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a b s t r a c t 

A study of a reacting boundary layer flow with heat transfer at conditions typical for configurations at 

elevated pressures has been performed using a set of direct numerical simulations. Effects of wall tem- 

peratures are investigated, representative for cooled walls of gas turbines and sub-scale rocket engines 

operating with hydrocarbon as fuels. The results show that exothermic chemical reactions induced by the 

low-enthalpy in the boundary layer take place predominantly in the logarthimic sub-layer. The majority 

of the heat release is attributed to the exothermic recombination of OH and CO to produce CO 2 and H 2 O. 

The recombination reactions result in an increase of the wall heat loads by up to 20% compared to the in- 

ert flow. The gas composition experiences strong deviations from the chemical equilibrium conditions. In 

fact, a quenching of the major species is observed within the viscous sub-layer and the transition region. 

Analysis of chemical time-scales shows that the location of quenched composition coincides with the 

region where the Damköhler number decreases below unity. Within the viscous sub-layer, a secondary 

reaction zone is detected, involving the production of formyl and formaldehyde radicals that provide an 

additional source of energy release. The analysis of the reaction paths showed that reactions with zero 

activation energy are responsible for this change in gas composition, which also account for the initial 

branching of hydrocarbon fuels decomposition according to previous auto-ignition studies. The effect of 

the secondary recombination reactions is more prominent for the lower wall temperature case. Finally, 

the role of turbulent fluctuations on the species net chemical production rates is evaluated, showing a 

strong correlation between species and temperature fluctuations. This leads to a pronounced deviation of 

the mean reaction rates ˙ ω (Y k , T ) from the reaction rates obtained under the assumption of laminar finite 

rate. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Accurate predictions of the flame-wall interaction are crucial in 

he design of combustion systems. In most industrial applications 

hat operate in confined geometries including rocket thrust cham- 

ers, gas-turbine combustors and automotive engines, flame-wall 

nteraction strongly affects fuel consumption and pollutant forma- 

ion [1,2] , while temporal and spatial fluctuations induced by it can 

nfluence the thermal loads and engine lifetime. Classical turbulent 

ombustion models [3] do not account for the wall effects. Hence 

 better understanding of the flame-wall interaction is required for 

he development of predictive combustion models. 

A major physical phenomenon that introduces substantial un- 

ertainties on the prediction of heat transfer is the effect of 
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xothermic recombination reactions within the reacting boundary 

ayer. In particular for rocket applications, modeling these reactions 

s especially critical in hydrocarbon combustion, where the chem- 

cal time-scales are lower than in the case of hydrogen/oxygen 

hemistry. Efforts to model the influence of non-adiabatic effects 

n the gas composition, the associated heat release and expected 

all heat loads have been carried out using flamelet methods [4–

] . Studies aiming at quantifying the importance of the recom- 

ination reactions on heat loads augmentation have been carried 

ut by considering methane/oxygen mixtures in rocket combustion 

hambers [9–12] . At the same time, wall model extensions have 

een proposed in an effort to capture the near-wall chemical ki- 

etics, but so far are limited to hydrogen/oxygen studies, which 

an be safely assumed to be in chemical equilibrium even in the 

old boundary layer [13] . 

Despite ongoing modeling effort s, the physical mechanisms 

ontrolling turbulent flame-wall interaction, recombination reac- 

ions and the related wall heat fluxes have not been completely 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.121628
http://www.ScienceDirect.com
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Nomenclature 

C species molar concentration 

[
mol / m 

3 
]

c p specific heat capacity [ J / ( kg · K ) ] 
D species diffusion coefficient 

[
m 

2 / s 
]

Da Damköhler number [ −] 

E specific total energy [ J/kg ] 

h specific enthalpy [ J/kg ] 

H normalized enthalpy [ −] 

I identity matrix [ −] 

j species diffusion flux 
[
kg / ( m 

2 · s ) 
]

J chemical Jacobi matrix [ 1 / s ] 

k turbulence kinetic energy 
[
m 

2 / s 2 
]

K reaction coefficient [ kg / ( mol · s ) ] 
M molecular weight [ kg/mol ] 

p pressure [ bar ] 

P r Prandtl number [ −] 

˙ Q heat release 

[ 
W/m 

3 
] 

˙ q heat flux 

[ 
W/m 

2 
] 

Re Reynolds number [ −] 

R universal gas constant [ J / ( kg · K ) ] 
R j reaction rate of progress 

[
kg/ ( m 

3 · s ) 
]

Sc Schmidt number [ −] 

T temperature [ K ] 

t time [ s ] 

u wall-parallel velocity [ m/s ] 

v wall-normal velocity [ m/s ] 

u velocity vector [ m/s ] 

x, y, z spatial coordinates [ m ] 

X species molar fractions [ −] 

Y species mass fractions [ −] 

� third-body factor [ −] 

δ boundary layer thickness [ m ] 

ε turbulence dissipation rate 
[
m 

2 / s 3 
]

η length scale [ m ] 

θ temperature difference [ K ] 

κ von Karman constant [ −] 

λ thermal conductivity [ W / ( m · K ) ] 
μ viscosity [ Pa · s ] 

ν stoichiometric coefficient [ −] 

ρ density 
[
kg / m 

3 
]

τ time-scale [ s ] 

τ stress tensor 

[ 
N/m 

2 
] 

˙ ω molar reaction rate 
[
mol / ( m 

3 · s ) 
]

ad adiabatic 

c chemical 

cumul cumulative 

f forward 

j reaction index 

k species index 

K Kolmogorov 

r reverse 

t turbulent 

T thermal 

S species 

V D van Driest 

w quantity at the wall 

z spanwise direction 

τ friction 

∞ free stream conditions 
p

2 
nderstood. Because of the difficulties in obtaining accurate near- 

all experimental measurements, Direct Numerical Simulation 

DNS) represents an alternative for studying the processes taking 

lace in the near-wal region. 

As far as high-fidelity simulations of flame-wall interaction are 

oncerned, head-on quenching configurations have often been cho- 

en, where premixed laminar hydrocarbon flames are propagated 

erpendicular to the wall. One-dimensional simulations of head- 

n quenching are reported in the works of Westbrook et al. [14] , 

ocks et al. [15] , Popp et al. [16,17] . These studies concur that low-

ctivation energy recombination reactions of chemical radicals en- 

ance the wall heat loads and require consideration for the flame- 

all interaction processes. Based on these results it is also evident 

hat detailed chemical kinetic mechanisms are required for cap- 

uring these effects. The importance of radical recombination reac- 

ions at the wall is also emphasized in simulations of H 2 /O 2 flames, 

s in the work of Dabireau et al. [18] . 

