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Recent escalating interest in the development of highly maneuverable hypersonic vehicles demands sharp leading

edges. However, sharp leading edges induce severe aerothermal conditions where conventional passive or ablative

thermal protection systems fail to protect the leading edge. Here, we numerically demonstrate transpiration cooling

employing oxide coolants as a new alternative system to thermally protect sharp leading edges. We parametrically

characterize the performance of transpiration cooling for various coolant properties, flight conditions, and leading

edge radii using a semi-analytic boundary-layer model validated with third-order direct numerical simulations. We

furtherutilize direct numerical simulation to examine the impact of the thermochemical behavior of oxide vaporswith

the external hypersonic flow on transpiration cooling.Our findings donot readily alignwith an optimal set ofmaterial

properties for transpiration cooling. Instead, certain coolant properties are more appropriate for various flight

conditions and leading edge sizes. Our results also demonstrate that the thermochemical interactions between the

oxide vapors and the external hypersonic flow have a negligible impact on the performance of transpiration cooling.

Our study provides numerical frameworks to evaluate the performance of transpiration cooling and optimize the

coolant properties for various flight conditions to protect sharp leading edges, which are paramount across

hypersonic applications.

Nomenclature

C = mass fraction
cp = specific heat, J∕�kg ⋅ K�
D = binary or mixture diffusion coefficient, m2∕s
e = specific energy, J/kg
f = similarity stream function
h = specific enthalpy, J/kg
j = diffusive mass flux, kg∕�m2 ⋅ s�
k = thermal conductivity,W∕�m ⋅ K�
L = latent heat of evaporation, J/mol
Le = Lewis number, ρcpD∕μ
M = molar mass, kg/mol
_m = mass flux, kg∕�m2 ⋅ s�
P = pressure, Pa
Pr = Prandtl number, cpμ∕k
Q = vibrational energy source
R = universal gas constant, J∕�mol ⋅ K�
Rb = leading edge radius of curvature, m
r = distance from axisymmetric line to surface, m
T = temperature, K
un = velocity in nth direction, m/s
V = velocity, m/s
X = mole fraction
x = distance along surface, m
y = distance normal to surface, m
α = accommodation coefficient
ϵ = emissivity
θ = nondimensional temperature
μ = viscosity, Pa ⋅ s

ρ = density, kg∕m3

ω = species source term

Subscripts

a = atomic air species
c = evaporating species
e = boundary-layer edge
eq = equilibrium or saturation
k = vaporizing species
o = stagnation point
s = surface
T = translational
v = vibrational

I. Introduction

H YPERSONIC flight is a critical aspect of space exploration,
aviation, and national security. In recent years, interests in the

development of hypersonic vehicles with sharp leading edges have
surged to achieve superiormaneuverability and tomaximize the lift-
to-drag ratio. However, as the curvature of the leading edge
decreases, the severity of aerothermal heating increases exponen-
tially [1,2]. A leading edge curvature of the order of a millimeter
experiences stagnation heat fluxes of the order of 10 MW∕m2,
making it essential to develop a highly effective thermal protection
system (TPS) for sharp leading edges. Traditional TPS technolo-
gies, such as radiative surfaces or ablative heat shields, are inad-
equate for these demands. Refractory materials often used as
radiative surfaces, such as carbon-fiber-reinforced carbon compo-
sites [3,4], are susceptible to oxidation and weight loss, especially
when dealing with sharp leading edges where the stagnation heat
fluxes can easily surpass the limits of thermal radiation cooling.
Ablative heat shields [5], such as those made using phenolic
impregnated carbon ablator (PICA) [6,7], can endure higher rates
of heating, but they undergo significant shape change as thematerial
ablates. Hence, TPS capable of mitigating substantial heating with-
out inducing shape alteration during flights, such as transpiration
cooling employing gases, liquids [8,9], or electrons [10–12], is
imperative.
Transpiration cooling using gas or a liquid coolant is a promising

technology for providing effective thermal protection to sharp lead-
ing edges [8,9]. This TPS involves a porous leading edge through
which a working fluid flows to absorb and dissipate heat at the
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surface. For gaseous transpiration cooling, coolant gas is injected by
an applied force through the porous leading edge. Cold gas from the
reservoir exchanges energy with the hot leading edge to absorb the
heat before discharging into the external flow.While previous studies
have demonstrated the effectiveness of gaseous transpiration cooling
in simulated hypersonic environments [13–21], such systems require
a large mass flow rate and a large reservoir volume, which could lead
to decreased lift-to-drag ratios.
To overcome the limitations of gas transpiration cooling, recent

