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In this paper, we investigate the effect of turbulence fluctuations on

surface heating rate by conducting direct numerical simulations (DNS) of

reacting hypersonic turbulent boundary layers at conditions typical of reen-

try vehicles. Surface heat fluxes, including conductive heat flux and cat-

alytic heat flux, are computed and compared for both supercatalytic and

noncatalytic walls. At all conditions considered, it is found that turbulence

fluctuations cause large fluctuations in surface heat flux. The instantaneous

heat load on the surface can be as large as about 1.7 times the mean value for

the condition considered. Turbulence fluctuations have subtle influence on

the mean heating rate. We also find that the effect of turbulence-chemistry

interaction on surface heating rate is insignificant at all conditions consid-

ered.

Nomenclature

t time

x streamwise coordinate

y spanwise coordinate

z wall-normal coordinate

R̂ universal gas constant, 8.314, J/(mole·K)

κ mixture thermal conductivity, J/(K·m·s)

µ mixture viscosity, kg/(m·s)
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ρ density, kg/m3

σij shear stress tensor, σij = 2µSij −
2
3
µδijSkk, Pa

cp specific heat at constant pressure, J/(kg·K)

cv specific heat at constant volume, J/(kg·K)

D mixture mass diffusivity, m2/s

E total energy, J/m3

h specific enthalpy, J/kg

h◦ heat of formation, J/kg

kb backward reaction coefficient

kf forward reaction coefficient

Keq equilibrium constant

M molecular weight, kg/mole

p pressure, p =
∑

s ρs
R̂

Ms
T , Pa

Pr Prandtl number, Pr = µCp
κ

q heat flux, qj = −κ ∂T
∂xj

, J/(m2·s)

Sij strain rate tensor, Sij = 1

2
(∂ui/∂xj + ∂uj/∂xi), s-1

T translational temperature, K

u mass-averaged velocity, m/s

v diffusion velocity, m/s

w production rate, kg/(m3·s)

Subscripts

δ boundary layer edge quantity

a, m atom, molecule

i, j Cartesian coordinate directions or species

n wall normal direction

s species variable

w wall quantity

I. Introduction

One of the most important tasks in designing hypersonic vehicles is to predict aerothermo-

dynamic heating. When the boundary layer on hypersonic vehicles is turbulent, fluctuations

appear in the temperature and species composition, which in turn introduce fluctuations in

the surface heating rate. Although the mean heating rate can be predicted fairly accurately

by some widely used engineering codes [1], the fluctuations in surface heat flux are still

largely uncertain.
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Another factor that is typically neglected in hypersonic vehicle design is the turbulence-

chemistry interaction. For a turbulence flow, fluctuations in the species production rate

ws(T, ρs) are caused by fluctuations in temperature and species composition. Because of the

nonlinear dependence of ws on its parameters, we have

ws(T, ρs) 6= ws(T , ρs)

and the difference is due to the turbulence-chemistry interaction. Although turbulence-

chemistry interaction is studied extensively in the field of combustion, [2–8], and has been

found extremely important for predicting combustion quantities, such as burning rates and

ignition delay, its influence on surface heating rate for hypersonic applications is still largely

unknown.

In this paper, we consider two configurations under typical hypersonic conditions to

estimate the magnitude of the fluctuating heating rates and assess errors in predicting surface

heat flux when neglecting the chemistry-turbulence interaction. In particular, we consider a

slender body resembling the configuration and flow conditions of the Reentry F experiment [1]

, and a blunt body configuration.

The paper is structured as follows. The governing equations and numerical methods for

DNS are given in Sections II and III, respectively; the surface heat flux calculation and

surface catalytic boundary conditions are introduced in Section IV; Flow conditions are

given in Section V; Results are presented in Section VI. Finally, conclusions are drawn in

Section VII.

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

∂ρs

∂t
+

∂

∂xj

(

ρsuj + ρsvsj

)

= ws

∂ρui

∂t
+

∂

∂xj

(

ρuiuj + pδij − σij

)

= 0 (1)

∂E

∂t
+

∂

∂xj

(

(E + p)uj − uiσij + qj +
∑

s

ρsvsjhs

)

= 0
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The total energy E is given by

E =
∑

s

ρscvsT +
1

2
ρuiui +

∑

s

ρsh
◦

s, (2)

In general, ws is a function of temperature and species composition, i.e. ws = ws(T, ρs).

To derive the explicit expression for ws, consider a reaction where species S1 reacts to form

species S2

S1 + 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

wS1 = −MS1kf
ρS1

MS1

(

ρS1

MS1

+
ρS2

MS2

)

+ MS1kb
ρS2

MS2

(

ρS1

MS1

+
ρS2

MS2

)

= wf + wb (4)

and wS2 = −wS1; kf and kb are forward and backward reaction rates respectively. These are

written as

kf = CfT
ηe−θ/T , kb =

kf

Keq
, (5)

where Keq is the temperature-dependent equilibrium constant.