Due to the large computational costs of multi-dimensional 

NS of turbulent flame-wall interaction, only few investigations 

ave been reported. Two-dimensional DNS of head-on quenching 

ithin a reactive boundary layer was performed by Poinsot et al. 

19] while Bruneaux et al. [20] studied a three-dimensional con- 

guration of a premixed flame propagating in constant density 

urbulent channel flow. Alshaalan et al. [21] investigated sidewall 

uenching of a three-dimensional V-shaped premixed flame with 

 single-step chemistry approximation. More recently Gruber et al. 

22] simulated the same configuration with H 2 /air with a detailed 

hemical mechanism. 

As far as reacting turbulent boundary layer simulations are con- 

erned, an even smaller number of studies can be found in lit- 

rature, especially for configurations that are relevant to rocket 

hrust chambers. Martin et al. [23,24] performed DNS of hyper- 

onic boundary layers with a single-step reaction scheme exam- 

ning the feedback mechanisms between chemistry and turbu- 

ence, showing an increase in temperature fluctuations, induced 

y exothermic chemical reactions. Cabrit et al. [25] performed 

NS and wall-resolved LES of multi-component mixtures in rect- 

ngular isothermal channels. Configurations with large tempera- 

ure gradients and small Mach numbers were simulated, resem- 

ling rocket-like applications. However, the gas mixture that was 

ntroduced consisted to a large degree of inert nitrogen and a sim- 

lified chemical model was utilized, rendering the simulations less 

pplicable to the thermochemical states experiences in modern 

ethane/oxygen rocket engine hardware. 

In the case of combustion devices at elevated pressures such as 

as turbines and rocket combustion chambers, it is recognized that 

he effect of the reacting boundary layer can have a leading order 

ffect on the performance and wall heat transfer. However, there 

s still insufficient understanding of the processes controlling the 

volution of chemical reactions within the boundary layer, which 

eads to the absence of suitable models able to describe them. The 

resent work addresses this knowledge gap in the context of re- 

ombinations in low-enthalpy environments using DNS of a react- 

ng turbulent boundary layer. A canonical configuration is chosen 

or the study, with the selected operating conditions being rep- 

esentative for rocket combustion chamber applications. A react- 

ng methane/oxygen gas mixture is chosen due to the relevance of 

ethane as a fuel in the design of future space transportation ve- 

icles. 

. Computational setup 

In order to investigate the occurrence of recombination reac- 

ions in reacting boundary layers, direct numerical simulations of 

patially evolving turbulent boundary layer over an isothermal flat 

late are performed. The computational setup consists of a three- 
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Fig. 1. Computational setup for the DNS. 
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Fig. 2. Prandtl and Schmidt numbers as a function of temperature for the mixture 

at 20 bar and O/F = 3.0. 
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imensional, spanwise periodic domain, which is schematically il- 

ustrated in Fig. 1 . 

For the thermodynamic state at the inlet, the chemical equi- 

ibrium composition and temperature for a methane/oxygen mix- 

ure with mass mixture ratio equal to 3.0 is chosen, whereas 

he Mach number is 0.25 and the pressure is 20 bar. This repre- 

ents the typical composition and velocity conditions found down- 

tream of the main reaction zone in sub-scale rocket engines [26] . 

 boundary layer thickness of δ = 1 mm is chosen, leading to a 

eynolds number Re δ = ρ∞ 

u ∞ 

δ/μ∞ 

= 4678 . The inlet velocity u ∞ 

s 327 m/s, while ρ∞ 

and μ∞ 

are calculated from the chemical 

quilibrium thermochemical state and are equal to 1.41 kg/m 

3 and 

.87 ×10 −5 Pa s respectively. 

As described in Xu et al. [27] , the specification of appropriate 

ethods to generate inflow boundary conditions for LES and DNS 

f compressible boundary layers is important for the development 

f the turbulence in the domain. In spatially evolving boundary 

ayers, the most convenient procedure involves the definition of 

 laminar profile with disturbances far upstream, allowing for a 

ransition to turbulence. This approach is typically used to inves- 

igate transition [28–30] and is not generally applicable to turbu- 

ence simulations as it is very costly especially when coupled to 

he resolution of chemical reactions. It was hence not considered. 

nstead, more cost-efficient methods include the recycling of time 

eries of instantaneous velocity planes from an auxiliary simulation 

imilar to the work of Li et al. [31] , the specification of the inflow

y superposition of random fluctuations on mean flows as done by 

ee et al. [32] and the parallel-flow boundary layer method used 

y Lund et al. [33,34] . In practice, the inflow boundary typically 

as to be displaced upstream of the region of interest in order to 

llow for relaxation of the errors made in approximating the inflow 

onditions. The inclusion of such a ”development section” adds to 

he overall cost of the simulation and therefore one would like to 

inimize its extent while at the same time, trying to minimize the 

ost associated with generating the inflow data themselves. 

In the present work, the velocity inflow profile is prescribed 

y a synthetic turbulent flow, of which the mean flow obeys the 

aw of the wall [35] with boundary-layer thickness of δ = 1 mm. 

he turbulent perturbations with turbulence intensity of 0.2 in the 

reestream are generated using the method of Klein et al. [36] . 

his method is able to generate pseudoturbulent inflow conditions 

ased on digital filtering of random data and is able to reproduce 

rescribed second order statistics as well as auto-correlation func- 

ions. It hence provides advantages over the classical approach of 

sing random fluctuations, by reducing the long development sec- 

ion which is induced due to the lack of proper phase information 

nd non-linear energy transfer in random methods. 

Based on these considerations and on typical development 

engths reported for inflow turbulence [37,38] , a development re- 

ion of 10 boundary layer thicknesses is considered. Also, a sponge 

ayer is applied before the outlet to suppress any numerical wave 

ropagation. In the following analysis, x = 0 represents the start 
3 
f the domain after the development region and not the inflow 

oundary. 

