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Abstract. The article presents the results of experimental studies of the apparent density of
wood obtained under various operating modes of the pneumatic measurement system. A new
technique and experimental unit have been used for the research to determine the apparent
volume of porous bodies in an atmospheric air environment. For the experiments, samples
of aspen, spruce, birch, pine and oak wood taken from the sapwood of tree stems have been
used. The functional stability of the developed method for determining the apparent volume
of porous bodies has been experimentally confirmed. Using the developed experimental unit,
the apparent volumes have been measured and apparent densities of wood samples of various
species have been calculated under conditions of overpressure and underpressure of the sys-
tem operation. In the overpressure mode, the pneumatic system has operated at +70 and
+90 kPa, and in the underpressure one at —70 and —90 kPa, respectively. It has been experi-
mentally established that when operating the measurement system in the underpressure mode,
the apparent density of wood is higher than in the overpressure mode. The values of apparent
densities determined in the underpressure mode vary within the range of 1.361 to 1.434 g/cm?
for aspen, 1.151 to 1.348 g/cm? for spruce, 1.356 to 1.402 g/cm? for birch, 1.298 to 1.444 g/cm?
for pine and 0.99 to 1.147 g/cm?® for oak. The corresponding values of apparent densities
determined in the overpressure mode have been 1.316 to 1.372 g/cm? for aspen, 1.106 to
1.274 g/cm? for spruce, 1.292 to 1.356 g/cm? for birch, 1.285 to 1.412 g/cm? for pine and
0.904 to 1.138 g/cm? for oak. Thus, the hypothesis about the priority of applying the under-
pressure mode when determining the apparent volume of porous bodies in the atmospheric air
environment has been confirmed. The magnitude of the largest deviation between the high-
est and lowest values of apparent density when determined in different modes has been, re-
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spectively: for aspen — 6.83 %, for spruce — 8.54 %, for birch — 6.35 %, for pine — 6.82 %
and for oak — 3.91 %. The magnitude of the largest deviation between the maximum values of
apparent density and the generally accepted value of 1.46 g/cm3 have been, respectively: for
aspen — 1.78 %, for spruce — 7.67 %, for birch — 3.97 %, for pine — 1.1 % and for oak —21.44 %.

