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‘We conduct direct numerical simulations of reacting turbulent boundary layers to study
the effects of finite-rate chemistry on turbulence as well as turbulence-chemistry inter-
action. It is found that turbulence fluctuations have a relative large influence on the
dissociation reaction, while have a subtle influence on the recombination reaction. The
influence of chemical reactions on temperature fluctuation variance, Reynolds stresses and
turbulence kinetic energy is analyzed, and the results are compared with the non-reacting
case. We find that the recombination reaction enhances turbulence, while the dissociation
reaction damps turbulence. Chemical reactions influence the velocity field mainly by the
heat of reaction, which causes volumetric flow expansion/contraction. The correlation of
temperature fluctuation and fluctuation in species composition is significantly enhanced,
and temperature fluctuations cause large fluctuations in species composition.

I. Introduction

The boundary layer on future air-breathing hypersonic cruise vehicles will be turbulent and chemically
reacting. To aid the design of such vehicles, a greater understanding of turbulent hypersonic flows is needed.
Although there has been significant progress in understanding and modeling turbulence and chemical reac-
tion separately, the coupled behavior of turbulence and chemistry continues to present a challenging task
and remains an active area of research.”~”* The nonlinear interactions between turbulence and chemical
reaction occur over a wide range of time and length scales and involves many different quantities. Our lack
of adequate understanding of these interactions imposes serious limitations on modeling turbulence flows.
For example, the majority of existent turbulence models which are used for reacting flow calculations are
based on those developed for non-reacting flows, which are potentially limited.

Most of previous numerical and experimental investigations involving turbulence-chemistry interaction
primarily discuss the influence of the coherence structures on mixing and reaction in mixing free shear
flows.”» " %% These efforts are mainly focused on combustion applications since the free shear flows,
especially mixing layers are considered the first step of most important combustion processes. The results of
these investigations indicate the importance of large structure as well as small-scale structures on the mixing
and reaction and show that these structures are significantly affected by the exothermicity of the reaction
and the flow compressibility.

Mixing and reaction in homogeneous turbulence have also been the subject of numerous investiga-
tions." % 51210 For example, Martin and Candler * study turbulence-chemistry interaction via direct
numerical simulation of reacting isotropic turbulence. Their results show that there is a positive feedback
between the turbulence and exothermic reactions, and the feedback occurs through the pressure-strain term.
Jaberi et al."” study the turbulence-chemistry interaction in homogeneous decaying compressible turbu-
lence. Their results show that the pressure-dilatation tends to increase the turbulent kinetic energy when
the reaction is exothermic.

There are few studies of turbulence-chemistry interaction for hypersonic boundary layers.'>'®'” These
flows are significantly different from turbulent combustion flows, which have been studied extensively. In
hypersonic flows the dominant chemical reactions are the dissociation and recombination of nitrogen or
oxygen molecules. The reactions have a high activation energy and the reaction rate is typically temperature
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limited. In this case, small increases in the temperature result in large increases in reaction rate, which
is contrasted with non-premixed combustion flows where the fuel-oxidizer mixing rate determines the rate
of product formation and the reaction process is relatively insensitive to the temperature. Also, boundary
layer flows are significantly different from idealized homogeneous turbulence or free shear layers due to the
existence of the wall.

In this paper, we follow the approach by Martin & Candler.' > '® 'Y The main objectives are (1) to analyze
the different influence of turbulent fluctuations on dissociation and recombination reactions, (2) to study
the combined effects of dissociation and recombination reactions on turbulent flow field, more specifically,
temperature fluctuation variance, Reynolds stresses, turbulent kinetic energy and flow structures, and (3) to
investigate the effects of turbulence-chemistry interaction.

II. Governing Equations

The equations describing the unsteady motion of a reacting fluid are given by the species mass, mass-
averaged momentum, and total energy conservation equations, which, neglecting thermal non-equilibrium,

are
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where w, represents the rate of production of species s due to chemical reactions; p; is the density of species
s; u; is the mass-averaged velocity in the j direction; vy; is the diffusion velocity of species s; p is the pressure;
0;; is the shear stress tensor, which is given by a linear stress-strain relationship; and F is the total energy
per unit volume given by

E = ZPSCUST + %puiui + Z pshgs (2)

where ¢, is the specific heat at constant volume of species s; and h° is the heat of formation of species s.
To derive the expression for w,, consider a reaction where species S1 reacts to form species 52

