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Abstract

A skeletal mechanism for methane combustion for the following operating conditions of pressure, temperate and mix-
ture ratio - 0.1 MPa <p < 6 MPa, 900 K < T <1800 K and 1.0 < ® < 2.0 - has been developed and validated applying
an appropriate broad experimental data base. The model has 120 reactions of 27 species and predicts flame velocities
and ignitions delays with less than 10% deviation from the results of the values obtained with the detailed model.

1. Introduction

Within the frame of the European Long Term Advanced Technologies (LAPCAT) program technologies are sought
after which aim at the development of a high speed supersonic civil transportation system. Most likely, such a super-
sonic transport requires a high performance propulsion system and in order to predict with sufficient accuracy the com-
bustion performance and the heat load to the combustion chamber walls of such advanced hydro-carbon fuelled engines,
appropriate CFD codes with reliable chemical kinetic schemes are necessary. Unfortunately, all currently available
reduced chemical kinetic models for methane combustion are too large to be implemented into 3D CFD tools applied
for engine performance predictions [1-4].

There are a number of reasons why high pressure thrust chambers are operated in fuel-rich mode. Generally, the spe-
cific impulse will be higher since the molecular weight of the propellant is usually lower than then that of the combus-
tion product. However much more important are the extremely high heat loads which yield combustion chamber liner
temperatures which exceed 800 K. Thrust chamber operation with lean mixture will therefore endanger the wall due to
the surplus content of oxygen in the exhaust gases. As a consequence, fuel — rich operation is mandatory and thus soot
formation in the combustion chamber has to be taken into account for both combustion performance and heat load to the
walls since at temperatures above 3500 K radiation heat transfer may account for more than 40% of the total heat flux.
Therefore, the model has to be able to predict precisely not only ignition delay and flame velocities at high temperatures
and pressures but consequently also the formation of poly-aromatic hydrocarbons and finally soot.

Prior to any modelling and reduction activities it is necessary to build an analytical and experimental data base which
contains reliable data about chemical kinetic schemes and verification experiments in the entire field of operation re-
gime of pressure, temperature and mixture ratio: 0.1 MPa <p <6 MPa, 900 K < T < 1800 K and 1.0 < ® < 2.0. Three
kinetic schemes [5 - 7] have been compared applying them to the data base mentioned above and one [6] was selected
for further adaptation and reduction in the frame of the project LAPCAT. The presented paper reports results (i) of
extensions and modifications of the model [6] performed to simulate flame speed and ignition delay for fuel-rich mix-
tures of methane and (ii) reduced mechanism obtained from produced kinetic scheme.

2. Chemical Kinetic Model

As the model under development has to describe the combustion of methane for a wide range of combustion camber
operating conditions, the kinetic scheme must be based on best set of validated thermo-chemical data with the mini-
mum number of fitted data since these are generally very close to parameters for which the fitted kinetic data were
obtained. After an intensive comparison of three kinetic mechanisms [5 - 7] which a preliminary study revealed as
principally useful to describe the heat release in methane combustion under pressure 0.1 MPa <p <6 MPa, we selected
as the base model for further development, the Leeds mechanism for methane oxidation [6]. This model is largely
based on the set of recommended kinetic data [8, 9] with only a limited amount of optimized or fitted rate constants.
Furthermore, the size of this model [6] is considerably smaller than the other two models [5, 7], a fact what is important
for the further reduction process. First of all we adopted the recently updated [10] kinetic and thermodynamic data of
the Leeds mechanism from newly reported data [9]. As these recent modifications [10] are performed for H, and CO
chemistry, the basic Leeds model required some minor modifications and extensions to better describe methane oxida-
tion and the main reaction paths leading to the formation of small molecules and radicals which important for PAH and
soot growth, such as C,H, and C,Hj3. So, additionally to the reactions from [10] we included into the model the reaction

CO+OH=CO,+H (1)
with k =1.5-10"T"? exp(380.0/T) from [8], and the two cannels for

HCCO +0,=HCO+CO+0O )

HCCO + 02 = C02 +HCO (3)
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with  k 2= 1.6-10" exp(—430.0/T) from [9]. Second, the reaction CH,CO +M = HCCO +H +M was excluded

from the model because the uncertainty of its reaction rate is even larger than its negative influence on the calculations
of the flame velocities for CH, and C,H,. Third, in order to improve the modelling of ignition delays for CH4 we intro-
duced for the reaction