Keywords: wood, apparent density, measurement system, measurement modes, overpressure,
underpressure
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Annomayua. IlpuBeneHsl pe3ynbTaTbl HKCIEPUMEHTANBHBIX MCCIEAOBAaHUM KaKyIlencs
IUIOTHOCTH JIPEBECHHBI, TTOJyYEeHHbIE IPH PA3IMYHBIX PEKUMaX (yHKIMOHHUPOBAHHMS ITHEB-
MaTUYeCKOM cHUCTEMBI 3MepeHus. Vcrnonb30Baal HOBYIO METOAUKY U HKCIIEPUMEHTAIBHYIO
YCT@HOBKY JUIsl OTIPEEICHUs] KaKylIerocss oobeMa IOPUCTBHIX Tel B cpejie aTMOC(hEepHOro
Bo31yxa. OOpasisl ApeBecuHbl OTOMpau 13 3a00J0HHOM YacTH CTBOJIOB OCHHBI, €1, Oepe-
3bl, COCHBI 1 Jy0a. DKCIIepUMEHTAIBFHO TTOATBEPIKI€HA IPAKTHYECKas IIPUTOTHOCTD MPEIo-
JKeHHOro Metoza. C IoMOIIbI0 pa3padOTaHHOH SKCIIEPUMEHTAIBHON yCTAaHOBKH W3MEPEHBI
Ka)Xyluecss 00beMbl M PAaCCUMTaHBl KaKYIIMECs IUIOTHOCTH JIPEBECHBIX 3aroTOBOK pas-
JIMYHBIX TOPOJ TPH PEKUMaX M30BITOYHOTO JABICHUS M pa3pekeHusi (GYHKIMOHUPOBAHUS
cucTeMbl. B pexxrMe M30BITOYHOTO JIaBJICHHS ITHEBMaTH4eckas cucrema pabdorana rpu +70
n +90 kI1a, a B pexume pazpexenns —npu —70 1 —90 kIla. DxcriepuMeHTaIbHO YCTAaHOBIIEHO,
YTO IPU IKCIUTyaTallud U3MEPUTENIBHOW CUCTEMBI B PEXKUME PA3PEKEHUs] KaXKyIascsl IUI0T-
HOCTb JPEBECUHBI BBIIIE, YEM IIPH IKCIUTyaTallud CUCTEMBI B PEKUME M30BITOUHOTO J1aBlie-
Hus. Kaxy1mascs mioTHOCTb, ONPEeNICHHAs B PEKUME Pa3pEKEHHsl, H3MEHSETCS B IIpesienax
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1,361-1,434 r/cm® ans ocunsl, 1,151-1,348 r/em® mis enu, 1,356—1,402 r/em® muis Oepessl,
1,298-1,444 r/cm® misa cocubl, 0,99-1,147 r/em?® s myba. Kakymasicst TIIOTHOCTB, ycTa-
HOBJICHHAsI B PE)KUME H30BITOYHOrO JaBiieHus, cocraBmia 1,316—1,372 r/cm3 mis OCHUHBI,
1,106—-1,274 t/em® ms emm, 1,292—1,356 r/cm® mns 6epessr, 1,285-1,412 r/cm?® mist coCHBI,
0,904-1,138 r/cm?® anst ny0a. Takum 0Opa3om, MOATBEPIKAAETCS THIIOTE3a O IPHOPUTETE MPH-
MEHCHHUS PSKUMa Pa3peKCHUs MTPH N3MEPEHUH KaKyIIETocst 00beMa IMMOPUCTEIX TEIl B Cpele
arMoc(epHoro Bo3ayxa. Haubosbliiee OTKIIOHEHHE MEKIY MAKCUMAIbHONH U MUHHUMAIbHON
KaXyIIMMUCS IUIOTHOCTSMU ITPH Pa3HBIX PEXKUMaX COCTaBUIIO: ocuHa — 6,83 %, entb — 8,54 %,
oepesa — 6,35 %, cocaa — 6,82 %, nyo — 3,91 %. Haubomnbinas pa3Huiia MEKIY MaKCHUMAaJlb-
HOW KaxyIueics IIIOTHOCTBIO M oOmenpunsaToi 1,46 r/cm® paBHsmack: ocuHa — 1,78 %,
enb — 7,67 %, 6epesa — 3,97 %, cocua — 1,1 %, ayo — 21,44 %.

Knrouesvie cnoea: npesecuna, Kaxymascs IUIOTHOCTb, H3MEPHUTENbHAS CUCTEMaA, PEKUMBI
M3MEPEHUs, N30BITOYHOC ABIICHHE, PA3PCIKCHIE

/s yumuposanusn: Gainullin Ren.Kh., Safin R.R., Safina A.V., Gainullin Rish.Kh., Tsetko-
va E.M. The Results of Experimental Studies of the Apparent Density of Wood // 13B. By30B.
JlecH. xypH. 2025. Ne 6. C. 119-130. https://doi.org/10.37482/0536-1036-2025-6-119-130

Introduction

All the materials used by people in their everyday life have different physical
and mechanical properties. The most common and universal physical quantity used
for characterizing the properties of a material is its density. However, the density of
the same material may vary within a great range. This is true for porous materials
whose density may be described as average and true. Wood with various types of den-
sity also belongs to porous materials [12]. Generally, the technological calculation
practice applies a value of the average density of wood. However, this value varies
within a great range not only for the same species but also for the same tree [14]. It
should be noted that the most precise measure of wood content in the volume unit of
a material is the true density of wood. In wood science, it is called wood substance
density [23]. Currently, it is generally accepted that the wood substance density is
1.53 g/em?. Wood is a capillary-porous material of plant origin, consisting of cell
walls, which is why the concept of cell wall density is used in wood science. In his
work O.I. Poluboyarinov [16] notes that the density of cell walls and the density of
wood matter differ by approximately 10 %. This discrepancy indicates the presence
of a significant volume of micropores (second-order pores) in the cell walls. In ad-
dition to the true density and the density of the cell walls, foreign authors are also
using the concept of an apparent density of wood. The apparent density is the ratio of
the mass of a sample to its volume, including the volume of closed pores (if any), and
excluding the volume of open pores and cavities between the particles of the sample
in a bulk material. In our understanding, if there are no closed pores in the wood sam-
ples being studied, the apparent density will be equal to the density of the cell walls.