Sl+M<S2+M (3)

where M is a collision partner, which is either S1 or S2 in this case. The source terms for S1 and S2 can
be written using law of mass action

pPs1 ( Ps1 PSs2 pPs2 [ Psi Ps2
wg1 = —Mg1k ( + )+Msk‘b ( + )—w + wp 4
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and wga = —wg1; ky and kj are forward and backward reaction rates respectively. These are written as
n_,—0/T kf
k‘f = CfT € ) kb = ) (5)
K

where K., is the temperature-dependent equilibrium constant. For a two species mixture, the diffusion
velocity can be accurately represented using Fick’s law

Ocg
psvsj = —pD 7=, (6)
J

where ¢ = ps/p is the mass fraction, and D is the diffusion coefficient given in terms of the Lewis number

Le= ”Du br. (7)
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where Pr is the Prandtl number, g is the viscosity which is calculated by Gupta®’-Yos®' mixing rule, and
Le is taken to be unity, so that the energy transport due to mass diffusion is equal to the energy transport
due to thermal conduction.

sectionGoverning Parameters The non-dimensional parameters governing the turbulence chemistry in-
teraction are " the turbulent Mach number, the Reynolds number, the Damkohler number, and the relative
heat release, namely

Tt

Te
Rey = pu’>\7 Ahe — __Ar (8)
c,T + %qQ

where ¢ = (uju})'/? is the rms magnitude of the fluctuation velocity; a is the speed of sound; u’ is the

rms turbulent velocity fluctuation in one direction; A is the Taylor micro-scale; and Ah° is the heat of the
reaction.

The Damkohler number is the ratio of the turbulent time scale 74, to the chemical time scale, 7. and
represents a non-dimensional reaction rate; Here 7, = k/e, where k and € are the turbulent kinetic energy
and dissipation, respectively; 7. = p/ ((w%l)l/ 2Keq). A large Damkohler number indicates that chemical re-
actions are fast relative to turbulent evolution, while a small Damkoéhler number indicates chemical reactions
progress slowly compared with turbulence.

ITI. Numerical Method

The spatial derivatives are computed using a fourth-order accurate, linearly and non-linearly optimized
WENO scheme.”” This WENO scheme prevents oscillations near shock waves without introducing excessive
dissipation and offer high bandwidth resolution in smooth regions. Since the Riemann problem resulting
from WENO reconstruction is computationally expensive to solve exactly, an approximate Riemann solver
is used. One of the most commonly used approximate Riemann solvers is Roe scheme, which was derived
by Roe”” for perfect gas. For chemically reacting flows, the Roe scheme needs to be generalized to include
multicomponent and non-equilibrium effects.

To perform the numerical integration, we use a third-order accurate low-storage Runge-Kutta method by
Williamson.”” The viscous terms are computed using a fourth-order accurate central scheme. An extensive
description of code validation is given in Duan & Martin.

IV. Turbulence mechanisms

The chemical reactions act as energy sources within the turbulent boundary layer. Thus, we must address
the energy exchange between the turbulence and the chemical reactions. There are four energy exchange
mechanisms that take place in turbulent boundary layers: transport, production, dissipation and diffusion
of turbulence. The budget equation for the turbulent kinetic energy is

o -~ _0 _-
apk—i_wapk:Pk+Tk+Ht+Hd+¢dzf+¢dza (9)
where
P — Ty Ot
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and Py is the production due to the mean gradients, T} is the redistribution of turbulent kinetic energy, II;
is the pressure diffusion, and Il is the pressure dilation, ¢q4;f is the viscous diffusion, ¢4, is the viscous
dissipation. There are other terms that appear in the equation due to the Favre averaging, however these
terms are negligible. Note that v’ and u” represent fluctuations with respect to the Reynolds and Favre
averages of u, respectively.
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To study the turbulent internal energy we use the evolution equation for the temperature variance, which
is given by

D12
Dt = Pws + PgradT + Ptdil + Pudis + Ptdif + Ptp + Psdif (11)
where
Py, = flT’(Zw h9)
ws c,up - sitg
___ 9T
P,ra = 27" —
gradT Uy oz,
ou;
Orail = —Q’YTT’T]
Lj
Tii Oug
Podis — 2—L T’
pCy 0T
T" 0q,
iy o= 224
Pudif pCy 0T
8T’2
_ !
Pt =Y O
v 0 Ocy
sdif = 2——— D T’
Psdif p 0x; Z(P ax]-)

S

and P, is the production of temperature fluctuations due to the chemical reactions and h° is the heat
of formation of species s; Pyrqqr is the production of temperature fluctuations due to mean temperature
gradient; ¢4 is the transport of temperature fluctuations due to the temperature-dilatation correlation;
@udis Tepresents the viscous dissipation of kinetic energy into internal energy; ¢:q;r is the diffusion of tem-
perature fluctuations due to heat conduction ¢; = —x0T/0x;; and g4y is the redistribution of temperature
fluctuations due to the diffusion of species, where D is the species diffusivity and c¢s is the mass fraction
of species s. ¢y, is the convection of temperature fluctuation variance due to turbulence fluctuation; The
last term, gq;¢ is negligible since for our model reaction the gradients of species S1 and S2 are equal in
magnitude and opposite in sign.