CH4 + H02 = CH3 + H202 (4)
the value k, =6-10" exp(-12615.0/T) from [11], which is about two times smaller than the ones recommended in
[57, 60]. For the pressure depended reactions

CH;3+ CH; (+ M) = C,Hg (M) %)
H + CH; (+M) = CH, (M) (6)

we applied the rate expressions based on the recommendations of [12] for high pressure methane oxidation. After mod-
elling analysis we adopted for the reactions (5) and (6) the modified rate values k, ; = 6.2- 10"°T " exp(-310.0/T)
and kw‘ =25 10'°T 7 exp(—263.0/T) . In order to improve the description of C,H; formation we made the following

changes to the reaction rates used in [6]. For the multi-channel oxidation of C,H;
CoHz + O, = CHy + HO; (7
C,H; + O, =CH,0 + HCO (®)
the rate expression k, =1.12-104T ** exp(-12786/T) from [13] and k, =4-10" exp(~125/T) from [9]. For C,H;
formation through
CHy +H=CH;+ H, €)
we use reaction rate k, =2.35-10°T > exp(~5670.0/T) from [9]. For the multi-channel reaction of acetylene with
oxygen radical
C,H, + O =CH, +CO (10
C,H, + O=HCCO+H (11)
we use reaction rates k,, =1.6-10" exp(=4990.0/T) of [14] and k,, = 9.0-10" exp(=2270.0/T) from [15]. In order to

better describe the experimental data for ignition delay of methane at T < 1100 K and the flame speed data for lean
mixtures we selected for reactions

CH;+0,=CH;0+0 (12)
two reaction rates, k;, =2.13-10" exp(~12242.0/T) from experimental data [16] and k,,, =1.13-10" exp(-8509.0/T)
from reaction rate optimisation [19]. For the other important channel of CH;0 formation

CH,0+H(+M) = CH;0(+M) (13)
the reaction rate koo,13 =1.1-10"T9° exp(—1300.0/T) has been taken from [17]. As reported in [12, 17, 18] under the

high pressure and low temperatures (1100 K) methyl radical reactions can have the following reaction routes:
\ CH;0, /

In order to investigate the influence of these reaction paths we introduced into the mechanism two new species, CH;OH
and CH;0,, and some reactions of CH;0, CH3CO, CH,HCO and CH3CHO from [12, 15, 17, 18], which are important
for methane combustion. From experimental data for ignition delays of methanol, we evaluated the reaction rate for
CH;0H+0O, = CH,OH+HO, to be one order of magnitude smaller than that for CH;OH+OH = CH,OH+H,0. The re-
sults of modelling and sensitivity analysis have shown that CH;0, does not improve the low temperature ignition delay
simulations and was thus deleted from the model.

CH, CH;0, CH,OH, CH,O... (14)

3. Methods for Mechanism Reduction

3.1 Species elimination

The elimination of species decreases the dimensionality of the ODE system. A species may be considered redundant if
its concentration change has no significant effect on the production rate of important species. The influence of a change
of the concentration of species j on the rate of production of a p-membered group of important species i, can be taken
into account by the sum of squares of the overall normalized sensitivity coefficient [20-21].

P oInR, ’ (15)

B;=Z

| dlnc;

B; yields the effect of a change of the concentration of species C; on the rate of production of species i, Ri, from group
of p important species, p is the number of important species given by the investigator.The higher the Bj value of a
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species, the greater is its direct effect on important species. However, there are necessary species which influence the
concentration of important species not through direct coupling but by influencing another necessary species which is so
coupled. Thus, the group of necessary species has to be identified by an iterative procedure, which is realized in the
package KINALC which we used for this analysis [21]. Within KINALC the numerical calculation of the concentration
of derivatives is performed as follows:

C;,, = C; xrtol +atol (16)

where rtol = 1.0001 and atol = 1e™*".