One of the earliest methods of measuring the true density of wood is the sus-
pension method [5, 8, 19]. According to this method, prepared wood samples are
inserted into solutions of different salts. After the wood gets saturated, the solution
density is adjusted so that the samples are suspended in the solution. It indicates that
the densities of the solution and the wood sample are equal. Consequently, the wood
density can be defined by a numerical value of the solution density. The above men-
tioned researchers have carried out the experiments and obtained the wood density
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values from 1.4 to 1.56 g/cm? depending on the species. It should be noted that this
method takes significant amounts of time and labour, therefore nowadays it is used
rather seldom.

In the beginning of the 20th century, the pycnometry method has started being
used for measuring the density of a material. This method can be summarized as
follows: a body immersed in any medium displaces from it a volume which is equal
to the volume of this body. Such liquids as water, alcohol, petrol, toluene, etc. and
gases like helium, oxygen, nitrogen, hydrogen, etc. have been used as displacement
media [1, 2, 18, 20, 22]. The numerical values of density obtained by the pycnome-
try method have varied depending on the medium used. So, the density measured in
water has been on average 1.54 g/cm?, while that one measured in the gas medium
has been 1.46 g/cm?.

Another method of measuring the cell-wall density of wood, the mercury poro-
simetry method, is similar in concept but different in its procedure. In this case, mer-
cury is discharged into the pores of wood under high pressure [13, 15, 21]. The density
measured via this method is about 1.43 g/cm3. This method cannot become common
due to the toxicity of mercury and to the fact that the wood samples cannot be used
for further research as well as in the case of applying the suspension method because
such samples contain mercury and salts.

The above mentioned methods of measuring the cell-wall density are classi-
fied as direct methods. In addition to them, there is one more indirect method, which
is the optical (planimetric) method. It helps define the cell-wall density value by
the relation of the density of the whole volume of wood and the percentage content
of cell walls in a measured sample. To apply this method, a microsection of wood is
made, and then its weight, dimensions, and average density are measured. After that,
its image is zoomed by a microscope, and the area taken by cell walls in the area of
the whole section is measured by a planimeter [3, 7, 10, 17, 24]. According to the ex-
perimental data obtained, the cell-wall density measured by the planimetric method is
within 1.02 to 1.30 g/cm? for various wood species. At the present time, this method
is improved due to the use of radiography and computer tomography [11] for produc-
ing high resolution images of a wood microsection.

Nowadays, among the above mentioned methods of measuring the cell-wall
density, the most commonly applied method is the helium pycnometry standardized
by many countries of the world [4, 9]. Beside its advantages, this method also has its
drawbacks which could include the requirement to helium grade and the necessity for
a multi-stage calibration procedure to be implemented only in the overpressure mode
of a measurement pneumosystem.

Currently, the researchers show less and less interest for the investigations of
the cell-wall density of wood. First of all, it can be explained by the difficulty of de-
veloping new methods for measuring the cell-wall density of wood. The second im-
portant factor is that certain amount of knowledge about this value has already been
accumulated. Nevertheless, modern science needs new methods and approaches in
order to gain new knowledge in this field. Moreover, an essential issue is the equality
of the cell-wall density of wood and its apparent density.

