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Abstract. For the modelling of gasification processes, several models
have been developed over the years. It is remarked that gasification
calculation models of very high complexity entail some complications.
Therefore, simpler mathematical representations of gasification
characteristics and process behavior are required as a first step in
addressing such systems. The preliminary calculation simplicity is needed
form two perspectives: First – the pre-sizing of gasification installations,
and second – the estimation of experimental or functional results. For this
kind of topics, an adequate simplified model should be defined. Further, to
validate the results it will be necessary to use complex calculation models.
The model proposed in this paper addresses gasification with distributive
air in the air distribution current, considering general concurrent flow of air
fuel. Previous successful investigations, conducted by the present research
team, are taken into account within model definition stages. Thus, the work
presented here provides useful advances in the field of mathematical
modeling of gasification processes. The originality of the model consists in
its easy computational accessibility, which allows the approach of
technological optimizations, such as the variation of excess air and fuel
composition.

Key words: biomass combustion, biomass gasification, energy recovery, modeling of
gasification

1. Introduction

Performing or testing the functionalities of a gas generator depends on input obtained from
the application of calculation models. The information thus obtained can be used in some
cases.
Lately, the appearance of very complex calculation models which require time for the
improvement of operations or for the previous processing of data is noticeable.
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The existence of simple calculation models proves useful, even if the final accuracy shows
some deviations. In many studies the predicted equilibrium compares reasonably well with
the results observed in experiments and in other cases the deviation is small enough. The
achievement of thermodynamic equilibrium for the multitude of reactions that take place in
the gasifier, has a particular importance. The idle time in various temperature zones
influences the thermodynamic equilibrium considered in fact reached by all calculation
models.
Essentially, a calculation model for a gasifier, must pass through the steps inside the gas
generator, namely [1] [2]:
o Drying (dehydration of fuel)
o Pyrolysis
o Combustion
o Reduction of the component 𝐶𝐶𝐶𝐶� and 𝐻𝐻� 𝑂𝑂 in the hot carbon bed
(embers).
Even if the gasifier as a whole is autothermal, the first two processes are endodermal.
The temperature level in the main zones of gas generator reflects the dynamics of the
development of specific thermochemical processes.
In the gasification process, the biomass is heated to a high temperature, usually more than
700℃, producing a series of physical and chemical changes, which result in the
development of volatile products plus solid carbonaceous residues. [3]
Gasification is one of the most economical and common applications for the use of
biomass, which due to its abundant presence in different countries, is of great interest as a
source of renewable energy. During gasification the mixture of biomass and gasifying
agents (air, steam, carbon dioxide or oxygen) are bring to high temperatures, in order to
obtain a fuel gas known as synthesis gas or simply syngas. [4]
The synthesis gas is composed of a set of gases and each of them is very important
depending on the specific application of the synthesis gas. For this reason, there is a lot of
research on modeling the composition of syngas obtained from both fixed bed gasifiers and
fluidized bed gasifiers [5]. In a recent comprehensive review was reported that
approximately 60% of all published gasification studies with models used only equilibrium
models and just 40% used, or included, non-equilibrium deviations. [6]
The model developed in this research is for the gasification of biomass with air inlet only in
the combustion zone.

2. Biomass gasification model

The information on the thermochemical processes in the gas generator, request the
elementary analysis of the fuel in the form [7]:
𝐶𝐶 � + 𝐻𝐻� + 𝑆𝑆�� + 𝑂𝑂� + 𝑁𝑁 � + 𝑊𝑊 � + 𝐴𝐴� = 100

(1)

Where the elements: carbon 𝐶𝐶 � , hydrogen 𝐻𝐻� , sulfur 𝑆𝑆�� , oxygen 𝑂𝑂� , nitrogen 𝑁𝑁 � , moisture
𝑊𝑊 � and ash 𝐴𝐴� are in mass proportions. For biogas, the absence of sulfur is allowed (𝑆𝑆�� =0).
The Figure 1 shows the physic-chemical model for the analyzed gas generator, with air
supply in the combustion zone. [8]
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Fig 1. The thermochemical phases in a gasifier with air inlet
In the combustion zone the drying process reaches temperatures ranging between 70-200℃.
Starting with 200℃ for biomass, the release of volatiles begins. After drying, the fuel
composition becomes (it was also considered the removal of the mineral mass):
(2)
𝐶𝐶 ��� + 𝐻𝐻��� + 𝑂𝑂��� + 𝑁𝑁 ��� = 100[%]
Participations from the anhydrous state are obtained from those of the initial state by the
correction with the factor 𝜑𝜑� :
𝐶𝐶 ��� = 𝐶𝐶 � × 𝜑𝜑� ,