studies [22–28] explored transpiration cooling utilizing liquid cool-
ants that take advantage of the latent heat of phase change. Figure 1
depicts the schematic of transpiration-cooling TPS using liquid cool-
ants. In this TPS, the liquid coolant flows from a reservoir inside the
flight vehicle through a porous leading edge by the external pressure
and/or the internal capillary force. Once the liquid coolant reaches the
surface, it absorbs the incident heat flux from the external hypersonic
flow through a liquid-to-vapor phase change and discharges into the
hypersonic flow as vapor.
The potential of transpiration cooling using liquid coolant has been

demonstrated by various experimental studies. For example, Van
Foreest et al. [22] experimentally showed the effectiveness of tran-
spiration cooling by subjecting a leading edge composed of porous
alumina ceramic to a simulated hypersonic flow using an arcjet test
facility. They used liquid water as the working fluid and reduced
the maximum stagnation temperature of the leading edge from 1900
to 500 K. However, the TPS required an external system to deliver
the coolant through the leading edge, which can be expensive
and cumbersome for practical hypersonic vehicles. To eliminate the
use of an external pumping system, Huang et al. [27] incorporated
transpiration cooling that solely relied on capillary action to deliver
the flow. They subjected a circular copper coupon equipped with
transpiration cooling using liquid water as the coolant and a hydro-
philic porous medium to facilitate the capillary action. They success-
fully maintained the maximum temperature of the coupon below

373K. However, their system was limited to a maximum heat
flux of 1 MW∕m2 due to the self-pumping capability of the porous
media.
To address the above challenges of transpiration cooling using

water, we demonstrate a new concept of transpiration cooling using
oxides as the working fluid in our study. In this TPS, solid oxide may
be delivered toward the leading edge using amechanical system such
as a spring–piston assembly. The solid melts, and then the molten
liquid flows through the porous medium to reach the surface. The
liquid evaporates at the surface to absorb the incident heat flux and
discharges into the external hypersonic flow. Figure 2 depicts a
schematic of transpiration cooling utilizing oxide coolant. Oxide
coolants provide several advantages over water. High surface ener-
gies of molten oxides can increase the internal capillary force and
thereby enhance the capillary-driven flow through the porous leading
edge. This reduces or potentially eliminates the need for an external
liquid pumping system. Furthermore, oxides provide great chemical
resistance against the highly energetic atomic oxygen present in the
hypersonic flow. Their wide range of available material properties
also facilitates material selection that maximizes the performance
of transpiration cooling for a given flight trajectory or application.
Previous studies on gas transpiration cooling [13] have shown that
certain material properties, such as heat capacity andmolar mass, can
significantly influence the capability of TPS. For transpiration cool-
ing using liquid coolant, other material properties, including the
latent heat of phase change and the saturation temperature, are also
critical.
Many previous works [25,29–34] have numerically characterized

the evaporation process in hypersonic flows. However, these studies
assumed the evaporating surface to be in a state of thermodynamic
equilibrium. This assumption is only valid when the maximummass
transfer rate at the surface is limited by the diffusion rate through the
boundary layer. At the stagnation point of sharp leading edges, the
maximum mass diffusion rate through the boundary layer can be

Fig. 1 Schematic of transpiration-cooling TPS utilizing liquid coolant and porous leading edge.

Fig. 2 Schematic of transpiration-cooling TPS utilizing oxide coolant.
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significant, potentially exceeding the maximum mass transfer rate

predicted by the kinetic theory [35,36]. The thermodynamic equilib-

rium assumption can thereby lead to considerable underprediction of

the surface temperature [37,38]. An unexpectedly high surface tem-

perature is of great concern since it can lead to the twomainmodes of

failure of the TPS: softening or melting of the porous leading edge

and nucleation of vapor bubbles within the porous flow paths, which

disrupt the coolant flow to the surface and cause surface dry-out

[25,39]. Recent studies of the turbulence transition and recession of

molten oxide layers during ablation have considered thermodynamic

nonequilibrium conditions at the surface to characterize heat and

mass transfer along the leading edge surface [40–43]. But to our

knowledge, there has been no systematic study of evaporative tran-

spiration cooling accounting for thermodynamic nonequilibrium

conditions.

