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ABSTRACT 

Three-dimensional heat and mass transfer and electrochemical 
reaction in an anode-supported flat-tube solid oxide fuel cell 
(FT-SOFC) are studied. Transport and reaction phenomena 
mainly change in the streamwise direction. Exceptionally, 
hydrogen and water vapor have large concentration gradients 
also in the cross section perpendicular to the flow direction, 
because of the insufficient mass diffusion in the porous anode. 
Based on these results, we develop a simplified one-dimensional 
cell model. The distributions of temperature, current, and 
overpotential predicted by this model show good agreement with 
those obtained by the full three-dimensional simulation. We also 
investigate the effects of pore size, porosity and configuration of 
the anode on the cell performance. Extensive parametric studies 
reveal that, for a fixed three-phase boundary (TPB) length, 
rough material grains are preferable to obtain higher output 
voltage. In addition, when the cell has a thin anode with narrow 
ribs, drastic increase in the volumetric power density can be 
achieved with small voltage drop. 
 
Keywords: Solid oxide fuel cell, Simulation, Heat and mass 
transfer, Electrochemical reaction, Modeling 

 
1. INTRODUCTION 

Investigation of detailed heat/mass transfer and electrochemical 
reaction characteristics in the cell is essential for further 
improving performance of solid oxide fuel cell (SOFC). For 
such purpose, a series of numerical simulation is expected to be 
useful.  

To date, a number of numerical simulation studies have been 
reported for various types of SOFCs. Ferguson et al. (1996) 
carried out simulation for planar, tubular, and cylindrical cells with 
simplified one-dimensional cell models. They found that the anode 
and interconnector sizes have considerable impact on the planar 
cell performance. Chan et al. (2001) investigated the performance 
of planar SOFCs with a simplified cell model. They focused on the 

thicknesses of electrolyte and electrodes, and pointed out possible 
advantages of anode-supported cell configuration. Aguir et al. 
(2004) also numerically assessed the influence of various 
operating conditions on the anode-supported cell performance. 
With this kind of simplified simulation, we can predict cell 
performance at a reasonable computational cost. On the other 
hand, further detailed simulation is also required to validate these 
simplified cell models.  

Several studies have more intensively focused on the flow 
and reaction fields in the cell with three-dimensional simulations. 
Li and Chyu (2005) analyzed the characteristics of heat and 
mass transfer in a tubular SOFC. Yakabe et al. (2000) showed 
the distributions of flow and reaction fields, and thermal stress in 
a planar SOFC for different flow arrangements.  

Recently, a flat-tube SOFC (FT-SOFC) has attracted much 
attention among various cell configurations due to its high power 
density and relative easiness of fabrication and gas sealing 
(Giuseppe, 2005). In the present study, we perform numerical 
simulation of heat and mass transfer and electrochemical 
reaction in an anode-supported FT-SOFC. The final goal is to 
obtain clues for designing a cell of higher performance. For this 
purpose, we first discuss the characteristics of flow and reaction 
fields in the cell through three-dimensional simulation. 
Subsequently, we propose a simplified one-dimensional plug-
flow cell model. Then, we assess the effects of design parameters 
on the cell performance by using this simplified cell model. A 
special attention is paid on the geometrical configuration and 
microstructure of the porous anode. 

 
2. SIMULATION MODEL AND GOVERNING EQUATIONS  
2.1 COMPUTATIONAL MODEL 

The anode-supported FT-SOFC is assumed to have a 
periodic structure in the spanwise (z-) direction. The air and fuel 
flows are symmetric in each flow passage since their Reynolds 
numbers are low (1−50). Thus, as shown in Fig. 1, only half of 
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the periodic structure is taken as a computational domain. The 
unit cell is composed of an electrolyte layer, a cathode, an anode 
with fuel channel, an interconnector, and an air passage between 
the adjacent cells. The anode has also a role as a mechanical 
support of the cell. The air and fuel are in co-flow arrangement. 
The physical properties of each cell component listed in Table 1 
are assumed to be constant except for the resistivity, which is 
dependent on temperature. The tortuosity of the porous 
electrodes correlates with the porosity (Carniglia, 1986). In the 
present study, the tortuosity of the anode τan is simply treated as 
a function of the porosity: 

anan . ετ 405 −=     (1) 

The interface between the electrolyte and electrodes are 
treated as the three-phase boundary (TPB). The electrodes are 
porous, while the electrolyte and interconnector are treated as 
solid. The anode rib width lz,rib, thickness ly,an, porosity εan and 
pore diameter dp,an are varied as simulation parameters. In the 
reference case, the cell has dimensions of lz,rib, = 1.5 mm and ly,an 

= 1.0 mm,  with εan and dp,an being selected as 0.5 and 1.0 µm, 
respectively.  