This paper presents 2 interconnected aspects. Firstly, an alternative method of
gas pycnometry using the atmospheric air instead of helium as a measurement me-
dium has been proposed and tested. Secondly, the comparative data on the cell-wall
density and the apparent density of various species have been presented.
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Research Objects and Methods

In order to eliminate the shortcomings of the existing method of gas pycnom-
etry, the authors have proposed an alternative technique of measuring the apparent
density of wood [6]. This method applies the atmospheric air instead of helium in
a pneumatic measurement system. For experimental studies, we have developed a unit
(Fig. 1) consisting of 2 cylinders /, 6 of equal capacities, valves 3, 4, 5, 12, a pneu-
matic pump /3 with a manometer /4 and a relief valve /5, cylinders // containing
water and series-connected with the unit by transparent pipe lines 9, 10 with scales 7,
8. The volume and density of porous bodies can be measured via this method when
the measurement system operates in the overpressure and underpressure modes.

N

10

/H

Illllllllllllllllllll

\—/
Fig. 1. The experimental unit diagram: / — sample cylinder;
2 —measured sample; 3, 4, 5, 12 — valves; 6 — measuring cylinder; 7, § — scales;

9, 10 — transparent pipe lines; // — water cylinders; /3 — pneumatic pump;
14 — manometer; /5 — relief valve

In the underpressure mode the unit operates as follows. The sample 2 weight-
ed on the weighing balance is placed into the sample cylinder / while the valves 3,
4,5, 12 are opened and the cylinders / and 6 have the P, atmospheric pressure
set. After that, the valve 4 is closed and the pneumatic pump /3 is turned on. The pneu-
matic pump /3 creates in the cylinders / and 6 the P, underpressure recorded by
the manometer /4. When the desired value of underpressure is reached, the valve
12 is closed as well as further the valves 3 and 5, and the pressure in the pneumatic
pump /3 is equilibrated with the atmospheric pressure through the relief valve 5.
After the valves 3 and 4 are successively opened, due to the underpressure the A/
height of water column in the transparent pipe line /0 changes. This variation is
recorded using the scale 8. Then, the valve /2 is opened and the valve 3 is closed,
it results in the atmospheric pressure set again in the measurement system, and
the water column returns to its original state. After that, the valve /2 is closed again
and the valve 5 is opened, and due to the underpressure the water from the cylinders
11 transfers through the transparent pipe line /0 where the scale § shows the varia-
tions ofthe A/’IZ. heightofwater column. These readings arerecorded. Then, the valves
3,4, 5, 12 and the relief valve are opened, and the measurement system returns to
its original zero state.
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The actions taken have the following theoretical interpretation. In view of
the constant temperature of the system, its state in the cylinders /, 6 at the P,,, atmo-
spheric pressure and after the A . vacuum is created may be represented by the equa-

tions following the Boyle-Mariotte law:

P(V.=Vy)= P (V. =V, = AV}); (1)
PV, =P, (V.-AV,), )

where P, is a numerical value of the atmospheric pressure, kPa; P, is a numerical
value of the vacuum in the cylinders after air removal, kPa; V, is the vome of each

cylinder, cm3; V¥ is the unknown volume of a body, cm3; AV, AV, is the air volume
removed from the sample and the measuring cylinders, correspondingly, cm?.

Expressing P, from Egs. (1) and (2) we can obtain respectively:

P, (V. =V, - AV))
P = atm c b 1 : (3)
1 Ve =)
P._ (V. -AV,
Pl — atm(Ic/ 2)‘ (4)

c

Making equal the right-hand sides of the Egs. (3) and (4) and solving for the V,
unknown body volume we obtain:

AV,
V,=V.|1-—2L|.