In order to eliminate the unimportant species we calculated the sensitivity coefficients (14) for group of temperature
and important species, which were selected after ordinary sensitivity analysis: T, CH,, H,, HO,, CH;, CH,, OH,
CH;O0 as species important for ignition delay time and laminar flame speed determination. After each iteration step,
KINALC calculates overall normalized sensitivity coefficient Bj (14) and adds the component with the greatest B; to
the group of important species and parameters. After the last iteration one can see the order in which the species have
been added to the first main group. The last components we considered as redundant species. That analysis has been
performed for 20 different calculations of ignition delay time and 8 laminar flame speed calculations, which cover
the entire range of parameters of interest. The species which were unimportant simultaneously for all simulations
have been eliminated from the mechanism.

3.2 Elimination of unimportant reactions

A classical and reliable method is the comparison of the contribution of reaction steps to the production rate of neces-
sary species. A technique for the reduction of mechanisms, using reaction rates, is based on the sensitivity of production
rates to changes in rate parameters. If these parameters are the rate constants and the reactions are considered irreversi-
ble, the normalized rate sensitivities have the form [20-21]:

= oInR,(k,c) a,w,
Fieol - 25 =%

& i is stoichiometric coefficients of species j in reaction i, R i the rate of production of species j, W; — rate of reaction

i, k,— coefficient of reaction rate. Equation (17) shows that an element of the normalized rate sensitivity matrix is the

ratio of the rate of formation or consumption of species j in reaction i, to the overall production rate of species j. In
KINALC [21] the effect of changing the coefficient of reaction rate k; on the rate of production of N- membered group

of species i, R;, using least squares objective function is considered. This approach leads to the application of the fol-

lowing overall sensitivity type measure [20]: 5
N (OInR,

A = Z _— (18)

Ignition delay, flame [\ A reaction i is considered as the impor-

speed calculation o tant if its coefficients A; , calculated as
N iterations S f 11 . Ni b £

Sensitvity iterations sum for all species, e.g. N is number o
analysis species in a model, are bigger then a
chosen threshold A > A .In order to

Identification of unimportant ol -7 : :

P by ax‘JTk—dL <z computerize the selection procedure of
selected time points of unimportant reactions several additive
process i modules to the KINALC package were
Save the unimportant developed.' They de.ﬁne those unimpor-

reaction/sp;eczies ,:or process tant reactions which are simultane-

o ously unimportant for several simula-

tions. For example, some calculations
of ignition delays for different parame-
ters and flame speed calculations. The
modules eliminate the unimportant
reactions from a mechanism, which are
unimportant for all performed calcula-
Fig.1. Scheme of iterative procedure for elimination of unimportant species and tions. The }mlmportant reactions were
reactions. selected with (17), (18), and A = 0.1 .
The elimination of unimportant spe-
cies and reactions is the iterative procedure which has to be repeated several times until the simulations with reduced
mechanism have the defined satisfactory agreement with experimental data, Figl. After each elimination step, the
reduced mechanism was validated with experimental data. On such way we obtained the skeletal mechanism which
consists of 27 species and 127 reversible reactions and has disagreement with full mechanism not more then 10%.

A 4

Selection reactions /species
unimportant for all N calculations 9

simultaneously

MECHANISM
VALIDATION
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4. Modelling Results

The key characteristic of any chemical kinetic scheme is its ability to predict ignition delay times and flame velocities.
The latter is more important since flame velocities can be measured more precisely than ignition delay times. Typical
experimental flame velocity data have generally errors which do not exceed 10%.

4.1 Ignition delay

We began the model validation with an examination of the chemistry of the new introduced species CH;OH. That veri-
fication is also important for the chemistry of the CH;0 radical which is closely connected to them. The CH3;0H
mechanism extension was examined, modelling experimental data of ignition delays for methanol [22] obtained in
shock wave experiments for stoichiometric methanol mixture at pressure 1.35 MPa, and for 840 K < T, < 1200 K,
Fig.2. The model predicts quite satisfactory experimental data, but over-predicts the experimental data for low tempera-
tures, Ty < 900 K. We have not found in presented model those reaction routes, which can promote only low tempera-
ture ignition without a worsening influence on middle and high temperature chemistry of CH;OH oxidation.