The electrochemical reaction is calculated using an 
equivalent circuit shown in Fig. 2. This model consists of the 
electromotive force (EMF) generated in the cell, the current 
density, and the componential losses of the cell, i.e., the ohmic 
loss and the activation and concentration overpotentials. The 
cathode and the interconnector surface are treated as equi-
potential, and the average current density of the electrolyte is 
kept constant (see Table 2). Since the steady-state performance 
of the cell is discussed in the present study, the capacitance 
between electrolyte and electrodes is neglected. 

Other operating conditions are listed in Table 2. The 
completely reformed methane (with steam to carbon ratio = 2.5) 
is selected as a fuel inlet composition (H2 : H2O : CO2 = 8 : 1 : 
2). The solid and porous boundaries at the cell inlet and outlet 
are treated as adiabatic. The thermal boundary conditions at the 
upper and lower boundary of the computational domain are 
periodic in the perpendicular (y-) direction.  
 
2.2 GOVERNING EQUATIONS 

The governing equations for the reactive fluids are the mass 
conservation, Navier-Stokes, energy and chemical species 
transport equations: 

Table 1  Physical properties of cell components. 

Component ρ [103kg/m3]�

a Cp [kJ/kg K]�

a λ [W/mK] a σ [Ω cm] ε [-] τ [-] dp [µm] 
Electrolyte 5.48 0.45 2.0 3.0×10-3exp(10300/T) b - - - 
Cathode 5.62 0.45 11.0 8.11×10-3exp(600/T) c 0.5 3.0 1.0 
Anode 6.5 0.45 10.0 2.98×10-3exp(-1392/T) b 0.4−0.6 Eq. (1)  0.2−2.0 
Interconnector 6.5 0.55 6.0 2.5 a - - - 

a:  National institute of Advanced Industrial Science and Technology (AIST) Web Site (http://unit.aist.go.jp/energy/fuelcells/database/index.html ; Japanese)  
b:  Campanari and Iora (2004)    c:  Aguiar et al. (2004)    

 
Fig. 2  Equivalent electrical circuit of the cell.  

 

 
Fig. 1  Computational model of the cell. 

 
Table 2  Operating conditions of the cell. 

Inlet gas temperature and pressure 600 oC, 1.0 atm 
Electrolyte average current density 0.25, 0.5, 0.75 A/cm2 
Utilization rate of O2 and H2 0.3, 0.85 
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Note that, by definition, the summation of Eq. (5) for all 
reactants is identical to Eq. (1). The Darcy’s law is introduced to 
describe the friction resistance in the porous media (the last term 
in Eq. (3)). The physical properties of the fluid are treated as 
functions of the local temperature and concentration of reactants 
(Bird et al., 2002). The effective diffusivity of reactant i in the 
porous media (Di,eff in Eq. (5)) is calculated by the parallel pore 
model (Asaeda et al., 1974), which reads 
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where Dim and Dik are the multicomponent molecular diffusivity 
and the Knudsen diffusivity of reactant i, respectively, and  Mmix 
represents the averaged molar weight of the fluid. 

The second-order accurate central finite difference method 
with Euler explicit scheme is employed for discretization of each 
equation, and the flow continuity is ensured by the SMAC 
method. The number of computational grids is 162164 ××  (x by 
y by z) for the air-side and 161564 ××  for the fuel-side. The low-
Mach number approximation (Majda and Sethian, 1985) is 
introduced for efficient computation of the heat and mass 
transfer considering variable physical properties.  