In the overpressure mode the unit operates as follows. The sample 2 weight-
ed on the weighing balance is placed into the sample cylinder / while the valves 3,
4,5, 12 are opened and the cylinders / and 6 have the P, atmospheric pressure
set. After that, the valve 4 is closed and the pneumatic pump /3 is turned on. The pneu-
matic pump /3 creates in the cylinders / and 6 the P, overpressure recorded by
the manometer /4. When the desired value of overpressure is reached, the valve /2
is closed as well as the valves 3 and 5 further, and the pressure in the pneumatic
pump /3 is equilibrated with the atmospheric pressure through the relief valve /5.
After the valves 3 and 4 are successively opened, due to the overpressure the A/
height of water column in the transparent pipe line 9 changes. This variation is re-
corded using the scale 7. Then, the valve /2 is opened and the valve 3 is closed, it
results in the atmospheric pressure set again in the measurement system, and the wa-
ter column returns to its original zero state. After that, the valve /2 is again closed
and the valve 5 is opened, and due to the overpressure the water from the cylinders
11 transfers through the transparent pipe line 9 where the scale 7 shows the varia-
tionsofthe Ah, heightofwater column. Thesereadings arerecorded. Then, the valves
3,4, 5, 12 and the relief valve are opened, and the measurement system returns to
its original state.

The actions taken have the following theoretical interpretation. In view of
the constant temperature of the system, its state in the vessels 7, 6 at the P, atmo-
spheric pressure and after the P, overpressure is created may be represented by
the equations following the Boyle-Mariotte law:

P (Ve~Vy) = Py (Ve ~Vy + V) (6)

atm
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hV. =1,

vm (Ve + AV, ), 7)
where P, is the value of the atmospheric pressure, kPa; P, is the value of overpres-

sure in the cylinders, kPa; AV}, AV, is the air volume transferred from the atmosphere
into the sample and the measuring cylinders, correspondingly, cm?.

Expressing P, from Egs. (6) and (7) we obtain:

P, (V. =V, +AV))

P = am " ¢ b 1) .
) AR ()
P — f)atm (VIC/-’-AI/Z) (9)

c

Making equal the right-hand sides of the Egs. (8) and (9) and solving for the V,
unknown body volume we obtain an equation for calculating the volume of a mea-

sured body: - AV, o)
b — Te A 1/2 :
The density, in its turn, is defined by the following formula:
m

= . (11)

p ING

Vell-
AV,

Application of the Egs. (5) or (10) requires certain explanations.
1

. L A .
In the experimental study we can replace the ratio with the A—h‘ ratio, it

can be explained by the following equation: 2

nd?

AV = Ah, (12)

where d is the diameter of the transparent pipe line, mm; A/ is the variation of
the water column height, mm.

Significantly, at the same value of underpressure (overpressure) the volume of
air removed from the cylinders (transferred from the atmosphere into the cylinders)
depends on the volume of a measured sample, i.e. with an increase in the volume of
a measured sample at B, = const ( £, = const) the volume of air actually removed
from the cylinders (transferred from the atmosphere into the cylinders) decreases.
Accordingly, a calibration test of the unit is required. Besides, to simplify further
calculations it is better to eliminate the V. value. Taking into account the Egs. (12),
(5) and (10), this may be represented as follows:

My Y,
A,V

c

(13)

The presented methodology and the developed design can be used to determine
the apparent volume and apparent density of not only the sapwood and heartwood
parts of the stem wood, but also the bark, roots, branches, and rot.

For the experimental study aimed at measuring the volume and apparent den-
sity, we have used wood samples of aspen, spruce, birch, pine, and oak measuring
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20%20x10 mm (the latter number shows the along-the-grain size) and taken from
the sapwood of tree stems (Fig. 2).

BEESC JEEEF meegt Ef

WESES gomeg JEER.

Ga=s OGOOE SRERS -

geeet Pppep BEERS g

Fig. 2. The wood samples under consideration

125 samples have been selected for each species and taken in the direction
from the butt end to the top. The samples have been divided into groups of 5 piec-
es. The moisture level has been maintained as absolutely dry. We have measured
the weight of each sample using the Vibra electronic balance with an accuracy of
0.001 g. The apparent volume of each group has been defined after 10 measurements
carried out in the laboratory unit.

Results and Discussion

For the calibration test of the laboratory unit, end blocks of various volumes
have been used as a V), reference body. The pressure values during the calibration test
and experiments have been equal to —90, —70, +70 and +90 kPa. As a result, we have

A
obtained the curves (Fig. 3) of the calibration test diagram where the A—hl ratio is on

the x axis and the V), volume corresponding to this ratio is on the y axis.
To ease further use, each curve of the calibration test diagram is described by
the equation of the following type:
y=—kx+b, (14)

where Y is the volume of the ¥, body, cm3; k and b are the equation coefficients

Ahy

obtained from the calibration test results, and x is the A ratio.