For the mechanism validation on ignition delays we used experimental data [7, 19, 23, 24 ] obtained in shock tubes for

T T T T T

CH,OH/AIr

10" E Exp. Ciezkietal, 1991 ©
@®=1, p=13.5 bar

Ignition delay/ us

7 8 9 10 11 12 13
10000/T (K™

Fig.2. Comparison of modelled ignition delays for
methanol/air with experimental data [22] for 1.35 MPa.
Lines — simulations with presented mechanism LAP-
CAT.
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fuel-rich methane mixtures under different pressures. The com-
parison with experimental data is presented on the Figs 3 — 6 for
full and reduced models. These figures show as well the simula-
tions with the other three originally considered mechanisms [5 -
7]. The maximum temperature gradient has been considered as
reference point for ignition delay. The results of simulation are in
good agreement with data [7] obtained for CH4/O,/Ar mixtures
with ¢ = 3 under pressure 4.0 and 5.5 MPa, Fig.3 a, b.

For CH4/O,/Ar mixture [23] with ¢ = 1.25 under pressure 0.6
MPa, Fig.4 a, and for ignition of CH,/air with ¢ = 1.0 under pres-
sure 1.7 MPa and 4.0 MPa, Fig.5 a,b, [19]. The full model over-
predicts data [23] for pressure 1.0 MPa, Fig. 4 b, but the reduced
mechanism has the good agreement with these experimental data.
The model slightly undepredicts data [24] for CH4/O,/Ar mixture
with ¢ = 1.0 under pressure 0.6 MPa and 1. MPa, Fig.6 a, b.

Exp. Petersen et al., 1999 ©
®=3, p=55bar

w0 Calculations, OH

=== Leeds

==+ RAMEC

— LAPCAT
LAPCAT_RED

Ignition delay/ us

b CH,/O /Ar (3:2:6) 1
1 1 1 1 1 1 1 1 1 1
66 68 70 72 74 76 78 80 82 84

10000/T (K™Y b

Fig.3. Comparison of modelled ignition delays of CH,/O,/Ar mixtures, ¢ = 3, with experimental data [7] for
a) 4.0 MPa; b) 5.5 MPa. Lines — simulations with [5-7] and presented full and skeletal mechanism LAPCAT.
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Fig.4. Comparison of modelled ignition delays of CH4/O,/Ar mixtures, ¢ = 1.25, with experimental data [23 ] for a)
0.6MPa; b) 1.0 MPa. Lines — simulations with [5-7] and full and skeletal mechanism LAPCAT.
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Fig.5. Comparison of modelled ignition delays of CH4/Air mixtures, ¢ = 1.0, with experimental data [19] for
a) 1.7MPa; b) 4.0 MPa. Lines — simulations with [5-7] and full and skeletal mechanism LAPCAT.
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Fig.6. Comparison of modelled ignition delays of CH,/O,/Ar mixtures, ¢ = 3.0, with experimental data [23] for a) 0.6MPa;
b) 1.0 MPa. Lines — simulations with [5-7] and full and skeletal mechanism LAPCAT.

The sensitivity analysis [20] of OH radical concentration for two experimental points of [21] at 4.0 MPa, for lower

temperature, 1068 K, and for higher one 1290 K, was performed in order to investigate the difference in reaction proc-
ess, Fig.7 a, b. On the Fig.7 we show 20 reactions with the highest sensitivity coefficients.

In both cases the first most impor-

tant reactions for OH radical pro-

Oﬁ:‘ﬁé;zzsﬁggigg duction are nearly identical, but at

CHA4+02<=>CH3+HO02 lower initial temperature the sensi-

CH20+H(+M)<=>CH30(+M) tivity coefficients are in 10 times

02+CH20H<=>CH20+HO2 : . .
CHIO2+CH3<=o2CHIO b = 40 bar, T =1068 K higher. The reactions promoting OH
"o production are:

CH3+02<=>CH30+0
CH4+0OH<=>CH3+H20 02+CH3<=>CH20+0H
CH20+CH3<=>CH4+HCO
CH20+0H<=>HCO+H20 CH3+HO2<=>CH30+0OH
H+02<=>0OH+0O
O2+CH20<=>HCO+HO2

CH4+HO2<=>CH3+H202
CH3OH+CH3<=>CH30+CH4

The reactions retarding the ignition
delays are:

CH20+HO2<=>H202+HCO
2HO2<=>H202+02
CH4+H<=>CH3+H2
2CH3(+M)<=>C2H6(+M)
CH4+H<=>CH3+H2
2HO2<=>H202+02.

02+CH20<=>HCO+HO2
H+02<=>0H+0

The reaction of methyl radical re-

combination has the highest nega-

CH3+HO2<=>CH30+OH
2CH3(+M)<=>C2H6(+M)
tive sensitivity coefficient.