The mesh in wall-normal distance is discretized using 236 grid 

oints following a geometric growth rate with a first-cell height 

orresponding to y + ≈ 0 . 3 and adequate points to resolve the vis- 

ous sublayer following the recommendations in Moser et al. [39] . 

he mesh in the streamwise and spanwise directions consists of 

400 and 80 equidistant points, respectively. This corresponds to 

rid resolutions of 
x + ≈ 11 and 
z + ≈ 12 in the area of interest 

after the development region). 

For locations further away from the wall, the flow is domi- 

ated by energy-transferring motions and there, the grid resolu- 

ion is better evaluated in terms of the Kolmogorov length scale 

K = ((μ/ρ) 3 ρ/ε) 1 / 4 , where ε is the dissipation rate. Due to the 

resence of heat and mass transfer, apart from the Kolmogorov 

cale, the thermal Batchelor scale ηT = ηK / 
√ 

P r [40] and scalar 

atchelor scale ηS = ηK / 
√ 

Sc [41] have to be resolved as well. As 

he Prandtl P r and Schmidt Sc numbers of the examined mixture 

re close to unity for the entire temperature range, ηK , ηT and ηS 

re all on the same order of magnitude. The variations of the non- 

imensional numbers for the mixture are shown in Fig. 2 for the 

wo extreme cases of frozen chemistry and equilibrium conditions. 

he Schmidt number of CO 2 is chosen as it has the lowest diffusiv- 

ty among the dominant reaction species. The values are within the 

esolution requirements of 
x < 12 ηT , 
y < 2 ηT and 
z < 6 ηT , as

lso reported in other DNS studies [42–44] . 

The spanwise extent of the domain was chosen to ensure that 

t exceeds the minimal size of l + z = 100 , reported in Jimenez et al.

45] . For a periodic boundary condition to be reasonably accurate 

he two-point correlations are required to be close to zero at a dis- 

ance of half the domain size. In Fig. 3 , we show the two-point cor-
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Fig. 3. Two-point correlation for downstream position x/δ = 5 . 
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Fig. 4. Normalized velocity profile of the inert and reacting DNS using the van Dri- 

est transformation. 
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elations for density ( R ρρ ), streamwise velocity ( R uu ) and CO mass

ractions ( R Y CO Y CO 
) at wall-normal positions y + = 10 and y + = 10 0 0

nd streamwise location x/δ = 5 . 

For the simulations presented in the following sections, the 

overning equations for continuity, momentum, energy and trans- 

orted scalars in the compressible flow are solved as follows 

46,47] 

 t ρ + ∇ · (ρu ) = 0 (1) 

 t (ρu ) + ∇ · (ρu u + p I ) = ∇ · τ (2) 

 t (ρE) + ∇ · [ u (ρE + p)] = ∇ · ( τ · u ) − ∇ · ˙ q (3)

 t (ρY k ) + ∇ · ( u ρY k ) = −∇ · j k + ˙ ω k M k (4) 

here ρ is the density, u is the velocity vector, p is the pressure, 

is the viscous stress tensor, ˙ q is the heat flux vector and E is 

he specific total energy defined as the sum of the specific internal 

nergy e and the kinetic energy | u | 2 / 2 . The ideal gas equation of

tate is used as closure for the system of equations. 

The viscous stress tensor, heat flux and species diffusion terms 

re given by: 

= μ
[∇ u + (∇ u ) T 

]
− 2 

3 

μ(∇ · u ) I , (5) 

 = −λ∇T , (6) 

j k = −ρ

( 

D k 

M k 

M 

∇ X k − Y k 

N ∑ 

l=1 

D l 

M l 

M 

∇ X l 

) 

, (7) 

To account for the chemical reactions and the production term 

˙  k the present DNS study considers the detailed GRI 3.0 chemical 

echanism [48] . In the case of the inert simulations, the chemical 

ource term is set to zero. 

The system of equations is discretized based on a finite-volume 

pproach and a high-order non-dissipative scheme is used for 

he convective flux discretization [46] , which is fourth-order accu- 

ate on uniform meshes. A strong stability-preserving third-order 

unge-Kutta scheme is used for time advancement [49] . A Strang- 

plitting scheme [47,50] is employed to separate the convection 

perator from the remaining operators of the system. A sensor- 

ased hybrid central-ENO scheme is used to capture flows with 
4 
arge density gradients and to minimize the numerical dissipation 

hile stabilizing the simulation. For regions where the density ra- 

io between the reconstructed face value and the neighboring cells 

xceeds 25%, a second-order ENO reconstruction is used on the 

eft- and right-biased face values, followed by an HLLC Riemann 

ux evaluation. The flow is well resolved and the ENO scheme is 

ctive on less than 0.01% of all cell faces. 

. Results 

The results of the DNS are presented in this section for four 

ifferent com putational setups. Reacting and inert simulations are 

arried out for two different values of the wall temperature (500 K 

nd 10 0 0 K) resulting in a total of four cases. In this section will

ainly focus on the results of the case with 500 K wall temper- 

ture and we only consider the 10 0 0 K case to show qualitative

ifferences. 

.1. Velocity scaling 

For constant-property wall-bounded turbulent flows, the near- 

all time-averaged velocity follows the law of the wall [35] with 

he wall-normalized velocity given by u + = y + in the viscous 

ublayer ( y + < 5 ) and by the logarithimic relationship u + = 

1 
κ log ( y + ) + B in the logarithimic layer ( 30 ≤ y + ≤ 0 . 1 δ). 

For variable-property flows, both the fluid density and the dy- 

amic viscosity are functions of temperature and pressure, leading 

o additional complexities. One commonly used velocity transfor- 

ation that allows the scaled velocity to collapse with the incom- 

ressible law of the wall is the van Driest transformation [51] : 

 

+ 
VD = 

∫ u + 

0 

(
ρ̄

ρ̄w 

)1 / 2 

du 

+ . (8) 

A comparison of the velocity profiles from the DNS is shown 

n Fig. 4 , where the data support the validity of the van Dri- 

st transformation for compressible reacting flows. This can be 

ttributed to the density fluctuations in compressible low-Mach 

umber flows, arising from mean fluid-property variations. This 

onfirms the Morkovin hypothesis [52] , which has been used in 

he past to investigate the compressible turbulent boundary layer 

n the same line as for the incompressible one by accounting for 

he effects of mean density variations [53] . In the range of Mach 

umbers explored in the present study, our DNS results support 
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Fig. 5. Temperature profile within the turbulent boundary layer. 
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revious experimental and numerical studies that showed the va- 

idity of the van Driest transformation in scaling the velocity pro- 

le with wall heat transfer and even chemical reactions [25,54–57] . 

n the presence of higher Mach-number flows and real-fluid effects 

58] , it is expected that additional effects require consideration, re- 

ated to the compressible nature of the fluid. 