The local current density i and the ohmic losses ηohm of cell 
components are computed by using the Ohm’s and Kirchhoff’s 
laws with resistivities σ shown in Table 1. The EMF is computed 
by the Nernst equation, 
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The concentration overpotential is defined as the difference 
between the EMF derived from the mean concentration of reactants 
in each corss section Ebulk and the local value on the TPB ETPB, 
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The activation overpotentials in the cathode and anode are 
calculated by using the Butler-Volmer equation,  
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where α and n are the transfer coefficient (0 < α < 1) and the 
number of electrons participating in the reaction, respectively. In 
the present study, α =0.5, and n = 4 (for cathode) or  2 (for anode) 
are assumed. The exchange current densities io are written as 
follows (Costamagna & Honegger, 1998) : 
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where γ and Eact are pre-exponential factor and the activation 
energy of the electrode, respectively. Following previous 
researches of Campanari and Iora (2004), Aguiar et al. (2004), 
and Costamagna and Honegger (2000), the values of these 
parameters are chosen as shown in Table 3. The output voltage 
of the cell Vcell is  

( ) .EV conactohmcell  ηηη ++−=    (11) 

The local heat production in Eq. (4) is determined by the 
distributions of overpotentials and local amount of reaction.  

 
3. CHARACTERISTICS OF TRANSPORT AND REACTION 

PHENOMENA 
3.1 HEAT AND MASS TRANSFER 

Figure 3 illustrates the lateral distribution of the electrolyte 
temperature and those of concentrations (molar fraction) of O2, 
H2 and H2O on the TPB. The heat generated by the exothermic 
reaction is convected by air and fuel. As a result, the temperature 
increases monotonously from the cell inlet toward the outlet. 
Each reactant has also a large concentration gradient in the 
streamwise (x-) direction. These profiles are characterized by the 
rates of consumption and production of each chemical species 
during the reaction.  

Figure 4 shows the normalized velocity vectors and molar 
fractions of H2 and H2O in the y-z plane. Large variations of H2 

Table 3  Parameters for  activation overpotential. 

Parameter Cathode Anode 

Activation energy Eact [kJ/mol] 140 120 

Pre-exponential factor γ [A/m2] 5.0×109 5.0×109 
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and H2O are observed in this thick anode. A secondary flow is 
generated by the migration of O2 ions from cathode to anode. 
However, its intensity is negligibly small compared to the main 
stream of fuel. In fact, the time scale of convection is much 
shorter than that of mass diffusion or heat conduction. Thus, the 
convection has negligible impact on the heat and reactant 
transport in the cross section. 

 The magnitude of reactant diffusion inside the porous 
media becomes about ten times smaller than that in the main 
flow region. This is due to the reduced effective diffusivity in the 
porous media. For some geometrical configurations, this 

insufficient diffusion of reactants results in the shortage of H2 
and stagnation of H2O on the TPB.  

In contrast, the concentration gradient of O2 in the thin 
cathode is considerably small. The solid temperature also shows 
small gradient in each cross section. This is attributed to the 
considerably small Biot number (less than 0.1 based on the 
anode thickness).  

 
3.2 ELECTROCHEMICAL REACTION 

Figure 5 shows the distributions of EMF and current density 
in the electrolyte iele. The former shows a large gradient in the 
streamwise direction and a small gradient in spanwise direction. 
The EMF is maximized at the cell inlet and gradually decreases 
toward the cell outlet as O2 and H2 are consumed and H2O is 
produced. In contrast, the maximum of iele appears in the middle 
of the cell, because iele is determined by the local balance 
between the EMF and the overpotentials. 

Figure 6 shows the distributions of componential losses 
along the streamwise direction. It reveals that dominant 
components of the voltage loss are the activation overpotential 
(ηact), the concentration overpotential (ηcon), and the ohmic loss 
of the electrolyte (ηohm, ele). The cathodic activation overpotential 
ηact,ca and ηohm, ele are maximized at the cell inlet. This is natural 

Fig. 3  Lateral distributions of electrolyte temperature and 
molar fraction of O2, H2, H2O on the TPB. 

Fig. 4  Cross sectional distributions of normalized velocity 
vectors (v, w) and molar fractions of H2 and H2O at x = 50. 

 

Channel region 

 
Fig. 5  Distributions of electromotive force (EMF) and 
electrolyte current density. 

 

Fig. 6  Distributions of EMF and overpotentials in the cell . 
(Reference case, averaged in the spanwise direction) 
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because these losses strongly depend on the temperature and 
become larger as the temperature drops. The anodic activation 
overpotential (ηact,an) depends on iele, the local concentrations 
and the temperature. As a result, ηact,an is almost constant over 
the streamwise cell length. The ohmic losses of electrodes 
(ηohm,ca and ηohm,an) and interconnector (ηohm,int) are negligibly 
small because of their small resistivities.  