It is evident from the Eq. (14) that the first point of the calibration curves
should have the [1; 0] coordinates, i.e. when ¥V, =0, and the ratio i—h' =1. Other

points are determined by the coordinates depending on the volume of the reference
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. A . . .
bodies and the A—hl ratios corresponding to them. Except the equations, the curves

also represent the approximation validity coefficients. The value R?2 = 1 indicates

A
an unambiguous correlation between the V), and T values as well as the high

confidence of the experiment results. hy
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Fig. 3. The calibration curves at: a ——90 kPa; b ——70 kPa; ¢ — +70 kPa; d — +90 kPa

The experimental data on the apparent density of the wood samples of various
species which have been obtained in the conditions of different measurement modes
are represented in fig. 4.

The obtained experimental data show that the apparent density values mea-
sured in the underpressure mode vary within the ranges of 1.361 to 1.434 g/cm3
for aspen, 1.151 to 1.348 g/cm? for spruce, 1.356 to 1.402 g/cm? for birch, 1.298 to
1.444 g/cm? for pine, and 0.99 to 1.147 g/cm? for oak. The respective apparent density
values measured in the overpressure mode are within 1.316 to 1.372 g/cm? for aspen,
1.106 to 1.274 g/cm? for spruce, 1.292 to 1.356 g/cm? for birch, 1.285 to 1.412 g/cm?
for pine, and 0.904 to 1.138 g/cm? for oak. According to the available information
[25] it is known that the cell-wall density determination by the pycnometry method
applied for oak and other ring-porous and diffuse-porous species is difficult and gives
unreliable results. The obtained experimental data on the oak apparent density have
confirmed it.

The curves clearly show the difference between the results obtained in different
operational modes of the measurement system. In all the cases, the density measured
in the underpressure mode is greater than that measured in the overpressure mode and
reaches the values up to 1.444 g/cm3. This value may confidently be considered true
as it insignificantly differs from the value of cell-wall density 1.46 g/cm? measured
by the helium pycnometry method.
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Conclusions

The literature review has shown 4 main methods of measuring the cell-wall

density of wood and porous materials: 3 of them are classified as direct methods
(suspension, mercury porosimetry, and pycnometry) and 1 is indirect (optical (plani-
metric) method).

At the present time, the most common method is helium pycnometry. With

regard to all the advantages and disadvantages of this method, the developments of
new methods for determining the cell-wall density of wood and porous materials are

carried on.
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An alternative, authors’ method for measuring the volume and determining
the apparent density of wood and porous materials in the atmospheric air has been
proposed. This method is theoretically justified and does not contradict the basic
principles and laws of thermodynamics.

The efficiency of the proposed method and the high reliability of the obtained
results have been proven experimentally.

With the use of the developed experimental unit, the volumes and apparent
density values of various species of wood have been measured in different operation-
al modes of the measurement system.

The lowest values of the apparent density have been obtained in the condi-
tions of overpressure, and the highest ones — in the conditions of underpressure. It is
related to the differences in the thermodynamical processes of air compression and
rarefaction. The properties of thin air when compared with the compressed one are
more similar to those of an ideal gas. Also, it is crucial how deeply air penetrates into
the pores of samples during the compression and rarefaction processes. The result
deviations between the highest and lowest values of the apparent density measured
in different modes are, respectively, the following: for aspen — 6.83 %, for spruce —
8.54 %, for birch — 6.35 %, for pine — 6.82 %, and for oak — 3.91 %. The greatest
deviation between the highest values of apparent density and the conventional value
of 1.46 g/cm? are respectively the following: for aspen — 1.78 %, for spruce — 7.67 %,
for birch — 3.97 %, for pine — 1.1 %, and for oak — 21.44 %.
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