.2. Temperature and species mass fractions 

The mean temperature profiles (normalized by the wall temper- 

ture) are shown as a function of wall-normal distance in Fig. 5 . 

he effect of chemical reactions in the boundary layer is evident 

or both wall temperatures. Specifically, the temperature profiles 

or the reacting cases show higher values in the range 10 ≤ y + ≤
0 0 0 . The increased temperature is a result of the exothermic reac-

ions that are induced in the low-enthalpy boundary-layer region. 

Fig. 6 (a) shows the profile of the mean transformed tempera- 

ure T + , which is defined as the temperature difference θ = T − T w 

ormalized by the friction temperature T τ = q w 

/ 
(
ρw 

c p ,w 

u τ
)
. 

 

+ = 

T − T w 

T τ
. (9) 

The discrepancies observed between the reacting and inert 

ases indicate that the wall heat flux is sensitive to chemistry. 

pecifically, the values for the inert case are higher than the re- 

cting case, indicating the presence of an appreciable heat transfer 

ugmentation due to the chemical reactions. 
Fig. 6. Profiles of the (a) transformed temperature T + and (b) van Dri

5 
Using the van Driest transformed temperature profile [44] 

 

+ 
VD = 

∫ T + 

0 

(
ρ̄

ρ̄w 

)1 / 2 

dT + (10) 

s shown in Fig. 6 (b), does not lead to a collapse of the inert and

eacting profiles. Compared to the findings in Fig. 4 , where the 

elocity profiles for the reacting and inert cases showed similar 

roperties, it is clear that the chemical reactions have an impor- 

ant effect on the fluxes at the wall, even if they do not influence 

he mean velocity profiles. This finding aligns with the results re- 

orted by Carbit et al. [25] and justifies the need of taking care of 

uid heterogeneity in wall models. 

To illustrate the effect of the chemical reactions, the instanta- 

eous fields of major species and temperature are shown in Fig. 7 . 

he formation of a distinctive species boundary layer in the vicin- 

ty of the cooled wall is evident. Specifically, the recombination of 

O to CO and that of OH to H O is prominent throughout the 
2 2 

est scaled temperature T + 
V D 

within the turbulent boundary layer. 
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Fig. 8. Instantaneous enthalpy conditioned mass fractions for wall temperature equal to (a) 500 K and (b) 1000 K. Dotted lines correspond to equilibrium mass fractions and 

dashed lines correspond to frozen mass fractions. 
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ntire domain. Although only major species are shown here, the 

ecombination reactions influence all radicals that also react and 

orm stable species. The locations with increased CO 2 mass frac- 

ion and hence reduced CO mass fraction are directly correlated to 

egions with lower temperature. 

In order to obtain a better understanding of where those reac- 

ions occur and to quantify the correlation between species mass 

ractions and enthalpy, we examine Fig. 8 , which illustrates the dis- 

ribution of the major species as a function of the normalized en- 

halpy loss. H, which is defined as: 

 = 

h − h ad 

h w 

− h ad 

, (11) 

nd lower values of H correspond to conditions closer to the wall. 

 ad represents the adiabatic enthalpy of the mixture, i.e. the en- 

halpy of the hot products at the inlet and h w 

the enthalpy that 

he gas would have when cooled down to the wall temperature 

ithout changing its composition. 

The scatter plots in Fig. 8 show a clear correlation between the 

ormalized enthalpy loss and the species concentration. Compared 

o the adiabatic values ( H = 0 ), a decrease in enthalpy appears to

romote the recombination of OH to H 2 O and of CO to CO 2 . A

oteworthy remark is the small dispersion of the instantaneous 

ata in the enthalpy space, as a very small variation is observed 

ith the point cloud being concentrated around a well established 

verage for each species. We compare the change in concentration 

ith the theoretical chemical equilibrium for each enthalpy level, 

hich is illustrated by the dotted lines in Fig. 8 . For enthalpy losses

 ≥ −0 . 8 the results follow the chemical equilibrium concentra- 

ion, indicating that the reaction rates are faster than the compet- 

ng physical phenomena. In lower enthalpy environment, however, 

he deviation increases, which implies that the rate of change of 

he gas composition is now dictated by larger time-scales. Finally, 

he shift towards the recombined products is not continuously in- 

reasing with lower enthalpy but rather reaches a plateau, indicat- 

ng a freezing of the reactions directly at the wall. 

It is noteworthy that the minimum value of H in the domain is 

maller than -1, which corresponds to a quenched (non-reacting) 

ixture that is cooled to the wall temperature. This arises from 

he fact that the major combustion products H 2 O and CO 2 have a 

ower formation enthalpy and a lower specific heat capacity than 

H and CO. As the gas approaches the wall, the heat loss favors 

he formation of stable products and results in a lower enthalpy 

ompared to its frozen equivalent. 

The spatial distribution of the species composition is illustrated 

n Fig. 9 , where the average mass fraction of the major species is 

lotted as a function of the wall-normal distance for the react- 
6 
ng cases with T w 

= 500 K and T w 

= 10 0 0 K. Distinct regions can

e identified when examining the species mass fraction profiles. 

tarting from locations away from the wall ( y + ≥ 30 0 0 ), it appears

hat no significant change occurs in the composition of the gas, 

eading to non-varying mass fractions. However at y + ≈ 30 0 0 , a 

pecies boundary layer starts to develop. The conversion of CO to 

O 2 is observed, along with the recombination of OH to H 2 O. The 

ass fraction of H 2 on the other hand is unaltered. For both wall 

emperatures, the normalized wall-distance at which the chemi- 

al reactions take effect are comparable. In accordance with the 

nthalpy conditioned diagram in Fig. 8 which provides informa- 

ion about a ”freezing” of the reactions in enthalpy space, a similar 

ermination of the chemical recombinations is evident in physical 

pace as well. For wall-normal distances with y + < 10 , all major 

pecies have reached a constant value, which infers a suppression 

f the reaction rates because of the low temperature. 

