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Abstract

The present work focuses on the coupling between tabulated chemistry techniques with compressible solvers. In

low Mach-number CFD solvers the coupling is straightforward because thermo-chemical quantities are directly read

in a thermo-chemical database. However, because of perturbations introduced by acoustics, the coupling with fully

compressible Navier-Stokes equations is not straightforward. In order to be consistent with tabulated chemistry frame-

work, a new strategy to predict temperature field from the transported energy is developed. Boundary conditions are

reformulated following Navier-Stokes Characteristic Boundary Conditions (NSCBC) formalism. The method called

TTC (Tabulated Thermo-chemistry for Compressible flows) is implemented in a compressible CFD code and validated

by comparison with multi-component simulations. Temperature computation and characteristic boundary conditions

reformulations are first validated on one-dimensional tests. A three-dimensional non-reactive case is then computed

by performing a large eddy simulation of a turbulent round jet. Finally, a one-dimensional laminar flame simulation

assesses the method performances.

Keywords: tabulated chemistry, compressible flow, characteristic boundary conditions

1. Introduction

Large Eddy Simulation (LES) has become an afford-

able tool. This major evolution is due to the important

improvement of the available computational power dur-

ing the last decade. Using parallel computational re-

sources, Boileau et al. [1] were able to simulate the igni-

tion of a full combustion chamber. Similar simulations

of realistic systems were also performed by [2, 3]. All

these works are of great interest to study turbulent flame

dynamics, combustion instabilities or mixing character-

ization but they are limited in terms of chemistry de-

scription.

Indeed, because of large number of species, detailed

chemistry simulations remain too expensive in terms of

CPU time to be achieved in such configurations. Some

direct numerical simulations have been done using de-

tailed chemistry mechanisms for hydrogen-air flames

[4] or methane-air flames [5] but they are limited to very

small configurations that are far from industrial needs.
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A classical approach used to take into account de-

tailed chemistry effects in realistic LES for a low CPU

cost is to use tabulated chemistry. Tabulated chemistry

methods assume that chemical evolutions in the com-

position space can be parameterized and tabulated by a

reduced set of variables (ψ1, ..., ψn) where n is the num-

ber of chemical database coordinates. In general, ψl are

combinations of species mass fractions. Knowing these

variables in a simulation, all thermo-chemical variables

ϕ can then be estimated by using the chemical database

ϕtab(ψ1, ..., ψn). Among these tabulation techniques one

can mention ILDM [6], FPI [7], FGM [8], REDIM [9]

or ICE-PIC [10] methods. In these methods, instead of

solving one balance equation for each chemical species

involved in the detailed elementary reactions, only few

equations for the reduced set of variables are solved.

The main problem when coupling this procedure with

compressible Navier-Stokes equations is that perturba-

tions due to compressibility effects are not considered

during the database generation. This limitation is not

a problem if the CFD solver is based on a low Mach-

number assumption where the introduction of tabulated

chemistry is straightforward [11, 12, 13]. But introduc-

ing tabulated chemistry in a compressible CFD solver

is more challenging. In this case, temperature can not
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be directly read in the database because the tabulated

temperature does not take into account acoustic pertur-

bations. Galpin et al. [14] have proposed to solve, in

addition to the reduced set of variables, balance equa-

tions for some chemical species selected to estimate the

temperature from energy. For methane-air combustion,

the number of supplemental species required to have

a fair estimate of the temperature is nine [14]. There-

fore this technique leads to a large increase of the num-

ber of equations. In addition, a divergence between the

additional transported species and the tabulated ones is

frequently observed and requires specific treatment. A

second problem in compressible codes is the interaction

between acoustics and boundaries [15, 16]. When us-

ing tabulated chemistry, boundary conditions for the re-

duced set of variables should therefore take into account

perturbations due to acoustics.

In the present work, a new technique called TTC

(Tabulated Thermochemistry for Compressible flows)

is developed to introduce tabulated chemistry strategies

in compressible solvers. This approach only requires

to solve additional balance equations for the database

coordinates. First, the governing equations of reactive

flow described by tabulated chemistry are briefly pre-

sented and a method is proposed to take into account

temperature deviation due to acoustics. Then character-

istic boundary condition treatment is detailed for tabu-

lated chemistry. Finally, validation tests are presented.