 
4. PARAMETRIC SURVEY OF ANODE DESIGN  
4.1. DEVELOPMENT OF SIMPLIFED CELL MODEL 

As shown in the previous section, detailed physical 
phenomena in the cell can be studied by three-dimensional 
simulation. However, this simulation requires a large amount of 
computational load. The present study confirms that the 
convection and reaction distribution in the perpendicular and 
lateral directions can be neglected. Therefore, we develop a 
simplified one-dimensional plug-flow model of the cell as follows. 

In the simplified model, the solid components of the cell are 
separated into six segments as shown in Fig. 7(a). The effect of 
the anode design is investigated by changing the microstructure 
and size of elements 3, 4 and 5. The representative temperature 
is defined in each segment. 

The distributions of flow and reaction fields are considered 
only in the streamwise (x-) direction. However, as shown in Fig. 
4, distributions of H2 and H2O in the cross section cannot be 
neglected. Therefore, the following procedures are used to 
obtain the average concentration of H2 and H2O on the TPB. 

The boundary condition of reactant i on the TPB for full 
three-dimensional simulation is  
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In Eq. (12), im& (kg/m2s) corresponds to the mass consumption of 

H2 and the production of H2O. Thus, the sign of the last term of 
Eq. (12) is plus for H2 and minus for H2O. The mass fraction Yi 
can be expressed by using the molar fraction Xi and the molar 
weight Mi,  
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As shown in Fig. 4, the variations of H2 and H2O molar (mass) 
fractions in the fuel channel are negligibly small and can be 
assumed as uniform. With this assumption, the normalized mass 
fraction of reactant f is defined as  
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where Yi,ch and Yi,TPB are the representative mass fractions of 
reactant i in the fuel channel and on the TPB, respectively. 
Namely, φ is set as 1 in the channel and 0 on the TPB. The 
spanwise gradient of φ is 0 on the symmetric plane that exists on 

both sides of the unit cell. The space derivative of φ in the 
perpendicular (y-) direction is written as 
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Then, the molar fraction of reactant i on the TPB is expressed as 
 a combination of Eqs. (12), (13), (15) and the gas state equation 
involving an assumption that the physical properties are 
constant:  
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The gradient of φ on the TPB ( )
TPB

y∂∂φ  only depends on the 

cross sectional topology of the anode. Furthermore, as discussed 
in section 3.1, the concentration variations of reactants are 
predictable by neglecting the convection and only considering 
the diffusion. Thus, the gradient of φ can be obtained by solving 
the Laplace equation for a given anode design. Figure 7(b) 
shows the distribution of φ in the cross-sectional area of the cell 
for reference case. 

The amount of local forced convective heat transfer qht 
(W/m2) is calculated using the heat transfer coefficient h, 

( )gassolht TThq −= .    (17) 

In order to determine the heat transfer coefficient, the Nusselt 
numbers for the parallel plates (NuH = 8.235) and the square 
duct (NuH  = 3.599) (Shah and London, 1978) are used for the 
air and fuel channels, respectively.  

Figure 8 illustrates the distributions of Tele and iele, and Vcell 
predicted by this model. These distributions show good 
agreement with full three-dimensional simulation. Furthermore, 
these results can be obtained with computational time 1/105 that 
of three-dimensional simulation. Due to this low computational 
cost, the present cell model can be used for the performance 
analysis of the cell in a large-scale model, such as a cell stack or 
whole power generating system. In the next section, the effect of 
design parameters on the cell performance is discussed by using 
this model.  
 
4.2 COMPUTATIONAL RESULTS AND DISCUSSIONS 
Effect of anode microstructure 

Figure 9 shows the output voltage for different pore diameters 
of the porous anode dp,an. A remarkable voltage drop is observed 
when dp,an is small.  The difference of dp,an does not influence the 
heat transfer in the cell.  Namely, the output voltage is 
determined exclusively by characteristics of mass transfer.  