Apart from the major species, shown in Fig. 9 , the mass fraction 

rofiles of the radical species are depicted in Fig. 10 . Similar to the 

ehavior of major species, the radical species concentrations are 

early constant further away from the wall, where the gas is in 

 state of chemical equilibrium ( y + > 20 0 0 ). At locations closer to

he isothermal wall, the exothermic recombination reactions result 

n a reduction in the mass fractions of all radicals. This remains for 

ost of the species until a quenching of the reactions is reached 

t y + < 10 . For the formyl radical (HCO) and formaldehyde (CH 2 O),

owever, a distinct increase in mass fraction is observed starting 
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Fig. 10. Minor and radical species mass fractions for the reacting cases as a function of the wall-normal distance for (a) T w = 500 K and (b) T w = 10 0 0 K. 

Fig. 11. Profiles of (a) mean net chemical production rates of the major species and (b) mean net rates of progress for the most dominant reactions for the reacting case 

with T w = 500 K. 
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t y + ≈ 100 . A second reaction zone is hence present, in which the 

ormation of HCO and CH 2 O is favored. 

The results of the species profiles both in conditional and phys- 

cal space are qualitatively similar for the tow wall temperatures. 

or that reason, only the case with T w 

= 500 K is examined in the

emaining sections. 

.3. Reaction path analysis 

In order to understand the origin of the recombination reac- 

ions, the mean net species molar reaction rates ˙ ω k are plotted in 

ig. 11 (a). In agreement with the species plots in Fig. 9 , the reac-

ion rates for y + > 10 0 0 are exactly zero, whereas the main reac-

ion zone extends from y + ≈ 10 until y + ≈ 10 0 0 . Starting at loca-

ions further from the wall, it is evident that the hydrogen chem- 

stry is activated first, with the reaction rates of H 2 O, H 2 and OH

ncreasing in magnitude already at y + ≈ 10 0 0 . The carbon chem- 

stry on the other hand (represented here by the reaction rates of 

O and CO 2 ) is more localized, with non-negligible values for the 

eaction rates beginning at y + ≈ 100 . As far as the net production 

nd destruction of the species is concerned, in the area where the 

ulk of the reactions takes place (between y + ≈ 10 0 0 and y + ≈ 10 ),

here are regions with positive net production of water and re- 

ions with net consumption of water, with the transition occur- 

ing at y + ≈ 500 . For OH, on the other hand, only net consumption

ates are shown. Moreover, as expected based on the scatter results 

 Fig. 8 ), CO 2 is predominantly being created in regions where CO 

as a net consumption rate. 
7 
Although the mass fraction of CO appears to be unaffected in 

egions closer to the wall due to the freezing of the reactions 

hat was established in Fig. 9 , a sharp increase in the consump- 

ion rate of CO is observed for distances y + < 10 , with a simul-

aneous increase in the H 2 net creation rate. This effect, which is 

ost prominent for the case with lower wall temperature, occurs 

t wall-distances that coincide with the regions of increased HCO 

nd CH 2 O abundance (from Fig. 10 ). This secondary reaction zone 

s hence activated at low temperatures and is confined within the 

iscous sub-layer. 

In order to investigate the nature of this secondary recombi- 

ation layer, the reactions with the highest mean net rates of 

rogress R j are explored in Fig. 11 (b). The instantaneous rate of 

rogress of reaction j is defined as: 

 j = � j ·
( 

K f j 

N sp ∏ 

k =1 

C ν
′ 
k j 

k 
− K r j 

N sp ∏ 

k =1 

C ν
′′ 
k j 

k 

) 

(12) 

here � j is the third-body coefficient, K f j and K r j are the forward 

nd reverse reaction coefficients, C k is the molar concentration of 

pecies k , while ν ′ 
k j 

and ν′′ 
k j 

are the forward and reverse stoichio- 

etric coefficients. 

Within the viscous sub-layer, it is apparent that reactions in- 

olving HCO are dominant. Specifically, the recombination of CO 

nd H to form HCO using H 2 O as collision partner as well as the

ecombination of HCO and H to CO and H 2 demonstrate the largest 

ates of progress. The net effect is a net production rate for HCO 

nd a subsequent increase in its mass fraction as shown in Fig. 10 .

t the same time, the recombination of some of the excess HCO 
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Fig. 12. Instantaneous CO 2 species mass fraction for the reacting case with wall 

temperature equal to 500 K. The wall-normal distances used in Fig. 13 are indicated 

with the red markers. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 
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ith H to form formaldehyde is also activated in this low temper- 

ture region. 

The reason for the sharp increase in the mass fractions of HCO 

nd CH 2 O is the absence of activation energy for the aforemen- 

ioned reactions. The formation of formaldehyde is driven by a 

egative activation energy, which promotes the formation of the 

olecules in low enthalpy environments. As the temperature drops 

n the vicinity of the wall, the other reaction rates with positive 

ctivation energy start decaying, leading to a freezing of the reac- 

ions. For the case of HCO and CH 2 O production reactions however, 

he rates of progress keep increasing as the density and hence rad- 

cal concentration increase. This agrees with the results reported 

y Westbrook et al. [14] , who investigated the importance of radi- 

al recombination reactions with low activation energy and found 

hat radical recombination reactions become the dominant means 

f consumption of radical species when the temperatures drop be- 

ow 70 0–80 0 K and the rates of radical-fuel reactions fall to very 

ow values. 

The paths leading to the production of formyl and formalde- 

yde in the reacting DNS are illustrated in the reaction flux dia- 

ram of Figs. 13 . Reaction path diagrams at different wall-normal 

istances for a representative instantaneous snapshot are included. 

he forward and backward rates of the most dominant reactions 

re also used as labels in the diagrams. Going from left to right 

n Fig. 13 , the normalized distances y + = 2 , y + = 10 , y + = 75 and

 

+ = 200 are shown. Those distinct locations are also indicated 

ith red markers in Fig. 12 . In the regions further from the wall

 y + = 200 ), the production of H 2 O remains most prominent, as the

emperature is still high and the reaction rates of the hydrogen 

hemistry dominate. Approaching the wall, in the lower tempera- 

ure environment ( y + = 75 and y + = 10 ), the recombination of OH

nd CO to form CO 2 is established as the main reaction path. Di- 

ectly within the viscous sub-layer nevertheless ( y + = 2 ), the reac- 

ion rates of the CO-to-CO 2 recombination die out and CO feeds the 

roduction of HCO via the CO + H and CO + H + M paths. Further

bsorption of a H-atom leads to the production of formaldehyde. 