Reformulation of temperature computation and bound-

ary treatment are validated with 1-D tests by compari-

son with multi-component simulations. Further valida-

tions are conducted by performing a non-reactive 3-D

large eddy simulation of a round jet and a reactive case

where the FPI tabulation method is chosen to reproduce

a 1-D laminar flame.

2. Governing equations for tabulated chemistry

Conservative variables are gathered in the vector U =

(ρ, ρui, ρet, ρψ1, ..., ρψn)⊤ where ρ is the mass density, ui

are the velocity components, et = uiui/2 + e is the to-

tal energy, sum of kinetic and internal energy, and ψl is

the lth coordinate used to describe the thermochemical

database. In multi-component formulation, mixture in-

ternal energy e is given as e =
∑N

k=1 ekYk where N is the

number of species and Yk, ek are the kth species mass

fraction and energy, respectively. At a given tempera-

ture T , ek reads:

ek =

∫ T

T0

Cvk(T )dT −
RT0

Wk

+ ∆h0
f ,k (1)

where R = 8.314 J/mol/K is the ideal gas constant, Cvk

is the species specific heat capacity at constant volume,

Wk is the kth species molar mass, ∆h0
f ,k

is the species en-

thalpy of formation and T0 is the reference temperature

(T0 = 298 K).

When using tabulated chemistry, governing equations

for adiabatic reactive flows can be written as:

∂U

∂t
+
∂F j

∂x j

+
∂F

j

d

∂x j

= S (2)

where the source term vector is S =

(0, 0, 0, 0, 0, ω̇ψ1
, ..., ω̇ψn

)⊤ with ω̇ψl
the chemical

mass production rate of the variable ψl. F j and F
j

d

are respectively the Eulerian and diffusion fluxes in

direction j:

F
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
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, F
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d
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
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







(3)

where δi j is the Kronecker operator: δi j = 1 for i = j

and δi j = 0 for i , j. P is the thermodynamic pressure

given by the ideal gas law, P = ρRT/W, where W =
(

∑N
k=1 Yk/Wk

)

−1
is the mixture molar mass. τi j is the

viscous tensor, q j is the heat flux and ψl follows a Fick

diffusion law with diffusivity coefficient Dl. The fluid is

considered as Newtonian. The heat flux vector is given

using Fourier law and assuming unity Lewis number for

species diffusion:

q j = −
λ

Cp

∂h

∂x j

(4)

where h = e + P/ρ is the mixture enthalpy, λ is the

mixture thermal conductivity. Cp and Cv are the mix-

ture specific heat capacities at constant pressure and

constant volume respectively. The ratio of heat ca-

pacities γ = Cp/Cv is introduced. Diffusivity coeffi-

cients Dl are computed by assuming unity Lewis num-

ber: Dl = D = λ
ρCp

. The coupling strategy developed in

this article is not affected by this assumption.

In tabulated chemistry framework, Cp, Cv, λ and D

are stored in a look-up table as a function of (ψ1, ..., ψn).

A technique adapted to tabulated chemistry to estimate

the temperature from the transported energy is proposed

in the following section.
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3. Temperature computation with tabulated chem-

istry

Conservative variables ρ, ρui, ρet and ρψl are solved

from their respective balance equations. The remain-

ing difficulty is the computation of temperature. In low

Mach-number approach, as pressure fluctuations are as-

sumed to be small, the temperature is directly extracted

from the database: T = T tab(ψ1, ..., ψn). This assump-

tion is not accurate when compressibility effects are

taken into account. Indeed, in this case, the transported

values of e and T are different from the tabulated ones:

etab and T tab. A solution to compute the temperature is

to approximate the fluid composition by a reduced sam-

ple of species as proposed by Galpin et al. [14]. It pre-

vents a prohibitive storage in the database of all species

thermodynamical properties and mass fractions. How-

ever, as mentioned previously, this method presents sev-

eral drawbacks. Another solution is to tabulate the en-

ergy as a function of database coordinates and temper-

ature. An additional coordinate (the temperature) needs

therefore to be added to the chemical table and an it-

erative algorithm is required to deduce the temperature

from energy. Such an approach is memory space and

CPU time consuming. A less expensive alternative is

here proposed.