𝜑𝜑� =

𝐻𝐻��� = 𝐻𝐻� × 𝜑𝜑� ,

100
100 − 𝑊𝑊 � − 𝐴𝐴�

𝑂𝑂��� = 𝑂𝑂� × 𝜑𝜑� ,

(3)

𝑁𝑁 ��� = 𝑁𝑁 � × 𝜑𝜑� [%]

If the mass of the intake of fuel (flow) in gas generator is 𝑚𝑚� , the mass of pyrolysis will
become:
1 𝑘𝑘𝑘𝑘
(4)
𝑚𝑚� = 𝑚𝑚� ×
� �
𝜑𝜑�
𝑠𝑠
In the pyrolysis phase, volatile materials are released, which include the components: 𝐶𝐶𝐶𝐶,
𝐶𝐶𝐶𝐶� , 𝐶𝐶𝐶𝐶� , 𝐻𝐻� . Pyrolysis perform in the range of 200 − 700℃. In this phase there is, as
well, a release of liquid tar.
The amount of gas and tar released depends on the average temperature level in the
pyrolysis zone [8] [9].
The mass quantity of gas 𝑚𝑚� released can be estimated from the mass 𝑚𝑚� by the function
𝜑𝜑� . The transformation functions in the pyrolysis process come from the literature [9].
𝑘𝑘𝑘𝑘
(5)
𝑚𝑚� = 𝑚𝑚� × 𝜑𝜑� � �
𝑠𝑠
(6)
𝜑𝜑� = 0.01(1.12𝑇𝑇 � × 10�� − 0.058𝑇𝑇 + 30.77)
The mass amount of tar 𝑚𝑚� removed from the mass 𝑚𝑚� can be determined by the relation
[9]:
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𝑘𝑘𝑘𝑘
𝑚𝑚� = 𝑚𝑚� × 𝜑𝜑� � �
𝑠𝑠
𝜑𝜑� = 0.01(−1.38𝑇𝑇 � × 10�� + 0.12𝑇𝑇 + 12.64)

(7)
(8)

The composition of the released gas can be estimated with the relations [9]:
 mass proportion of CO:
𝑔𝑔�� = 0.01(−2.65𝑇𝑇 � × 10�� + 0.27𝑇𝑇 − 32.71) [%]
 mass proportion of 𝐶𝐶𝐶𝐶� :
𝑔𝑔��� = 0.01(6.69𝑇𝑇 � × 10�� − 0.037𝑇𝑇 + 4.28) [%]
 mass proportion of 𝐻𝐻� :
𝑔𝑔�� = 0.01(7.0𝑇𝑇 � × 10�� − 0.0371𝑇𝑇 + 5.111) [%]

(9)
(10)
(11)

The difference is obtained by the mass proportion of 𝐶𝐶𝐶𝐶� :
𝑔𝑔��� = 1 − �𝑔𝑔�� + 𝑔𝑔��� + 𝑔𝑔�� � [%]

The massive amounts of gas will be:

𝑚𝑚�� = 𝑚𝑚� × 𝑔𝑔��

𝑚𝑚��� = 𝑚𝑚� × 𝑔𝑔���
𝑚𝑚�� = 𝑚𝑚� × 𝑔𝑔��

𝑘𝑘𝑘𝑘
�
𝑠𝑠
��
� �
�
𝑘𝑘𝑘𝑘
� �
𝑠𝑠

(12)

(13)

�

(14)
(15)

𝑚𝑚��� = 𝑚𝑚� − 𝑚𝑚�� − 𝑚𝑚��� − 𝑚𝑚�� �

𝑘𝑘𝑘𝑘
�
𝑠𝑠

(16)

After pirolysis process, the gasification process involves the oxidation of carbon with the
air and the thermal reduction of carbon dioxide by carbon.
Mass of carbon participating in the reaction [10]:
𝑘𝑘𝑘𝑘
(17)
𝑚𝑚� = 𝑚𝑚� − 𝑚𝑚� − 𝑚𝑚� � �
𝑠𝑠

The amount of air 𝑚𝑚� depends on the excess air used 𝜆𝜆. Usually, in order to control the
mass of carbon participating in the reduction process, the excess air wiil be less than 1
(𝜆𝜆 < 1). On burning carbon, the theoretical volume of combustion air is 9.03

For excess air 𝜆𝜆, the volume of humid air introduced will be:
𝑉𝑉� = 9.03 × 𝜆𝜆 × 𝑚𝑚�

Air mass corresponding to the volume 𝑉𝑉� will be:

���

�

��

�

���
��

.