Given the presence of two distinct reaction zones (one where 

H and CO recombine to form carbon dioxide and water and the 

ther where CO recombines to formyl and formaldehyde), the in- 

ividual contributions of these two modes to the total heat release 

ate are quantified in Fig. 14 . The mean local heat release rate ˙ Q
s well as the integrated cumulative heat release ˙ Q cumul are shown 

or the two reacting cases. The cumulative heat release is defined 

s the percentage of the total energy release starting from the wall 

nd moving towards the free stream: 

˙ 
 cumul = ·

∫ y 
0 

˙ Q (y ) dy ∫ ∞ ˙ Q (y ) dy 
(13) 
0 

8 
As expected from the results of the species production rates in 

ig. 11 , the total heat release rate has a local maximum close to 

 

+ ≈ 60 and a further maximum with a larger value directly at the 

all ( y + = 1 ). For the case with T w 

= 500 K, the maximum corre-

ponding to the HCO recombination is more prominent. However, 

ooking at the distribution of ˙ Q cumul in Fig. 14 , it becomes evi- 

ent that the HCO production reactions do not have a significant 

ontribution to the total heat release. Within the viscous sub-layer 

 y + < 10 ), approximately 6% of the total energy is set free. The bulk

ajority of the chemical energy is released between y + ≈ 10 and 

 

+ ≈ 10 0 0 , with a subsequent ceasing of the energy production in 

he regions with high temperature. The low-temperature recombi- 

ation reactions with zero activation energy have hence a minimal 

mpact on the total energy release, as they are only activated in a 

egion with restricted volume in the direct vicinity of the wall. 

By comparing the total heat release rate with the net rate of 

rogress for the most dominant reaction in Fig. 11 (b), it can be 

nferred that the two reactions responsible for the majority of the 

nergy being released in the boundary layer are the production of 

H following the path H + H 2 O → H 2 + OH and the subsequent

ecombination of OH and CO following the path CO + OH → CO 2 

 H. The latter reaction path has also been identified as the most 

ominant reaction in the boundary layer of rocket thrust chambers 

n prior work [9] . 

.4. Chemical time-scales 

The exothermic CO recombination reaction that is activated in 

he low-temperature environment can be explained by Le Chate- 

ier’s principle, as the initially equilibrated gas is subjected to a 

hange in enthalpy and reacts by undergoing exothermic reactions 

hat aim at counteracting the applied change. However, with de- 

reasing temperature near the wall, the reaction rates also ap- 

roach zero which gives rise to two competing effects: the low 

emperature, which is the initiator for the reactions is also the lim- 

ting factor that does not allow the composition to reach its new 

quilibrium. This results in a significant increase in the chemical 

ime-scales and is expressed by an apparent ”quenching” of the 

hemical reactions. 

To understand the competing effects that dominate the change 

n chemical composition, we choose to describe the chemical time- 

cale along the wall normal direction using the Computational Sin- 

ular Perturbation (CSP) technique by Lam et al. [59] which is used 

n the Chemical Explosive Mode Analysis (CEMA) as introduced by 

u et al. [60] . The time-scale is then defined as: 

c = 

‖ 

˙ ω ‖ 

‖ J · ˙ ω ‖ 

, (14) 

here the species Jacobi matrix is given by the sensitivity of the 

et species reaction rates to a change in the species mass fractions. 

The mean chemical time-scale τc for the reacting cases is 

hown in Fig. 15 along with the local Damköhler number. Two dif- 

erent definitions for the Dahmköhler number are included, one 

ased on the Kolmogorov time-scale τK and one based on the 

ntegral turbulent time-scale τt . The respective time-scales and 

amköhler numbers are given as: 

K = 

√ 

μ

ρε
, Da K = τK /τc (15) 

t = 

k 

ε
, Da t = τt /τc (16) 

Fig. 15 shows that, the chemical time-scale is small in regions 

way from the wall, indicating that the gas mixture is close to its 

quilibrium concentration. Moving towards the wall however, as 

he temperature decreases, a slowing-down of the reactions takes 
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Fig. 13. Reaction flux path diagram for the oxygen atom at different wall-distances in the reacting case with T w = 500 K. 
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lace. This trend persists up until y + ≈ 30 , where the chemical 

ime-scale has a local maximum and then subsequently reduces 

urther. This secondary reduction in the time-scale represents the 

one where the formyl and formaldehyde production become dom- 

nant. At the same time, both the turbulent time-scale and the Kol- 

ogorov time-scale are monotonically reduced for locations closer 

o the wall. 

This leads to comparable results for Da K and Da t . Both of them 

ave large values between 4 × 10 4 and 9 × 10 5 outside the bound- 

ry layer and reach values between 0.1 and 5 within the vis- 

ous sub-layer. In the region where the reaction rates of the main 

xothermic recombination reactions of CO and OH start diminish- 

ng ( y + < 10 ), the Damköhler number reaches values close to unity. 

his implies that after this point the turbulent and Kolmogorov 

ime-scales dictate the evolution of the species which confirms 

he assumption that the freezing of the chemical reactions is due 

o the large chemical time-scales in the low-temperature environ- 

ent. 
9 
.5. Wall heat transfer amplification 

Understanding the conditions that lead to the enhancement of 

he exothermic recombination reactions in the cooled boundary 

ayer is of major importance for the prediction of wall heat loads 

n rocket thrust chambers and other propulsion systems. Using the 

omparison between the inert and reacting cases, the effect of the 

dditional energy release in the wall vicinity can be isolated and 

uantified. The results for the mean wall heat loads for the differ- 

nt DNS cases examined here are summarized in Table 1 . 

These results show that, lower wall temperatures lead to a 

igher heat flux, as this is proportional to the temperature differ- 

nce between the wall and the free stream temperature (which 

s equal to the adiabatic equilibrium temperature). The same is 

rue when comparing the two reacting cases to each other, with 

he lower wall temperature leading to a higher wall heat transfer 

ate. For a given wall temperature, an increase of approximately 

0% is obtained from the effect of the chemical recombinations. 
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Fig. 14. Mean heat release rate and cumulative energy release for the reacting cases 

with T w = 500 K and T w = 10 0 0 K. 

Fig. 15. Chemical time-scale and Damköhler number for the reacting case with 

T w = 10 0 0 K. 

Table 1 

Mean wall heat flux for the different cases. 