The first order truncated Taylor expansion of e around

T = T tab leads to the following linear approximation to

estimate the temperature in TTC formalism:

T = T tab(ψ1, ..., ψn) +
e − etab(ψ1, ..., ψn)

Ctab
v (ψ1, ..., ψn)

(5)

The ”compressible” temperature T can therefore be ap-

proximated from the tabulated energy and temperature

etab and T tab, respectively and the transported energy

e = et − uiui/2. Note that this assumption is valid in

the case of moderate acoustic perturbations which in-

duce small temperature variations. It is justified when

combustion operates at constant pressure such as in gas

turbines, furnaces, unconfined laboratory flames, etc...

Other realistic situations exist where pressure variations

are sufficiently large to affect the chemistry (internal

combustion engines, detonation waves, ...) and extra-

coordinates have to be added to the chemical database.

4. Characteristic boundary conditions for tabulated

chemistry

4.1. Characteristic wave treatment

In compressible CFD solvers, boundary condi-

tions are provided using characteristic boundary con-

ditions. Navier-Stokes Characteristic Boundary Con-

ditons (NSCBC) have been first derived for single-

component flows [15], and later for multi-component

flows [16]. As N species transport equations have been

replaced by n < N equations for variables ψl, charac-

teristic wave decomposition must be expressed in terms

of n characteristic waves corresponding to ψl and not

N species waves anymore in TTC formalism. For that

purpose, Eq. (2) is written introducing the vector of non-

conservative variables V = (ρ, ui, P, ψ1, ..., ψn)⊤:

∂V

∂t
+ A

j ∂V

∂x j

+ J
−1
∂F

j

d

∂x j

= J
−1

S (6)

where A j is a (n + 5) × (n + 5) matrix:

A
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
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







































































u j ρδ1 j ρδ2 j ρδ3 j 0 0 ··· 0
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0 0 0 u j
1
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. a = (γrT )1/2 is the speed of sound and r = R/W. The

jacobian matrix J = ∂U

∂V
reads:

J =


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




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u2 0 ρ 0 0 0 ··· 0
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et−
rT
β

ρu1 ρu2 ρu3
1
β
−
ρ

β
ϑψ1

··· −
ρ

β
ϑψn

ψ1 0 0 0 0 ρ ··· 0
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

where β = γ − 1 and ϑψl
is defined as:

ϑψl
=

N
∑

k=1

(

RT

Wk

− βek

)

∂Yk

∂ψl

(7)

Assuming that the boundary normal direction is along

the x1 axis, Eq. (6) is written as:

∂V

∂t
+ A

1 ∂V

∂x1

= RHS (8)

where RHS= J−1S − J−1 ∂F
j

d

∂x j
− A2 ∂V

∂x2
− A3 ∂V

∂x3
. Matrix

A1 has 5 + n eigenvalues λm which are given here with

3



one example of right eigenvectors rm:

λ1 = u1 + a, r1 = (
ρ

2a
,

1

2
, 0, 0,

ρa

2
, 0, ..., 0)⊤

λ2 = u1, r2 = (1, 0, 0, 0, 0, 0, ..., 0)⊤

λ3 = u1, r3 = (0, 0, 1, 0, 0, 0, ..., 0)⊤

λ4 = u1, r4 = (0, 0, 0, 1, 0, 0, ..., 0)⊤

λ5 = u1 − a, r5 = (
ρ

2a
,−

1

2
, 0, 0,

ρa

2
, 0, ..., 0)⊤

λ6 = u1, r6 = (0, 0, 0, 0, 0, 1, ..., 0)⊤

...

λ5+n = u1, r5+n = (0, 0, 0, 0, 0, 0, ..., 1)⊤

The right eigenvectors rm are gathered in the transfor-

mation matrix R in columns. Inverting R gives the ma-

trix L whose lines are the left eigenvectors lm. Ampli-

tude time variations of characteristic waves are defined

as Lm = λ
mlm

∂V

∂x1
[17] and are gathered in the vector L :

L =


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




















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












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






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
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





λ1
(

∂u1

∂x1
+ 1

ρa
∂P
∂x1

)

λ2
(

∂ρ

∂x1
−

1
a2

∂P
∂x1

)

λ3 ∂u2

∂x1

λ4 ∂u3

∂x1

λ5
(

−
∂u1

∂x1
+ 1

ρa
∂P
∂x1

)

λ6 ∂ψ1

∂x1

...