For a two species mixture, the diffusive mass flux can be accurately represented using

Fick’s law

js = ρsvsj = −ρD
∂cs

∂xj
, (6)

and D is given in terms of the Lewis number

Le =
ρDPr

µ
, (7)

µ and κ are calculated by Gupta [9]-Yos [10] 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.

III. Numerical Methods

The spatial derivatives are computed using a fourth-order accurate WENO scheme [11].

The WENO scheme prevents oscillations near shock waves without introducing excessive

dissipation and offer very high resolution in smooth regions. Since the Riemann problem re-

sulting from WENO reconstruction is computationally expensive to solve exactly, an approx-

imate Riemann solver is used. One of the most commonly used approximate Riemann solvers

is Roe scheme, which was derived by Roe [12] for perfect gas. For chemically reacting flows,
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the Roe scheme needs to be generalized to include multicomponent and non-equilibrium

effects [13].

To perform the numerical integration, we use a third-order accurate low-storage Runge-

Kutta method by Williamson [14]. The viscous terms are computed using a fourth-order

accurate central scheme. An extensive description of code validation is given in Duan &

Martin. [15]

IV. Heat Transfer and Catalysis

In a chemically reacting flow, the heat transfer to a surface is composed of the usual

conduction term plus an additional term, which results from diffusion of species to the

surface and depends on the catalytic property of the surface. We can write this as

qtotal = qcond + qcata = κ
∂T

∂z
+

ns
∑

s=1

ββh◦

sjs (8)

where βi is the chemical energy accommodation coefficient, which is the ratio of chemical

energy transferred to the surface compared to the available energy from recombination and

is taken to be unity in the current simulations; and js is the normal diffusive mass flux given

by Fick’s law.

In the case of a noncatalytic wall in a binary mixture, the species concentration gradient

is zero at the wall.
∂ca

∂z
= −

∂cm

∂z
= 0 (9)

Another limiting case is a supercatalytic wall, which assumes that all the atoms at the surface

recombine. The corresponding boundary condition for atomic species becomes

ca = 0

V. Flow conditions

We evaluate the influence of turbulence fluctuations on the surface heating rate under

two typical hypersonic conditions, which are denoted by Angle32 and Angle05. These cases

represent the boundary layer on configurations with half cone angle of 32◦, typical of a blunt

body reentry vehicle, and 5◦, similar to the Reentry F experiment. Both configurations are

assumed to fly at 80, 000 ft with a Mach number of 21. The boundary layer edge conditions

and wall parameters are given in table 1, which provides edge Mach number, density, and

temperature, Mδ, ρδ and Tδ, respectively, and boundary property: momentum thickness, θ,

shape factor, H = δ∗/θ, where δ∗ is the displacement thickness, boundary layer thickness
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δ, and different definitions of Reynolds number, where Reθ ≡ ρδuδθ
µδ

, Reτ ≡ ρwuτ δ
µw

, and

Reδ2 ≡
ρδuδθ
µw

.

Case Mδ ρδ(kg/m3) Tδ(K) Tw(K) Reθ Reτ Reδ2 θ(mm) H δ(mm)

Angle32 4.37 0.467 3326.1 2400 672.5 394.7 784.4 0.03 2.70 0.314

Angle05 14.1 0.115 656.4 3000 2886.8 388.8 1033.2 0.170 33.5 7.52

Table 1. Dimensional bounday layer edge and wall parameters for direct numerical simulations

Under these conditions, the dominant reactions in the air are the dissociation-recombination

of oxygen, O2 +M ⇀↽ 2O +M , which we use as reaction mechanism to simplify the analysis.

For each case, both noncatalytic and supercatalytic walls are considered.

The flow field is initialized following the procedure given by Martin [16]. The domain size

is about 8δ × 2δ × 15δ in stream-wise, span-wise, and wall normal directions. The number

of grid points is 440× 240× 125. Periodic boundary conditions are used in stream-wise and

span-wise directions.

Since the initial state is not physical, there is an initial transient of flow field to physical

state. Figure 1 shows the temporal evolution of the friction velocity uτ for Angle32 with

supercatalytic wall condition. Around τt = 0.2, where τt is non-dimensional time unit defined

as τt = tuτ/δ, uτ levels off, indicating the onset of equilibrium turbulence in the near-wall

region. For the same case, Figure 2 plots the correlation between velocity fluctuation in

stream-wise direction and temperature fluctuation at τt = 0.2, 0.6, 1.0, indicating equilibrium

of turbulence across the boundary layer. We gather statistics from τt = 0.2 for around 0.6

non-dimensional time unit, which corresponds to about 60δ∗/uδ. During this period, the

change in (δ∗, uτ , Cf) is less than 5% and the flow can be viewed as a good approximation

of a static station of a boundary layer. [16, 17]. Figure 3 plots the van-Driest transformed

velocity, and Figure 4 plots the Morkovin-scaled turbulence intensities, which resemble those

of a non–reacting boundary layer. A similar approach for gathering statistics is followed by

all the other cases, and similar results are found.