Figure 10 illustrates the normalized molar fraction of H2 in 
the y-z plane with different dp,an obtained by three-dimensional 
simulation. The shortage of H2 on the TPB becomes significant 
in the case of dp = 0.75 µm. As mentioned in section 3.1, the 
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mass transfer in the cell is dominated by diffusion. As suggested 
by Eq. (6), the effective diffusivity is determined by the 
molecular and Knudsen diffusivities. When dp,an is large, the 
magnitude of Knudsen diffusivity is almost the same as that of 
the molecular diffusivity. In this case, the effective diffusivity 
slightly increases over that in the reference case. In counterpart, 
with the decrease of dp,an, the effective diffusivity is drastically 
reduced. Since the Knudsen diffusivity is proportional to dp,an, its 
value becomes smaller than the molecular diffusivity, and it 
results in poor diffusion of H2 and H2O in the anode. As shown 
in Fig. 11, this poor diffusion leads to the increase of both 
concentration overpotential (ηcon) and anodic activation 
overpotential (ηact,an). This tendency is remarkable for higher 
average current densities due to the increase of the local reaction 
amount. Thus, the anode with large material grains is 
recommended for enhancement of the mass transfer in the cell. 
In the present study, parameters α and γ for the activation 
overpotential are set constant regardless of dp,an. However, Chan 
and Xia (2001) showed that the activation overpotential is 

reduced when fine grains are used as the anode material, because 
of the increased TPB area. They also pointed out that influence 

 
(a) Segmented structure  ｠   (b)Distribution of φ (Ref. case). 

Fig. 7  Cross section of the one-dimensional plug flow model. 

 
Fig. 8  Distributions of electrolyte temperature 
and current density (Reference case). 

  

 

   Fig. 9  Output voltage for different pore diameter  
of  porous anode dp,an. 

 
         Fig. 10  Distribution of H2 molar fraction on the y-z 

 at x = 50. 

 

Fig. 11  Distributions of  EMF and overpotentials  
with dp,am = 0.2 µm. 
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of the anode thickness on the cell performance is considerably 
small. This knowledge, combined with the present results, 
implies that a better performance may be achieved using a 
material with large particles for the gas diffusion layer, and fine 
particles for the thin reaction layer. The cell with this design 
concept is made by Kim et al. (2005), and, in fact, showed 
illustrious performance.  

As shown in Fig. 12, the output voltage is less sensitive to 
the anode porosity εan than dp,an. As Eq. (6) suggests, the 
effective diffusivity becomes larger when εan is large. As the 
effective diffusivity is increased, the shortage of H2 and the 
stagnation of H2O are improved. Consequently, as shown in Fig. 
13, the concentration overpotential (ηcon) is reduced.  

On the other hand, the effective thermal conductivity of 
porous media ( ) solgaseff λεελλ −+= 1 becomes smaller with 

increasing εan. As shown in Fig. 14(a), the solid temperature 
becomes lower at the cell inlet with the decrease of λeff. This leads 
to increases in the activation overpotential ηact and the ohmic loss 
of the electrolyte (ηohm,ele), and the local current density becomes 
smaller as shown in Fig. 15. As a whole, a trade-off occurs 

between the mass transfer enhancement and heat transfer 
degradation when εan is varied. Thus, Vcell is almost constant 
regardless of εan. The computational result also indicates that this 
trade-off is optimized when εan = 0.6. 
 
Effect of anode cross-sectional configuration 

Figures 16 shows Vcell and the volumetric power density 
Wcell of the cell for different anode thickness ly,an and rib width 
lz,rib. Here, Wcell is defined as  

,  
cell,y

avr,elecell
cell l

iV
W

⋅
=     (18) 

where ly,cell is the cell thickness, which is the summation of 
electrolyte, electrodes and interconnector thicknesses. The 
values of ly,an and lz,rib are changed with increment of 0.2 and 
0.25 mm, respectively. 

In the case of iele,avr = 0.5 A/cm2, Vcell is maximized when 
ly,an = 1.6 mm and lz,rib = 0.5 mm.  However, the gain of Vcell over 
the reference case is small, and Wcell drops considerably. In 
contrast, Wcell increases proportionally to lz,rib . When ly,an = 0.2 

           
Fig. 12  Dependence of output voltage on anode                                  Fig. 14  Distributions of  electrolyte temperature  
porosity.                                                                                                 on anode porosity. 