λ5+n ∂ψn

∂x1


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
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
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

(9)

Eq. (8) can then be reformulated as:

∂V

∂t
+ RL = RHS (10)

Eq. (10) specifies boundary conditions on the character-

istic waves amplitudes Lm. Indeed, if transverse, dif-

fusion and source terms are neglected, i.e. RHS = 0,

the Local One Dimensional Inviscid system [15] is re-

trieved. Once Lm are known, conservation equations

are expressed to provide Navier-Stokes Characteristic

Boundary Conditions (NSCBC) at the boundary face:

∂U

∂t
+ JRL +

∂F2

∂x2

+
∂F3

∂x3

+
∂F

j

d

∂x j

= S (11)

4.2. Tabulation of ϑψl

The terms defined by Eq. (7) need to be computed at

the boundary but can not be directly tabulated since they

depend on temperature and energy which are both sen-

sitive to compressible effects. Consequently, as done

for temperature correction in Eq. (5), ϑψl
is compared

to its corresponding tabulated value. The difference

∆ϑψi
= ϑψi

− ϑtab
ψi

(ψ1, ..., ψn) is approximated following

a linear approximation by:

∆ϑψl
≈

N
∑

k=1

(

R

Wk

− βCvk

)

∂Yk

∂ψl

[

T − T tab(ψ1, ..., ψn)
]

(12)

Therefore, ϑtab
ψl

and σtab
ψl
=

∑N
k=1(R/Wk − βCvk) ∂Yk

∂ψl
are

first stored in a look-up table as a function of (ψ1, ..., ψn).

Then to introduce compressible effects in the simula-

tion, ϑψl
is computed as:

ϑψl
= ϑtab

ψl
(ψ1, ..., ψn) + σtab

ψl
(ψ1, ..., ψn)(T − T tab) (13)

5. Validation tests

The present method to introduce tabulated chemistry

into a compressible CFD solver is validated. For that

purpose, the temperature and characteristic boundary

condition corrections presented in sections 3 and 4 are

tested. First, the temperature correction method is val-

idated by performing a one-dimensional simulation in

the case of an acoustic wave traveling a gas mixture

at rest. Then, the NSCBC terms corrections are vali-

dated by sending acoustic and entropic waves through

boundaries. Finally, a turbulent jet and a laminar pre-

mixed flame are simulated to illustrate the model per-

formances. For all these validations two simulations are

performed. The first one uses multi-component trans-

port formulation for the four species present in the mix-

ture (reference simulation), while the other one uses

tabulated chemistry following the TTC formalism. All

simulations are done with the compressible CFD solver

AVBP [19] using a third-order numerical scheme [20].

In the database used for non-reactive test cases, all

thermo-chemical quantities are stored in a look-up ta-

ble in term of a unique coordinate: n = 1 and ψ1 = z

where z is the mixture fraction. This database represents

a rich methane-air mixture (z = 1 with equivalence ra-

tio φ = 4.4) injected in a hot vitiated air (z = 0) coflow

produced by the lean combustion of a hydrogen-air mix-

ture (φ = 0.4). Table 1 details species mass fractions

and temperature on the fuel side (Yk f
and T f ) and on the

oxidizer side (Ykox
and Tox). Species mass fractions and

temperature are stored in the database as:

Yk(z) = (Yk f
− Ykox

)z + Ykox
(14)

and

T (z) = (T f − Tox)z + Tox (15)

In the present case only one balance equation for the

mixture fraction z is added to the mass, momentum and

energy balance equations.
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5.1. Temperature correction test

The compressible deviation correction of tempera-

ture introduced by Eq. (5) is validated by computing

an acoustic wave traveling across a periodic domain of

length L = 0.005 m in a pure oxidizer mixture (z0 = 0,

Yk0
, T0, P0 = 1 atm). The initial solution is given by:

u = ±A exp

(

−
(x − x0)2

d2

)

, P = P0 + ρ0a0u (16)

ρ = ρ0 +
ρ0

a0

u , T =
P

ρr

where ρ0 = 0.24 kg/m3 and a0 = 734.6 m/s are the mass

density and sound speed in the unperturbed initial solu-

tion. The sign of the velocity is chosen so that the wave

travels in the domain towards positive x values. Periodic

boundary conditions are prescribed. Temperature time

evolution at x = 0 is plotted in Fig. 1. The same temper-

ature field is predicted by both tabulated chemistry and

multi-component simulations. Similar conclusions are

observed for pressure, velocity and mass density time

evolutions.