V. Flow conditions

The boundary layer edge conditions chosen are Rep = 3023, M, = 4.0, T, = 4210K, and p. = 0.49kg/m3,
giving §7 = 1062. The wall temperature is chosen to be 4000K. These conditions are characteristic of post-
shock conditions of air-breathing vehicles and is high enough to induce chemical reactions in the boundary
layer. For this particular condition, the dominant reactions in the air are the dissociation-recombination of
oxygen. To simplify the analysis, we use the dissociation-recombination of oxygen, Oy + M = 20 + M to
represent the reactions in the air.

The flow field is initialized following the procedure given by Martin.”" The domain size is 7.1 x2.0d x 31.69
in stream-wise, span-wise, and wall normal directions to enclose a good statistical sample of the larges
structures. Here § is the boundary layer thickness. The grid resolution is 448 x 304 x 144 to resolve all
the turbulent scales from large energy containing eddies down to dissipative eddies. Periodic boundary
conditions are used in stream-wise and span-wise directions. The species mass fractions are initialized to the
their equilibrium values at the averaged temperature in order to isolate the effect of turbulent fluctuations.

Since this initial state is not physical, there will be an initial transient of flow field to physical state.
Figure 1 shows the temporal evolution of the friction velocity u,. Around 7, = 5, where 7 is non-dimensional
time unit defined as 7, = tu,/J, u, levels off, indicating the onset of equilibrium turbulence in the near-wall
region. Figure 2 plots the correlation between velocity fluctuation in stream-wise direction and temperature
fluctuation at 74 = 6,7, 8, indicating equilibrium of turbulence across the boundary layer. We gather statistics
from 7; = 8 to 7 = 12. During this period, the displacement thickness §* grows less than 5%, indicating
the time sampling is much shorter than the time scale for boundary layer growth and the time-developping
boundary layer can be viewed as a good approximation of a static boundary layer.
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VI. Results and Discussion

A direct numerical simulation of a chemically reacting turbulent boundary layer is performed. For
comparison purposes, we also run a simulation beginning from the same initial field but without chemical
reactions, as a reference state to show the effect of chemical reactions in the turbulence field.

VI.A. Effect of turbulence on reaction rate

Figure 3 shows the average production rate of oxygen molecule, wp,. Across the boundary layer, wo, is
negative, indicating the destruction of Oy or that the dissociation reaction is dominant over the recombination
reaction. Figure 4 shows the effects of turbulence fluctuations on reaction rate, where the amplification
k(T
15% due to turbulent fluctuations while the recombination reaction rate hardly changes, indicating different
sensitivities of reaction rate to turbulence. This can be explained as follows. The dissociation reaction
needs large activation energy to break the chemical bond of oxygen molecules and its reaction rate depends
exponentially on temperature, and temperature fluctuations significantly change reaction rate. In contrast,
the recombination reaction needs the third body to take away the extra energy and is not temperature
limited, so turbulent temperature fluctuations have very subtle influence on its reaction rate.

factor for reaction rates is introduced. The dissociation reaction rate is amplified by more than

VI.B. Temperature fluctuation variance < 77" >

Figure 5 plots the normalized temperature fluctuation variance across the boundary layer. Both the the
magnitude of mean temperature and temperature fluctuations in the reacting boundary layer is significantly
smaller than that for the non-reacting case in most part of boundary layer, indicating that the turbulence
has been damped by the chemical reactions. This may be explained by the fact that the overall effects of
chemical reactions are endothermic and they act as energy sinks within the turbulent boundary layer. The
reduction in the temperature fluctuations is consistent with the findings of Martin and Candler* concerning
the decay of isotropic turbulence. The contribution of chemical reaction to temperature fluctuation could be
further illustrated by using the evolution equation for the temperature variance. Figure 6 plots the budget
of the terms in the evolution equation for < T'T" >;, both near the wall and across the boundary layer.
Chemical production term P,, has a negative peak at around z* = 5 and goes gradually to zero when it
gets away from the wall.

