulting in the easier passage
of nitrogen through the channel with a relatively higher
flow velocity than that of air (Zhao et al. 2006).

The simulation above confirmed that the morpholog-
ical features of vessels affect wood permeability.
Generally, opposite wood has a higher vessel ratio and
larger cell lumen diameter than those of tension wood,
which shows greater gas permeability. Compared with
tension wood, opposite wood contains more pits in the
cell wall and these pits are favorable for gas permeation
between channels, which is beneficial for gas permeabil-
ity. In tension wood, the high ratio of fiber content and
the abundance of mesopores on the G-layer do not sig-
nificantly increase gas flow; on the contrary, ink bottle-
shaped mesopores increase the friction between the gas
and wood and block the flow. The simulation results
confirmed that the flow velocity at the channel wall

decreases significantly at the outlet of the channel
(Thommes et al. 2015; Sawada et al. 2018). The simu-
lation suggested that opposite wood, with higher
macroporous porosity, has advantages in longitudinal
permeability, which was consistent with the experimen-
tal results. Meanwhile, increasing the flow passage, i.e.,
increasing the specimen length, would inevitably reduce
gas permeability.

5 Conclusions

This study investigated nitrogen and air permeability
between poplar tension wood and opposite wood as
well as the relationship with its porosity characteristics.
Regardless of the wood type, the flow velocity of nitro-
gen through wood channels is slightly greater than that
of air. For hardwoods, the gas transport through the
wood channels is mainly dictated by the vessels, that
is, the macropore. The abundance of mesopores in ten-
sion wood do not significantly increase gas flow. The
gas permeability in tension wood has a remarkable de-
pendence on the wood structure, e.g., the channel diam-
eter, the number of vessel pits, as well as the physical
dimension of the sample. This study provides a new
insight by using fluid flow software to demonstrate
gas flow through a single vessel and provides a refer-
ence for the simulation of the flow of fluid through
wood.

Acknowledgments The author thanks the Jiaozuo experimental field in
Henan, China, for providing the wood samples.

Contributions of the co-authors Yujing Tan performed the experiment
and wrote the manuscript. Jinbo Hu conceived and designed the experi-
ments and revised the manuscript. Shanshan Chang designed the study
and commented on and revised the manuscript. Yuan Wei collected the
data and developed the simulation. Gonggang Liu designed the experi-
ments and revised the manuscript. Qianqian Wang performed the exper-
iment and collected the data. Yuan Liu supervised the work and
commented on the manuscript. Jinbo Hu and Shanshan Chang contribut-
ed equally. All authors reviewed and approved the final manuscript.

Funding This study was funded by the National Key Research and
Development Program of China (2017YFD0600202), the Hunan
Provincial Natural Science Foundation of China (2020JJ2058),
Scientific Research Project of Hunan Education Department (19A505),
and Project of Scientific Research Plan of Changsha City (kq1706075).

Data availability The datasets generated during the current study are
available from the corresponding authors on reasonable request.

Compliance with ethical standards

Conflicts of interest The authors declare that they have no conflict of
interest.

Page 9 of 12     88Annals of Forest Science (2020) 77: 88



Appendix

Fig. 10 The air permeability of six wooden samples (a, b, c, d, e, and f)
with longitudinal lengths of 2, 4, 6, and 8 mm. (a) Moso bamboo
(Phyllostachys edulis). (b) Poplar (Populus euramericana cv.
“Zhonglin46”). (c) Chinese fir (Cunninghamia lanceolata). (d) Lophira
alata. (e) Beech (Fagus sylvatica). (f) Okan (Cylicodiscus gabunensis).
Black bars represent standard deviation (SD)

Fig. 9 (a) The process of encapsulating a wood sample in a Teflon pipeline with adhesive sealing. (b) Schematic diagram of the homemade air
permeability measuring device. (c) Schematic diagram of the homemade nitrogen permeability measuring device. (ID: internal diameter)
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