5.2. Characteristic boundary conditions validation

The NSCBC modifications for tabulated chemistry

described in section 4 are tested by injecting acoustic

and entropic waves through inflow and outflow bound-

ary conditions. The wave amplitudes Lm are imposed

following the procedure described in Ref. [16].

In the proposed test cases, the initial mixture fraction

is given by:

z = z0 + z′, with z0 = 1 −
x

L
(17)

where z′ is a perturbation. When the flow is not per-

turbed by acoustic, species and temperature profiles are

deduced using Eqs. (14) and (15), respectively. Figure 2

shows species and temperature profiles in this situation

and without mixture fraction perturbation (z′ = 0).

Acoustic wave through subsonic non-reflective outlet

(right). An acoustic wave defined by Eq. (16) with pa-

rameters: A = 0.01a0, d = 2.5 10−3 m and x0 = 0.025

m is superimposed. In this first case, the mixture frac-

tion field is not perturbed: z′ = 0. Fig. 3 shows velocity

and pressure profiles passing through the right bound-

ary. Identical solutions are observed in both multi-

component and tabulated chemistry simulations.

Entropic wave through subsonic non-reflective outlet

(right). The flow velocity is now uniformly initialized:

u = 20 m.s−1 and P = 1 atm. The mixture fraction is

perturbed by:

z′(x, t = 0) = A exp

(

−
(x − x0)2

d2

)

(18)

where A = −0.5, d = 2.5 10−3 m and x0 = 0.025 m.

Fig. 4 shows methane mass fraction, temperature and

density at different instants. Species mass fractions are

transported in the multi-component simulation and ex-

tracted from the look-up table in the tabulated chemistry

simulation. The entropic wave exits properly the com-

putational domain without introducing numerical arti-

facts in both multi-component and tabulated chemistry

simulations.

5.3. 3-D large eddy simulation of a round jet in a coflow

Validation of the TTC method is addressed here on

a three-dimensional simulation of a round jet imping-

ing in a vitiated coflow. The configuration is identical

to Ref. [18]. The fuel jet diameter d is 4.57 mm and

the bulk velocity V jet is 100 m/s (Reynolds number is

28,000). The coflow velocity is 5.4 m/s. Composition

of the fuel jet and the coflow are the same as specified

in Tab. 1. Large Eddy Simulation (LES) is performed

with multi-component and tabulated chemistry formu-

lations without taking combustion into account. There-

fore, only the mixing phenomenon is studied here. The

subgrid LES flux is modeled using the WALE model

[21]. The domain of length L = 0.7 m and of diameter

0.35 m is discretized on a non-uniform mesh composed

of 30 million tetrahedra.

An instantaneous mixture fraction isosurface ob-

tained by the tabulated chemistry method is represented

in Fig. 5. Instantaneous data are averaged during a phys-

ical time equal to one convective time L/V jet to com-

pute mean and root-mean-square (rms) quantities. Fig-

ure 6(a) shows that mean axial temperature and rms pro-

files obtained by both simulations are similar. Same be-

havior are observed in Fig. 6(b) for radial profiles of

mean species mass fraction.

Error in temperature estimation due to the first order

truncation of the energy Taylor expansion in Eq. (5) is

determined. The bias B = (T TTC
− T re f )/T re f is in-

troduced. T TTC and T re f are both computed from the

transported energy e of the tabulated chemistry simula-

tion. T TTC is estimated from Eq. (5) while T re f is com-

puted using a more expensive iterative algorithm with-

out truncation assumption. In the present 3D LES, the

maximum error in the whole computational domain re-

mains very low: Max(B)=0.3%.
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5.4. One-dimensional laminar premixed flame with tab-

ulated chemistry

A simulation with combustion is now considered.