The contribution of chemical reaction to temperature fluctuation could be further illustrated by using
the evolution equation for the temperature variance. Figure 6 plots the budget of the terms in the evolution
equation for < T'T" >;, both near the wall and across the boundary layer. Chemical production term
P, has a negative peak at around 2T = 5 and goes gradually to zero when it gets away from the wall.
P,s could be split into P, and P, to demonstrate the contributions due to dissociation reaction w; and
recombination reaction wy respectively, which are shown in Figure 7. P, is negative and P, is positive,
indicating the dissociation reaction damps turbulence while the recombination reaction enhances turbulence.
Also, the absolute value of P, is significantly larger than P, near the wall, indicating that the effect of the
dissociation reaction is dominant near the wall. Figure 6 also shows that the temperature dilation term ¢4
in Eq. 11 is dominant across the boundary layer except very near the wall, where viscous dissipation ¢,q;s
and thermal diffusion due to heat conduction ¢.4;¢ are dominant. This indicates that chemical reactions
influence turbulence fluctuations by the heat of reaction which causes volumetric flow expansion/contraction,
which is consistent with the previous findings. ™

VI.C. Reynolds stresses and TKE budget

Figure 8 plots the non-dimensional stream-wise, span-wise, wall-normal and shear Reynolds stresses across
the boundary layer. Figure 9 plots the non-dimensional turbulent kinetic energy across the boundary layer.
With chemical reactions, both Reynolds stresses and turbulent kinetic energy increases. Figure 10 plots
the non-dimensional turbulent kinetic energy (TKE) budget both near the wall and across the boundary
layer. With chemical reactions, every term in the evolution equation of TKE budget has an increase in
the peak value, and the location of the peak shifts toward the wall relative to the non-reacting case. As
endothermic reactions are dominant, the average temperature decreases significantly across the boundary
layer 5b relative to the non-reacting case. Since the wall temperature remains unchanged, the temperature
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gradient decreases near the wall and the turbulence mixing will be enhanced by the steeper turbulence
structures, as it is observed in turbulent boundary layer heat-transfer studies.”” Figure 11 shows a better
collapse of data when using a coordinate transformation that takes into account the variation in density and
temperature across the boundary layer. This transformation is given by (T = foz %dz. The location of
maximum and minimum values of the budget terms is nearly the same for reacting and non-reacting cases.
It is shown that the production term is larger for the reacting case across the layer. This is further evidence
of the increased turbulence mixing due to the change in the temperature profile. Additional turbulence

structure analysis are desirable. The pressure-dilation remains relatively unchanged.

VI.D. Turbulence-chemistry interaction

Figure 12 shows the normalized magnitude of the fluctuations in temperature and mass fraction of Os across
the reacting boundary layer. Both the temperature fluctuation and species concentration fluctuation profiles
have two peaks, and the peak locations for the two profiles are nearly the same, with one near the wall and the
other near z/§ = 0.9. The similarity in the two profiles indicates a strong turbulence-chemistry interaction.
In addition, it can be seen that the maximum temperature fluctuation is a bit less than 5% of the average,
while the maximum species concentration fluctuation is more than 30% of the average, indicating that a
relative small temperature fluctuation would cause a large fluctuation in chemical composition.

To further illustrate turbulence-chemistry interaction effects, Figure 13 plots the correlation between
temperature fluctuation and mass fraction fluctuation of Oy. When chemical reactions are introduced, the
correlation increases significantly, especially near the wall around the peaks of < T'T" > / < T > and
<dd >/ < ¢ >p0,, indicating the strongest interaction happens near the wall, in the buffer layer of the
boundary layer for this particular condition.

VII. Conclusion

In the hypersonic boundary layer, turbulent fluctuations have different influence on recombination and
dissociation reactions. For the conditions chosen, temperature fluctuations significantly amplify the rate
of dissociation. In contrast, the rate of recombination reaction is nearly unchanged due to temperature
fluctuation. Recombination reaction enhances the magnitude of temperature fluctuations, while dissociation
reaction has the opposite effect. For this particular condition, the net effect of forward and backward
reactions is to damp the magnitude of temperature fluctuations. Temperature fluctuations cause large
fluctuations in species composition. Chemical reactions have a subtle influence of the TKE. The dominant
forward (endothermic) reaction changes the temperature profile, which influences the turbulence mixing
while enhancing turbulence production.
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Figure 1. Temporal evolution of the normalized friction velocity

Figure 2. Correlation of stream-wise velocity fluctuation and temperature fluctuation across the boundary layer at
different time instances
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Figure 5. (a) Normalized magnitude of temperature fluctuation variance < 77’ > / < T > and (b) mean temperature
<T >/ < T, > across the boundary layer.
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Figure 6. Budget of the terms in the evolution equation for < 7'T’ >, (a) near the wall and (b) across the boundary
layer. The terms are normalized using ui/szT.
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boundary layer.
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