02+CH3<=>CH20+0H
150 100 50 _
Sensetivity coefficients of OH concentration

to reaction rates

Fig.7 a: Sensitivity coefficients for ignition delay for p= 4.0 MPaand ¢ =1.3 (a)
Te=1068 K, (b) T(=1290 K . Sensitivity coefficients calculated for T = 1550 K.

4.2 Flame speed

The comparison of high pressure flame speed simulations with experimental data [25-30] is presented on Figures 8-10.
The LAPCAT models, full and reduced describes well the data for all pressures except for lean mixtures where a slight
over-prediction occurs, see Fig.8-11, and for pressures higher than 6.0 MPa. The optimization of the rates which we
made are for the reactions (5) and (6) are especially important for heat release in the methane system, is in good agree-
ment with new kinetic data [10] for the principal combustion chemistry of H, and CO. Unfortunately, the kinetic data

5



2P EUROPEAN CONFERENCE FOR AEROSPACE SCIENCES (EUCASS

from the data base [8, 9] for methyl reactions (5) and (6) is somehow “incompatible” with new data for H, and CO. The
implementation of these data leads to too high values for both ignition delays and flame velocities. The investigation of
[3, 11, 12, 18], which we analysed for reaction rate optimization, give more realistic data for methyl recombination

reactions.

HCO+M<=>H+CO+M
CH20+H(+M)<=>CH30(+M)
H+HO2<=>20H
OH+HO2<=>H20+02
CH20+0H<=>HCO+H20
02+HCO<=>H02+CO
CH20+HO2<=>H202+HCO
CH4+02<=>CH3+HO2
CH20+CH3<=>CH4+HCO
CH4+0OH<=>CH3+H20
CH4+HO2<=>CH3+H202
CH30H+CH3<=>CH30+CH4
CH3+02<=>CH30+0
2HO2<=>H202+02
CH4+H<=>CH3+H2
02+CH20<=>HCO+HO2
H+02<=>0H+0
CH3+HO2<=>CH30+0H
2CH3(+M)<=>C2H6(+M)

MMty

p = 40 bar, T ;=1290 K

(AT A

u %#%% %#wuw =

N

02+CH3<=>CH20+0H
(emaman

B
-15 -10 -5

L e e e B ]
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Sensetivity coefficients of OH concentration

to reaction rates

Fig.7b: Sensitivity coefficients for ignition delay for p= 4.0 MPa and ¢ = 1.3 (a) T(=1068
K, (b) Ty=1290 K . Sensitivity coefficients calculated for T = 1550 K.
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Fig.8. Laminar flame speed versus equivalence ratio of CH,/air flames for 298 K and 0.1,
0.5 MPa. Symbols — experimental data [26-29], lines — simulations with detailed and

skeletal mechanism LAPCAT

The 20 highest sensitivity coeffi-
cients of flame speed to reaction
rates calculated for pressures be-
low 4.0MPa are shown on Fig.12.
While the ignition delay is more
sensitive to methyl recombination
(5) and almost insensitive to reac-
tions of methyl with hydrogen
atom (6), Fig.7, the flame speed is
mostly retarded through reaction
of methyl with hydrogen atom (6)
and is almost insensitive to methyl
recombination (5), Fig.12.

The second reaction with negative
sensitivity coefficient is

CH4+H => CH3+H2

Reactions of C.H,O, species do
not influence the flame speed and
the most important reaction for
flame speed under different pa-
rameter of process is:

H+02 => OH+O.

As a consequence, the next most
important reactions are reactions
of H radical production:

CH3+H2=>CH4+H

2 CH3=>C2H5+H.

So both directions of reaction
CH4+H =CH3+H2 are important
for laminar flame velocity.
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Fig.9. Laminar flame speed versus equivalence ratio of
CH,/air and CH4/O,/He flames for T, =298 K and p=1.0
MPa. Symbols-experimental data [25, 30], lines — simula-

tions with detailed and skeletal mechanism LAPCAT

Fig.10. Laminar flame speed versus equivalence ratio of
CHy/air and CH4/O,/He flames for Ty =298 K and p =2.0
MPa. Symbols-experimental data [25, 30], lines — simula-

tions with detailed and skeletal mechanism LAPCAT.
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The reactions presented on Figures 7 and 12 are typically im- 50 ; ; ; ; ; ; — 50
portant reactions for all simulated processes. The relative im- 2 Jsobar ) dobar ot CH,/O,/He flames |
portance of these reactions varies for different boundary condi- s,/ | ! LAPCAT_RED To=298K |

tions. As the model validation shows, the kinetic mechanism o
based mostly on the “first principals” of thermo-kinetic data E
reflects the main properties of heat release of high pressure 2
combustion of fuel-rich methane flames. The model needs the 2 ] / N
further extensions to better predict ignition delays for initial &