The TTC method is compatible with any tabulated

chemistry model. It is here illustrated with the FPI

method [7, 13]. The objective is to simulate a one-

dimensional laminar premixed flame with tabulated

chemistry method in a compressible CFD code. The

reference solution with detailed chemistry is com-

puted with the PREMIX code [22] for a stoichiometric

methane-air mixture. In PREMIX, pressure is fixed to 1

atm and fresh gas temperature is 298K. Transport is de-

scribed with Fick law and unity Lewis numbers for all

species. The detailed mechanism GRI 3.0 [23] which

involves 53 species is used. The flame structure is tab-

ulated following the FPI methodology [7]. All thermo-

chemical quantities are stored in a look-up table in term

of a unique coordinate: n = 1 and ψ1 = c where the

progress variable c is defined as the coordinate of the

chemical database:

c =
YCO2

YCO2eq

(19)

where YCO2eq
is the equilibrium value of CO2 in burnt

gases. AVBP initial solution is obtained by interpo-

lating the detailed chemistry solution profile of c on a

mesh with a length L = 0.04 m. At the beginning of the

computation, an acoustic bump is created and exits the

domain because the isobaric CHEMKIN solution is not

compatible with a fully compressible formulation.

A convective time is defined as τconv = L/S l. The tab-

ulated chemistry simulation runs over a physical time

equal to 0.2 τconv = 27 ms. Comparisons between PRE-

MIX and AVBP solutions are shown in Fig. 7. Species

mass fractions and temperature match perfectly, demon-

strating the performance of the temperature and bound-

ary condition corrections proposed. Moreover, CPU

saving is important since 53 species transport equations

are replaced by one balance equation for progress vari-

able.

In this reactive case, the maximum temperature esti-

mation error is Max(B)=0.15%. Figure 7(a) shows the

pressure profile accross the flame front. The pressure

drop ∆P due to the variation of momentum flux ∆(ρu2)

across the deflagration wave is clearly visible.

6. Conclusion

In the present study, we have developed a new

technique called TTC (Tabulated Thermochemistry for

Compressible flows) to accurately couple tabulated

chemistry with compressible flow solvers. A correc-

tive term is proposed to take into account the devi-

ation between the temperature stored in the chemical

database and the one calculated in the CFD solver, due

to compressible effects. NSCBC boundary conditions

are adapted to tabulated chemistry formalism. It is

shown that acoustic and entropic waves propagations

are very well predicted. A LES of a turbulent round

jet shows that the mixing is well described using this

new coupling technique with the same accuracy as the

multi-component formalism. Finally, a laminar flame

simulation shows that the method perfectly reproduces

premixed combustion phenomena. This new procedure

to efficiently introduce tabulated chemistry in compress-

ible flow solvers enables to take into account detailed

chemistry effects in realistic LES configurations.
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Fuel side (z = 1) Oxidizer side (z = 0)

T f = 320 K Tox = 1350 K

YO2 f
= 0.195 YO2ox

= 0.142

YN2 f
= 0.591 YN2ox

= 0.758

YH2O f
= 0.0 YH2Oox

= 0.1

YCH4 f
= 0.214 YCH4ox

= 0.0

φCH4
= 4.4 φH2

= 0.4

Table 1: Temperature, species mass fractions and equivalence ratio φ

on fuel and oxidizer sides in the Cabra burner [18].
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Figure 1: Time variation of temperature at x = 0 in the acoustic wave

propagation test case. The initial gaussian profile is parametrized by

A = 0.01a0, d = 5 10−4 m and x0 = 0.0025 m. Symbols: multi-

component solution. Line: tabulated chemistry solution.
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Figure 2: Initial unperturbed solution for NSCBC tests. (a) Species

mass fractions. (b) Mass density and temperature.
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Figure 3: Acoustic wave passing through a non-reflective bound-

ary. Pressure (left) and velocity (right) profiles are plotted for multi-

component (symbols) and tabulation (line) formalism at different

times t+ = tL/a0(x = L/2) in the simulation. (a) Initial solution,

t+ = 0 ; (b) t+ = 0.4 ; (c) t+ = 0.51.
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Figure 4: Composition wave passing through a reflective boundary.

Methane mass fraction, temparature [K] and mass density [kg/m3]

profiles are plotted for multi-component (symbols) and tabulation

(line) formalism at different times t+ = tL/u0 in the simulation. (a)

Initial solution, t+ = 0 ; (b) t+ = 0.27 ; (c) t+ = 0.45 ; (d) t+ = 0.54 ;

(e) t+ = 0.63.

Figure 5: Mixture fraction isosurface z = 0.1 colored by longitudinal

velocity.
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Figure 7: Mass fractions and temperature in a 1-D stoichiometric lam-

inar premixed methane-air flame. Symbols: detailed chemistry solu-

tion. Line: tabulated chemistry.
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