(18)

𝑘𝑘𝑘𝑘
(19)
�
𝑘𝑘𝑘𝑘
Excess air recommended value is in the range of 𝜆𝜆 = 0.25 − 0.45.
The mass of oxidized carbon will be:
𝑘𝑘𝑘𝑘
(20)
𝑚𝑚� = 𝜆𝜆 × 𝑚𝑚� � �
𝑠𝑠
The emission of 𝐶𝐶𝐶𝐶� at oxidation of the carbon unit results from the stoichiometry of
combustion:
𝑚𝑚� = 6.4 × 𝜆𝜆 × 𝑚𝑚� �
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𝑁𝑁𝑚𝑚�
(21)
�
𝑘𝑘𝑘𝑘
The emission of 𝐶𝐶𝐶𝐶� from the amount of carbon existing in the reduction zone will be:
𝑉𝑉��� = 1.867 �

��

(22)

𝑚𝑚� = 1.867 × 𝜆𝜆 × 𝑚𝑚� � �
�

The nitrogen content in the gas will be:

𝑁𝑁𝑚𝑚�
(23)
�
𝑠𝑠
The reduction reaction 𝐶𝐶 + 𝐶𝐶𝐶𝐶� = 2𝐶𝐶𝐶𝐶 depends on the system pressure and the
temperature level. The reaction is endothermic.
According to Boudouard's law, the ratio of the transformation of 𝐶𝐶𝐶𝐶� into 𝐶𝐶𝐶𝐶 is presented
in table no. 1
Table 1. Relation 𝑪𝑪𝑪𝑪�𝑪𝑪𝑪𝑪
𝑉𝑉�� = 0.79𝑉𝑉� = 7.14 × 𝜆𝜆 × 𝑚𝑚� �

𝑡𝑡 [℃]
450
550
650
800
925

𝐶𝐶𝐶𝐶 [%]
0.6
10.7
39.8
93
96

𝐶𝐶𝐶𝐶� [%]
99.4
89.3
60.2
7.0
4.0

𝟐𝟐

Analytically, the proportion of 𝐶𝐶𝐶𝐶 obtained by reducing the gas 𝐶𝐶𝐶𝐶� is determined by the
relation
4𝑝𝑝𝑎𝑎�
(24)
𝑘𝑘� =
1 − 𝑎𝑎�
Where:
��
 𝑎𝑎 =



��� ��

𝑝𝑝- reactor pressure [𝑏𝑏𝑏𝑏𝑏𝑏]
𝑘𝑘� - the constant of Boudouard's law, which is determined using the data in table no. 2
Table 2. Variation of 𝑲𝑲𝒑𝒑 with temperature
𝑙𝑙𝑙𝑙𝑘𝑘�
Temperature [𝐾𝐾]
500
-4.603
1000
0.415
1500
2.240

The content of carbon monoxide after combustion and reduction with carbon will be:
𝑘𝑘𝑘𝑘
𝑚𝑚� = 𝑎𝑎 × 𝑚𝑚� � �
𝑠𝑠