E

£

=

— ~N
temperature lower than 1100 K and laminar flame speed for /./ L] A N
lean mixtures and mixtures under pressure higher then 5 MPa. 104 " o 4 10
u
6. Conclusions 12 o R eiar 2o0y p2%ver P = 60 bar 1
0 T T T T T T T T 0
After detailed investigation into the physical and kinetic details 07 08 09 10 11 12 13 14

of the three mechanisms, Leeds, GRI 3.0 and RAMEC, the _. . equivalence ratio PHI )
. . . Fig.11. Laminar flame speed versus equivalence ratio of
Leeds mechanism has bc?en selected. as ‘Fhe basic rc?actlon model CH,/Oy/He flames for T, = 298 K and p = 4.0 and 6.0
for development of the improved kinetic mechanism for meth-  \ipa Symbols-experimental data [25], lines — simulations
ane combustion with high stoichiometric ratios and under high with detailed and skeletal mechanism LAPCAT.
pressure. The Leeds mechanism is the smallest one and has the
best physical and kinetic data base. The mechanism is developed for further reduction for implementation in CFD code
to model heat release in combustors.
The following extensions and modifications of

H+02=>0H+0 T the basic mechanism have been performed:
C?g:";iég:g:: | e incorporation of updated reaction rates for
02+CH3=>CH20+0OH ::l H2/CO Submechaﬂism;
CH3+OH=>CH2(S)+H20 - e model improvement with new reaction
HCO+M=>H+CO+M ] . .
2O+ HesOH+H2 i rates for some 1mp0rtanF reacthgs,
C3H2+HCO=>C4H2+OH = p= 40 bar, d=1 e model improvement with additional reac-
02+CH2=>CO+OHtH I tions which are important for methane
H20+HO02=>H202+0H b bustion for th diti ioned
CO+OH=>CO2+H il combustion for the conditions mentione
H2+0=>0H+H jil] above ;
02+CH2=>CO2+2H 0 . oy .
CO2+H=>CO+OH T e model improvement with 1mp1em§ntat1on
CH3+0=>CH20+H Ol of new species, CH;OH and reactions for
CH,TS?;*E;‘?B Cl CH;0, CH;CO, CH,HCO and CH;CHO
+OH+M=>| + . :
CHA+OH=>CH3+H20 |:|: e model .reductlpn to obFa.lr} the. skeletal
CHa+H=>CH3+H2[T__] mechanism which has facilities of input full
H+CH3(+M)=>CH4(+M), T model
) ) T ) ) ) ) ) ) ) ) T ) ) ) ) T ) ) ) ) T ) ) ) ) . . . . .
-0.5 0.0 05 1.0 15 2 A chemical kinetic model for the CH,/air com-
Sensetivity coefficients of flame speed bustion with 301 reactions and 39 chemical
to reaction rates species and skeletal mechanism with 127 reac-
Fig. 12. Sensitivity coefficients for flame speed to reaction rates calculated tions and 27 species were developed to model
forp= 4.0 MPaand ¢=1.0 heat release in the combustion chamber. The

models were intensively verified on large experimental data sets. The model describes satisfactory experimental data for
ignition delay time Ty =900 - 1400 K, po = 1.0 - 6.0 MPa, ¢ = 1.0 — 3.0 and flame speed for Ty =298K, p=10.10- 6.0
MPa, $ =0.8 — 1.3.

The presented mechanism has to be further improved in order to improve predictive capabilities for ignition delays for
temperature below Ty < 1100 K and laminar flame speed for lean mixtures and mixtures under pressure higher then 50
bar. Additionally, the full mechanism can be further extended to model the formation of soot for high pressure combus-
tion and the skeletal model can be used to construct a global model for heat release modelling.
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