VI. Results and Discussions

For simplicity, we use notations Angle32sup, Angle32non, Angle05sup and Angle05non

to denote simulations of Angle32 with supercatalytic wall and noncatalytic wall, Angle05

with supercatalytic and noncatalytic walls, respectively.
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A. Surface heat flux

We calculate the mean and RMS of qcond, qcata and qtotal for all cases. To measure the

influence of turbulence fluctuations on the mean heat flux, we define the amplification factor

as follows:

ηq ≡
q(T, ρs)

q(T , ρs)

We will refer to the numerator as the ’turbulent’ heat flux and the denominator as the

’laminar’ heat flux. The ’laminar’ heat flux is the heat flux we would compute if there were

no turbulence fluctuations in temperature and species composition. If the ratio is close to

one, the turbulence fluctuations do not contribute significantly to the mean heat flux.

Table 2 provides mean values, RMSs and amplification factors of qcond, qcata and qtotal for

all cases. It is shown that for all the cases, turbulence fluctuations cause large fluctuations

in heat flux. For the case Angle05non, the magnitude of the fluctuation in total heat flux is

as large as 73% of the mean value.

However, for all cases, the amplification factors for qcond, qcata and qtotal are close to

unity, indicating that fluctuations in temperature and species composition have nearly no

influence on the mean surface heating rates. This is not unexpected. Since the thermal

conductivity and the mass diffusivity are weak functions in T and ρs and can be considered

nearly constant, Equation 8 shows that qcond, qcata and qtotal are linear functions in T and

ρs. As a result, q(T, ρs) ≈ q(T , ρs). This is quite different for the case for species production

rate ws, which has highly nonlinear dependence on the flow parameters, primarily on the

temperature.

Case qcond qcata qtotal (q′rms/q)cond (q′rms/q)cata (q′rms/q)total ηqcond
ηqcata

ηqtotal

Angle32sup 3.16e7 1.27e7 4.43e7 0.56 0.36 0.49 1.00 1.00 1.00

Angle32non 3.22e7 0.00 3.22e7 0.52 0.0 0.52 1.00 1.00 1.00

Angle05sup 2.05e6 0.73e6 2.78e6 0.81 0.35 0.68 1.00 1.00 1.00

Angle05non 1.81e6 0.00 1.81e6 0.73 0.00 0.73 1.00 1.00 1.00

Table 2. Mean values, RMSs and amplification factors of qcond, qcata and qtotal. The unit of
qcond, qcata and qtotal is W/m2.

B. Turbulence-chemistry interaction

We investigate the effect of turbulence-chemistry interaction on surface heat rating by doing

simulations at the same freestream and wall conditions as cases in Table 2, except modeling

7 of 11



ws using ws = ws(T̄ , ρ̄s) for each case, where T̄ and ρ̄s are mean temperature and species

density, respectively. By modeling ws in this way, we neglect the influence of temperature

and species composition fluctuations on production rate and as a result neglect the effect of

turbulence-chemistry interaction. Heat fluxes are then calculated and compared with those

including turbulence-chemistry interaction. Table 3 shows the relative difference in heat

fluxes with and without considering turbulence-chemistry interaction for all cases. In the

table, we denote the mean and RMS of heat fluxes without considering turbulence-chemistry

interaction as q̃ and q′′rms, respectively. It is shown that turbulence-chemistry interaction has

very subtle influence on the mean and RMS of heat fluxes for all cases, with maximum

difference around 7%.

Case | q̃−q
q
|cond | q̃−q

q
|cata | q̃−q

q
|total | q

′′

rms−q′rms

q′rms
|cond | q

′′

rms−q′rms

q′rms
|cata | q

′′

rms−q′rms

q′rms
|total

Angle32sup 0.30% 0.32% 0.12% 0.53% 1.62% 0.64%

Angle32non 0.32% 0.00% 0.32% 3.64% 0.00% 3.64%

Angle05sup 2.52% 4.13% 0.76% 2.70% 6.84% 3.40%

Angle05non 2.12% 0.00% 2.12% 2.87% 0.00% 2.87%

Table 3. Relative difference in mean and RMS of qcond, qcata and qtotal with and without
including turbulence-chemistry interaction.

VII. Conclusions

We conduct DNS of turbulence boundary layers at typical hypersonic conditions to in-

vestigate the influence of turbulence fluctuations as well as turbulence-chemistry interaction

on surface heating rates. For the conditions considered, it is found that turbulence fluctu-

ations cause large fluctuations in surface heat flux, while they have nearly no influence on

the mean heat flux. It is also shown that the effect of turbulence-chemistry interaction has

minor influence on surface heat flux. It should be noticed that the turbulence-chemistry

interaction is weak for the chosen conditions.
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Figure 1. Temporal evolution of the normalized friction velocity
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Figure 2. Correlation of stream-wise velocity fluctuation and temperature fluctuation across
the boundary layer at different time instances
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Figure 4. Morkovin scaled turbulent intensities
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