                    

Fig. 13  Dependence of  EMF and overpotentials          Fig. 15 Dependence of  electrolyte current density 
with anode porosity εan = 0.6.            on anode porosity. 
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mm, Wcell is drastically increased with lz,rib = 0.5 mm compared 
with reference case, whereas the drop of Vcell is negligibly small. 
The values of ly,an and lz,rib that maximize Vcell or Wcell are almost 
constant regardless of iele,avr. 

When the cell has a thick or wide rib anode, the diffusion 
length of reactants in the porous anode becomes longer. This leads 
to severe fuel shortage on the TPB and increased concentration 
overpotential. In contrast, the inlet temperature of the cell is kept 
high by the enhanced heat conduction. This improved temperature 
distribution can reduce both activation overpotential and ohmic 
loss of the electrolyte. Thus, the effect of improved heat transfer 
compensates the deterioration of mass transfer, and this fact makes 
Vcell insensitive to the anode configuration. This insensitivity 
suggests that the variation of Wcell is not caused by the change of 
Vcell but by the difference of ly,an. Namely, a thinner anode is 
advantageous to achieve high Wcell. The optimal lz,rib  is 0.75 to 
obtain high Vcell for broad range of iele,avr. 
 
5. CONCLUSIONS 

Numerical simulation and modeling of the heat/mass 
transfer and electrochemical reaction in the anode-supported 
flat-tube solid oxide fuel cell (FT-SOFC) has been carried out. 

Through the present parametric survey, the following conclusions 
are obtained.  

 
1. The transport and reaction phenomena vary mainly in the 

streamwise direction. Exceptionally, H2 and H2O show large 
concentration gradients in the cross section due to insufficient 
diffusion in the porous anode. Based on these results obtained 
by detailed simulation, a simple one-dimensional plug-flow 
model of the cell is developed. This model can precisely 
predict the cell performance at much less computational cost.  

 

2. For fixed TPB length, the output voltage of the cell is 
seriously degraded when the porous anode has small pore 
diameter. With decreasing the pore diameter, the mass 
transfer in the cell is considerably degraded by deterioration 
of the Knudsen diffusion. Further detail investigation 
considering the change of TPB is required to determine the 
optimal pore diameter of the anode material. In contrast, the 
output voltage of the cell is insensitive to the anode porosity 
due to a trade-off between the effect of heat transfer and that 
of mass transfer.   

 

Black dot: Max. Vcell case.    Gray dot: Max. Wcell case 
Fig. 16 Output voltage Vcell and volumetric power density Wcell for different anode configurations.  
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3. The output voltage is also insensitive to the anode thickness 
and the rib width. When the cell has a thin anode with a 
narrow rib, drastic increase of volumetric power density can 
be achieved with small voltage drop.  
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NOMENCLATURE 

Cp  Isobaric specific heat (J/kgK) 
Di  Diffusivity of the reactant i (m2/s) 
dp  Pore diameter of the porous media (m) 
E  Electromotive force (EMF) (V) 
F  Faraday constant : 9.649×104 (C/mol) 
∆Go Standard Gibbs’ free-energy change of the  
     reaction (J/mol) 
i  Current density (A/m2) 
Mi  Molar weight of the reactant i (kg/mol) 
P  Pressure (Pa) 
pi  Partial pressure of the reactant i (Pa) 
Q  Heat generation (W/m3) 
R  Gas constant : 8.314 (J/mol K) 
T  Temperature (K) 
u, u, v, w Flow velocity (m/s) 
Vcell Output voltage of the cell (V) 
Wcell Volumetric power density of the cell (W/m3) 
x, y, z Cartesian coordinates (-) 
Xi  Molar fraction of the reactant i (-) 
Yi  Mass fraction of the reactant i (-) 
 

   Greeks 
ε  Porosity of the porous media (-) 
ηact  Activation overpotential (V) 
ηcon Concentration overpotential (V) 
ηohm Ohmic loss (V) 
κ  Flow permeability in the porous media (m2) 
λ  Thermal conductivity (W/mK) 
µ  Viscosity (Pa s) 
ρ  Density (kg/m3) 
σ  Resisivity (Ω cm) 
τ  Tortuosity of the porous media (-) 
 

   Subscripts and superscript 
an  Anode 
avr  Average 
ca  Cathode 
ele  Electrolyte 
gas  Gas 
H2  Hydrogen 
H2O Water vapor 

int  Interconnector 
O2  Oxygen 
sol  Solid 

− averaged value in the cross section 
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