The content of carbon dioxide in the bed will be:
𝑚𝑚� = (1 − 𝑎𝑎)𝑚𝑚�

𝑘𝑘𝑘𝑘
� �
𝑠𝑠

The reactions take place in the carbon bed:
𝐶𝐶 + 𝑂𝑂� = 𝐶𝐶𝐶𝐶� + 34,096 [𝑘𝑘𝑘𝑘]
𝐶𝐶 + 1�2 𝑂𝑂� = 𝐶𝐶𝐶𝐶 + 10,276 [𝑘𝑘𝑘𝑘]
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𝐶𝐶 + 𝐶𝐶𝐶𝐶� = 2𝐶𝐶𝐶𝐶 − 13,544 [𝑘𝑘𝑘𝑘]
𝐶𝐶 + 𝐻𝐻� 𝑂𝑂 = 𝐶𝐶𝐶𝐶 + 𝐻𝐻� − 9,909 [𝑘𝑘𝑘𝑘]
𝐶𝐶 + 2𝐻𝐻� = 𝐶𝐶𝐶𝐶� + 6,285 [𝑘𝑘𝑘𝑘]
𝐶𝐶𝐶𝐶 + 3𝐻𝐻� = 𝐶𝐶𝐶𝐶� + 𝐻𝐻� 𝑂𝑂 + 17,004 [𝑘𝑘𝑘𝑘]

(29)
(30)
(31)
(32)

Hydrogen is produced only by the reaction (30). Methane is produced by two reactions
from equations (31) and (32). For reaction (30), the reaction rate constant can be
determined by the relation [11] [9] [12]:
𝐾𝐾� = 𝑒𝑒 �

����
��.����
�

(33)

For reaction (31), the reaction rate constant can be determined by the relation [13]:
7,082.842
7.467
2.167 � �� 0.702
− 6.567 ln 𝑇𝑇 +
𝑇𝑇10�� −
𝑇𝑇 10 +
𝑇𝑇
2
6
2𝑇𝑇 �
+ 32.541
The relation can be reduced to form:
ln 𝐾𝐾� =

with

(34)

(35)

ln 𝐾𝐾� = 𝑓𝑓(𝑇𝑇)

(36)

𝐾𝐾� = 𝑒𝑒 �(�)

For reaction (31) the speed constant will be [14] [15] [9] [16]:
�����
�

𝐾𝐾� = 1.198 × 10�� 𝑒𝑒 �

(37)

Reaction (31) occurs when steam is used for gasification, in which case the volume of
water in reaction (29) allows the emission of hydrogen, which allows the operation of the
reaction around the values of the reaction constants 𝐾𝐾� and 𝐾𝐾� .
In the study, not using the steam injection eliminates the reaction (32), because the
estimated amount of water is consumed in the reaction (29), which has a much higher speed
constant.
The stoichiometry of the reaction (29) requires the following amounts of substance [10]:
12 𝑘𝑘𝑘𝑘𝑘𝑘 + 22.4 𝑁𝑁𝑚𝑚� 𝐻𝐻� 𝑂𝑂 = 22.4 𝑁𝑁𝑚𝑚� 𝐶𝐶𝐶𝐶� + 22.4 𝑁𝑁𝑚𝑚� 𝐻𝐻�

(38)

The amount of water vapor 𝑉𝑉��� in the carbon reaction zone imposed by that achieved in
the drying process:
(39)
𝑊𝑊 � 𝑁𝑁𝑚𝑚� 𝐻𝐻� 𝑂𝑂
𝑉𝑉��� = 1.242
�
�
100 𝑘𝑘𝑘𝑘 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
Replacing the relation (39) in (38) will result in a carbon consumption of 0.0066 𝑊𝑊 �
� � 𝑁𝑁𝑁𝑁�
𝑘𝑘𝑘𝑘
� �𝑘𝑘𝑘𝑘� and a hydrogen emission of 1.242
�𝑘𝑘𝑘𝑘.
���
The total volume of hydrogen, formed in the pyrolysis phase expressed by relation (15) and
by reducing the amount of water expressed by relation (30) will be:
(40)
𝑚𝑚��
𝑊𝑊�
𝑁𝑁𝑚𝑚�
𝑉𝑉�∗� =
+ 1.242
�
�
𝜌𝜌��
100
𝑠𝑠
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According to relation (31) the emission of 𝐶𝐶𝐶𝐶� with the maximum value 0.5 × 𝑉𝑉�� will
depend on the ratio of the reaction constants 𝐾𝐾� ⁄𝐾𝐾� , so that it becomes:
𝑉𝑉��� = 0.5

𝐾𝐾� ∗
𝑁𝑁𝑚𝑚�
𝑉𝑉�� �
�
𝐾𝐾�
𝑠𝑠

And the volume of hydrogen 𝑉𝑉�� is reduced to the quantity:
𝑉𝑉�� = �1 − 0.5

𝐾𝐾� ∗
𝑁𝑁𝑚𝑚�
� 𝑉𝑉�� �
�
𝐾𝐾�
𝑠𝑠

(41)