Case Mean heat flux 

Reacting, T w = 500 K 11.93 MW/m 

2 

Reacting, T w = 10 0 0 K 9.87 MW/m 

2 

Inert, T w = 500 K 10.01 MW/m 

2 

Inert, T w = 10 0 0 K 8.27 MW/m 

2 
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Fig. 16. Instantaneous wall heat flux. From top to bottom: reacting case with T w = 

500 K, reacting case with T w = 1000 K, inert case with T w = 500 K, inert case with 

T w = 10 0 0 K. 

Fig. 17. PDFs for the wall heat flux distribution. 
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his degree of under-prediction of the heat loads when using mod- 

ls that do not account for recombination reactions is compara- 

le with the values reported by Betti et al. [10] for low-pressure 

ethane/oxygen rocket engines. It was also reported in the same 

ork that the difference between inert and reacting treatment for 

he boundary layer reduces with increasing operating pressures. 

Apart from the averaged values for the heat loads reported in 

able 1 , the local variation of the heat flux is plotted in Fig. 16

or representative instantaneous snapshots. Localized ”hot islands”

ith heat flux values two times larger than the mean average are 

isible. This is also illustrated in Fig. 17 , where the Probability Den- 

ity Function (PDF) of the instantaneous local heat flux values is 

lotted for each of the four simulations. A consequence of the over- 

ll higher heat flux level, the reacting cases have a wider distribu- 

ion compared to the respective inert ones. The presence of strong 
10 
uctuations in the experienced wall heat loads can lead to signifi- 

ant deviations from the mean values which in turn could lead to 

trong temperature gradients and higher thermal stresses on the 

alls. However, the time-scales of the turbulent fluctuations which 

re responsible for the spatial variation, shown in Fig. 16 and 17 , 

re much shorter than typical conduction time-scales in the ma- 

erial and hence do not pose an issue for the design of cooling 

ystems. 

.6. Turbulent fluctuations 

In an effort to examine the sensitivity of reaction rates to com- 

ositional variations, Figs. 18 and 19 show PDFs of Y k , T and ˙ ω k at

hree distinct distances from the wall. The case with T w 

= 500 K 

s shown here and the results obtained with the higher wall 

emperature are qualitatively similar. In contrast to the enthalpy- 

onditioned distribution from Fig. 8 , which clearly showed a mini- 

al variation of the species mass fractions around its average, the 

DFs at different spatial locations show a much larger variabil- 

ty. Wider distributions for both the temperature as well as major 

pecies mass fractions are observed within the logarithmic region 

f the boundary layer ( y + = 75 ). Approaching the wall and enter- 

ng the viscous sub-layer where turbulent effects are less promi- 
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Fig. 18. PDFs of species mass fractions and temperature at different wall distances for the reacting case with T w = 500 K. 

Fig. 19. Probability density function of species molar reaction rates at different wall distances for the reacting case with T w = 500 K. 
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ent, the width of the distributions quickly shrinks. For OH in fact, 

he PDF of the mass fraction converges to a Dirac function around 

ero, as most of the OH is consumed before the begin of the vis- 

ous sub-layer. 

The net molar production rates at y + = 75 demonstrate a clear 

orrelation between the consumption of CO and the production 

f CO 2 and exhibit a large variation which extends in the range 

rom - 150 to 150 kmol / ( m 

3 s ) , while the average value lies at ± 35

mol / ( m 

3 s for CO 2 and CO, respectively. Closer to the wall, the cor-

elation between the CO and CO 2 reaction rates ceases to be dom- 

nant, as carbon dioxide no longer undergoes any further chemical 

eactions in alignment with the results in Fig. 11 . Instead, as the 

eaction path including HCO is activated, a correlation between the 

eaction rates of formyl and carbon monoxide is visible. It is also 

oteworthy that the reaction rate of HCO was close to zero for lo- 

ations within the log-layer, whereas it exhibits a large variabil- 

ty in the vicinity of the wall owing to non-negligible variations in 

emperature and CO mass fraction. 

To further examine the non-linearity of mass fractions and reac- 

ion rates, a scatter plot of instantaneous and averaged net species 

roduction rates are given in Fig. 20 . The grey points represent 

nstantaneous results, mapped onto the conditional Y − T space, 
k a

11 
hile the dashed line corresponds to the projection of the aver- 

ged quantities, i.e. to the manifold Y k − T . 

It is evident that the estimation of the reactions rates using 

he averaged fields for mass fractions and temperature ˙ ω k ( Y i , T ) 

eads to significant overestimation compared to the time-averaged 

roduction rates ˙ ω k (Y i , T ) (which correspond to the results from 

ig. 11 ) both for CO and CO 2 . The two results for the produc-

ion rates deliver similar values in the hot regions (where the gas 

s near its chemical equilibrium) as well as in the direct vicin- 

ty of the wall, where a quenching of the reactions occur. For 

he intermediate positions however, differences larger than one or- 

er of magnitude are observed. This is an indication for strong 

urbulence-chemistry interaction, which leads to the confirmation 

hat the closure of the chemical source term is inadequately de- 

cribed by a first-order approximation of the reaction rate: 

˙  k (Y i , T ) � = ˙ ω k ( Y i , T ) (17) 

The deviation between the two quantities can be attributed to 

he correlation between mass fraction fluctuations and tempera- 

ure fluctuations. This is shown in Fig. 21 , which clearly illustrates 

hat a positive correlation holds in the reacting zone for CO, while 

 negative correlation can be found for CO . No significant differ- 
2 
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Fig. 20. Scatter plot of the instantaneous and averaged chemical source terms for (a) CO 2 and (b) CO in conditional space for T w = 500 K. The dashed lines correspond to the 

manifold correlating mean temperature and mean mass fractions. 

Fig. 21. Correlation of turbulent fluctuations for species mass fractions and temper- 

ature for the reacting case with T w = 500 K. The solid line represents the Reynolds 

averaged quantity Y ′ T ′ , while the dashed line represents the Favre averaged ˜ Y ′′ T ′′ . 
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Fig. 22. Turbulent Prandtl number for the four DNS cases as a function of the wall- 

normal distance. 
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nce can be found between the compressible and incompressible 

efinitions ( ˜ Y ′′ T ′′ and Y ′ T ′ ), as they both give qualitatively identi- 

al results. 