(42)

The gas from the gas generator, at the end of the thermochemical processes will have the
composition:
(43)
𝑚𝑚��
𝑚𝑚� 𝑁𝑁𝑚𝑚�
𝑉𝑉�� =
+ 𝑎𝑎
�
�
𝜌𝜌��
𝜌𝜌��
𝑠𝑠
(44)
𝑚𝑚���
𝑚𝑚� 𝑁𝑁𝑚𝑚�
𝑉𝑉��� =
+ (1 − 𝑎𝑎)
�
�
𝜌𝜌���
𝜌𝜌���
𝑠𝑠
(45)
𝐾𝐾� 𝑚𝑚��
𝑊𝑊�
𝑁𝑁𝑚𝑚�
𝑉𝑉�� = �1 − 0.5 � �
+ 1.242
� �
�
𝐾𝐾� 𝜌𝜌��
100
𝑠𝑠
(46)
𝐾𝐾� 𝑚𝑚��
𝑊𝑊�
𝑁𝑁𝑚𝑚�
𝑉𝑉��� = 0.5 �
+ 1.242
� �
�
𝐾𝐾� 𝜌𝜌��
100
𝑠𝑠
(47)
𝑁𝑁𝑚𝑚�
𝑉𝑉�� = 7.05 × 𝜆𝜆 × 𝑚𝑚� �
�
𝑠𝑠
The volume of gas from the gas formed by the thermochemical reactions will be:
(48)
𝑁𝑁𝑚𝑚�
𝑉𝑉� = 𝑉𝑉�� + 𝑉𝑉��� + 𝑉𝑉�� + 𝑉𝑉��� + 𝑉𝑉�� �
�
𝑠𝑠
From this relation the participation of the gas in the gas generator can be determined:
𝑉𝑉��
(49)
𝐶𝐶𝐶𝐶 =
× 100 [%]
𝑉𝑉�
𝑉𝑉���
(50)
𝐶𝐶𝐶𝐶� =
× 100 [%]
𝑉𝑉�
𝑉𝑉�
(51)
𝐻𝐻� = � × 100 [%]
𝑉𝑉�
𝑉𝑉���
(52)
𝐶𝐶𝐶𝐶� =
× 100 [%]
𝑉𝑉�
(53)
𝑁𝑁� = 100 − (𝐶𝐶𝐶𝐶 + 𝐶𝐶𝐶𝐶� + 𝐻𝐻� + 𝐶𝐶𝐶𝐶� ) [%]

The lower heating value of the gas of gasifier 𝐻𝐻�,� is determined by the relation:

𝑘𝑘𝑘𝑘
(54)
𝐻𝐻�,� = 0.01�𝐶𝐶𝐶𝐶 × 𝐻𝐻�,�� + 𝐻𝐻� × 𝐻𝐻�,�� + 𝐶𝐶𝐶𝐶� × 𝐻𝐻�,��� � �
�
𝑁𝑁𝑚𝑚�
where 𝐻𝐻�,�� , 𝐻𝐻�,�� , 𝐻𝐻�,��� is the lower heating value for carbon monoxide, respectively for
hydrogen and methane.
The efficiency of the gasifier will be defined by the ratio between the thermal power of the
gasifier and that for the initial fuel:
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𝜂𝜂 =

�
𝑉𝑉� × 𝐻𝐻�,�

(55)

× 100

𝑚𝑚� × 𝐻𝐻��
is the lower heating value of the fuel subjected to gasification.

3. Thermal field estimation

A simple model can take in consideration:
 heat absorption for dehydration;
 heat absorption in the pyrolysis phase;
 heat emission on carbon oxidation, with the formation of 𝐶𝐶𝐶𝐶� ;
 heat absorption when converting carbon dioxide to carbon monoxide;
 heat absorption when heating the mineral mass
the model did not consider the heat emission for the reduction reactions, considered in a
small proportion and the heat loss to the external environment. The air was considered at
reference temperature 𝑡𝑡� .
In the design of the gas generator, the gradual air intlet was considered, starting with the
ignition temperature of the carbon, the evolution of the temperatures in the case of the gas
generator will be of the form:

1
1
2
1

h

−𝑄𝑄���
−𝑄𝑄���

3
1

+𝑄𝑄���

4
1
5
1

temperature
profile

−𝑄𝑄���

gas of gas generator

t

Fig. 2. The evolution of temperature in the gas generator body
Heat emitted by the combustion of fixed carbon (charred coal) will be:
�
[𝑘𝑘𝑘𝑘]
𝑄𝑄��� = 𝑚𝑚� × 𝐻𝐻�,�

Where

�
𝐻𝐻�,�

��

is the lower heating value of carbon, measured in � �.
��

The output of this heat is:
- heating the vaporization of water, 𝑄𝑄��� [𝑘𝑘𝑘𝑘];
- heating for pyrolysis, 𝑄𝑄��� [𝑘𝑘𝑘𝑘]
- cooling produced in the carbon reduction space, 𝑄𝑄��� [𝑘𝑘𝑘𝑘];
Finally, the temperature of the gas gasifer leaving the installation is obtained.
For biomass gasification, there is no need for external heating of the gasifier.
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In this paper there is an appendix where a result of the composition of the gas obtained by
the developed model is exemplified, for a certain temperature level existing in the specific
areas of the gas.

4. Conclusions

 The model has taken in account the achievement of thermodynamic equilibrium for all
existing stages into the gas generator processes. These hypotheses are sufficiently reached
for the gasification of biomass, as shown by all the literature.
 The model led to a decrease in the amount of nitrogen (𝑁𝑁� ) found in the gas within the
gas generator compared to most other experimental data. The development of a thermal
model for the thermochemical phases will contribute to the correction of these values. Gas
flow rate influences both the thermal field and the reaction time.
 The gasification process was considered as a completely distinct succession of
subprocesses, without any interference between them. This simplified the calculation model
to the detriment of accuracy. However, the numerical application demonstrated its viability
for the initial assumptions, related to the nature of the fuel and distinct phases of drying,
pyrolysis and gasification by reducing some substances.
 The theoretical data obtained were compared with those from previous experiments and
presented in the paper ”Researches on biofuels gasification using the Lurgi process with
homogeneous air inlet over the combustion space”, the existing deviation will be used to
optimize both directions - biomass gasification experiments, corrections on the calculation
model. The model developed can be compared with the models developed in the paper ”A
mathematical model of biomass downdraft gasification with an integrated pyrolysis model”
[17].

5. Appendix
The results of a numerical application in order to preliminary validation of the developed
model.
Elementary analyze: 𝑊𝑊 � = 20%; 𝐴𝐴� = 5%; 𝑂𝑂� = 25%; 𝑁𝑁 � = 1%; 𝐻𝐻� = 5%, 𝐶𝐶 � = 44%

Fuel flow: 𝑚𝑚� = 1

��
�

; 𝜑𝜑� = 1.33; 𝑚𝑚� = 0.75

��
�

;

For 𝑇𝑇 = 700𝐾𝐾; 𝜑𝜑� = 0.45; 𝜑𝜑� = 0.29; 𝑚𝑚� = 0.337
��

𝑚𝑚��� = 0.037
0.078

��
�

�

;

𝑚𝑚�� = 0.043

; 𝑉𝑉� = 0.696

�
��

��

��
�

;

; 𝑚𝑚� = 0.14

Temperature in bed 800℃; 𝑎𝑎 = 0.93

��
�

𝑚𝑚��� = 0.17

𝑉𝑉�� = 0.137
𝑉𝑉� = 1.503

��
�

��
�

;

𝑉𝑉��� = 0.09

��
�

;

𝑉𝑉�� = 0.51

��
�

�

��

;

For temperature of 1,000°𝐾𝐾, 𝐾𝐾� = 1.37, 𝐾𝐾� = 0.4

��

�

;

; 𝑚𝑚� = 0.217

;𝑚𝑚� = 0.196

𝑉𝑉��� = 0.1

The composition of gas of the gas generator is:
𝐶𝐶𝐶𝐶 = 11.5%; 𝐶𝐶𝐶𝐶� = 5.9%; 𝐻𝐻� = 37.9%; 𝐶𝐶𝐶𝐶� = 6.6%; 𝑁𝑁� = 38%

9

��
�

��

;

��
�

�

;

;𝑚𝑚�� = 0.087
𝜆𝜆 = 0.4;

��
�

;

𝑚𝑚� =

𝑉𝑉�� = 0.57

��
�

;
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