Finally, we investigate whether the turbulent fluctuations and 

he feedback produced by the chemical reactions give rise to an 

nhancement of the turbulent heat transfer. To quantify this, the 

urbulent Prandtl number is calculated for all four DNS cases. The 

urbulent Prandtl number is defined as the ratio of the turbulent 

hermal diffusivity αT and the turbulent viscosity αM 

. The strong 

eynolds analogy assumes that the turbulent heat transfer and the 

urbulent momentum transfer are similar, resulting in a turbulent 

randtl number equal to unity. Based on experimental and numer- 

cal studies, it has been found that the Reynolds analogy is valid 

or most boundary layer flows, although departures from P r t = 1 . 0

ave been reported [61] . 

Common practice in most turbulence models for RANS, is to 

pproximate P r t by a constant value, which in some cases, can 

ead to incorrect heat transfer predictions. This is typically the 

ase in supercritical flows, where strong gradients in the molec- 

lar Prandtl number give rise to spatial variations for P r t [62] . For

ases at high-temperature conditions, with nearly constant molec- 

lar Prandtl number (as in the present operating point) and high 

urbulent Peclet number, the Prandtl number is nearly constant 

ithin the log region with values around 0.85 and 1, while in the 
12 
wake” region of external turbulent boundary layers it was found 

o decrease in the neighborhood of 0.5-0.7 [61] . Previous studies 

f reacting turbulent boundary layers performed by Cabrit et al. 

25] found that the turbulent Prandtl number varies from around 

.5 in the middle of their turbulent channel up to values close to 

.2 in the wall vicinity. No qualitative differences were obtained in 

he P r t profiles between inert and reacting cases. 

Similar findings are reported in Fig. 22 by analyzing the results 

f the present DNS. The compressible definition was employed for 

he calculation: 

 r t = 

˜ u 

′′ v ′′ 
˜ v ′′ h 

′′ 
∂ ̃  h /∂y 

∂ ̃  u /∂y 
(18) 

For all cases, the turbulent Prandtl number appears to be nearly 

onstant throughout the logarithmic and viscous sub-layer regions. 

ifferences between the individual cases are small, with the re- 

cting cases having the tendency of producing higher turbulent 

randtl numbers. Values between 0.9 and 1.2 are found within 

he region where the bulk energy release takes place ( y + ≈ 10 to 

 

+ ≈ 100 ). Further from the wall, a drop of the turbulent Prandtl 

umber to values as low as 0.5 is observed. 

. Conclusions 

In the present study, DNS of a reacting boundary layer have 

een carried out. Mixtures representative of the conditions within 
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ocket engines and high-pressure propulsion systems have been 

hosen, corresponding to an equilibrated mixture of methane and 

xygen at 20 bar. In order to isolate effects of chemical reactions 

esulting from the low-enthalpy environment in the vicinity of the 

sothermal wall, inert and reacting simulations were carried out 

or the same operating conditions. A detailed chemical mechanism 

as employed to account for the role of chemical radical recombi- 

ations in the vicinity of the wall. 

Evaluation of the temperature profile showed that deviations 

etween the inert and reacting cases were prominent, resulting 

rom the energy release within the boundary layer. The energy re- 

eased from the recombination of CO and OH to form H 2 O and CO 2 

as identified as the main effect for the temperature increase. This 

ffect was found to be qualitatively similar for both wall condi- 

ions. 

The analysis of reaction rates showed strong non-equilibrium 

ffects. Although a clear correlation between the degree of recom- 

ination of CO and the local enthalpy value was found, the species 

ass fractions profiles deviated from the theoretical equilibrium 

alues. Moreover, for regions up until the begin of the viscous 

ub-layer ( y + ≈ 10 ), a quenching of the major species mass frac- 

ions was observed. Further examination of the chemical reaction 

ates confirmed that the occurrence of this layer with chemically 

uenched composition arises from the low temperature and re- 

ulting long chemical time-scales. In fact, the chemical time-scales 

t the locations where the recombination rates start diminishing 

each values that are larger than the turbulent and Komlmogorov 

ime-scales and hence chemistry is no longer the rate-defining pro- 

ess. 

Closer to the wall, despite the termination of the CO recombi- 

ation, the recombination of CO to HCO and the subsequent for- 

ation of CH 2 O is activated. This reaction path was detected using 

eaction flux diagrams and showed that the production of formyl 

nd formaldehyde is favored by low wall temperatures. Due to the 

estricted extent of the region in which the temperatures are low 

nough to activate the aforementioned reactions, the total energy 

eleased from this reaction path amounted to approximately 5% of 

he total heat release in the boundary layer. 

As far as the wall heat transfer is concerned, the exothermic re- 

ctions contributed to an additional 20% in heat flux compared to 

he equivalent inert cases. No qualitative difference was observed 

etween the results with low (500 K) and high (1000 K) wall 

emperature. The non-negligible augmentation of the heat transfer 

uts additional emphasis on the importance of the recombination 

eactions in modeling effort s of flame-wall interaction, like in the 

ase of non-adiabatic flamelet manifolds. 

A strong coupling between turbulence and chemistry was also 

nferred from the results. Strong variations in mass fractions and 

emperature within the reacting zone resulted in a large vari- 

nce of the resulting reaction rates and broad PDFs for the source 

erms. The assumption of first-order representation of the reaction 

ate was hence assessed as inadequate to describe the turbulence- 

hemistry interaction processes in the reaction zone. Despite the 

trong correlation of species and temperature fluctuations and the 

dditional energy released via the chemical reactions, no signif- 

cant enhancement of the turbulent heat transfer was observed. 

valuation of the turbulent number for both the reacting and in- 

rt cases delivered values for P r t close to unity with fairly con- 

tant profiles along the entirety of the logarithmic and viscous sub- 

ayers. 

The strong presence of non-equilibrium effects, dictated by the 

ompetition between turbulent and chemical time-scales as well as 

he intensity of the TCI throughout the turbulent boundary layer, 

ighlight the difficulty of modeling the near-wall region in the 

resence of chemically reacting flows and strong temperature gra- 

ients. Examination of further operating points and fuels is of in- 
13 
erest in order to understand the processes occurring within the 

eacting boundary layer of rocket engines and gas turbines for a 

road spectrum of applications. Based on the representative load 

oint chosen for this analysis however, the importance of the re- 

ombination effects on the wall heat flux augmentation is illus- 

rated. For that reason, future models developed for the treat- 

ent of near-wall effects in reacting simulations should account 

or the quenching of the reactions within the buffer and viscous 

ub-layers. 
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