In this study, we numerically illustrate the potential of transpi-

ration cooling using oxide coolants as a new alternative system to

thermally protect sharp leading edges. We study evaporative tran-

spiration cooling under thermodynamic nonequilibrium condi-

tions and examine the effects of coolant material properties,

flight conditions, and leading edge radii on the surface temper-

ature, evaporative mass flux, and boiling limit. To this end, we

utilize both the 2D axisymmetric boundary-layer theory and direct

numerical simulation (DNS) utilizing a third-order shock-fitting

finite difference scheme considering steady-state solutions with

thermochemical nonequilibrium to model the evaporation process

over a sharp, hemispherical leading edge. In the following, we first

present a semi-analytic model using the boundary-layer theory

derived at the stagnation point to parametrically characterize the

TPS performance over a wide range of flight conditions, leading

edge radii, and material properties. We then discuss the results

from DNS for nine representative flight conditions and a set of

seven representative materials to validate the boundary-layer

model. Using DNS, we further analyze the effect of chemical

reactions between the oxide vapor and the external hyper-

sonic flow.

II. Hypersonic Flow Models

A. Semi-Analytic Boundary-Layer Model

We develop a semi-analytic model derived from the 2D axisym-

metric boundary-layer theory to parametrically investigate the eva-

poration process at the stagnation point of a sharp, hemispherical

leading edge.A schematic of themodel is shown in Fig. 3.We assume

a frozen boundary layer with a ternary mixture of molecular air,

dissociated air, and oxide vapor. The governing steady-state equa-

tions are [44]

∂
∂x

�ρuxr� �
∂
∂y

�ρuyr� � 0 (1)

ρux
∂ux
∂x

� ρuy
∂ux
∂y

� −
∂P
∂x

� ∂
∂y

μ
∂u
∂y

(2)

ρ ux
∂h
∂x

� uy
∂h
∂y

� ux
∂P
∂x

� μ
∂u
∂y

2

� ∂
∂y

k
∂T
∂y

−
i

ji
∂hi
∂y

(3)

ρux
∂Ci

∂x
� ρuy

∂Ci

∂y
� ∂

∂y
�ρiji� � 0 (4)

Equations (1–4) represent the conservation of mass, momen-
tum, energy, and species, respectively. We assume that the mass
transfer within the boundary layer is dominated by Fick’s diffu-
sion, where the diffusive mass flux j in Eqs. (3) and (4) is given
as [45]

ji �
j≠i

MiMj

M2
ρDij

∂Xj

∂y
(5)

for a system consisting of more than two species. The diffusive
flux is then related to the surface mass transfer rate by the
following equation:

_mc;s �
jc;s

1 − Cc;s

(6)

Weuse the Lees–Dorodnitsyn transformation [44] to transform the
governing partial differential equations to ordinary differential equa-
tions as a function of the similarity variable η. The transformation
defines η as

η � ue

2ε
p y

0

ρr dy (7)

where ε is defined as

ε �
x

0

ρsμsuer
2 dx (8)

Thus, the governing equations are

�lf′′� 0 � ff′′ � 1

2

ρe
ρ
− f 02 � 0 (9)

l

Pr
cpθ

0
0
� fcpθ

0 −
l

Pr

θ 0

M2
i

cp;iMi
j≠i

MiLeijX
0
j � 0

(10)

Mi

M
f

M 0

M
Xi − X 0

i � l

Pr

1

M2
j≠i

MiMjLeijX
0
j

0
� 0 (11)

where each prime symbol denotes differentiation with respect to
the similarity variable. f is the similarity stream function defined
such that f 0 � u∕ue and θ is the nondimensional temperature
defined as T∕Te. We consider the boundary-layer edge conditions
to equal those behind a normal shock under chemical equilibrium.
For a given flight condition, the edge conditions are obtained from
Wittliff and Curtis [46]. We assume that the leading edge surface is
impermeable and fully catalytic to the air species. Note that,
because the surface is fully catalytic, the surface heat and mass

Fig. 3 Schematic and the coordinate system at the stagnation point of a
hypersonic leading edge.
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transfer behavior at the surface are virtually identical under both

frozen and local equilibrium assumptions [2]. The boundary con-

ditions for Eqs. (9–11) are

η � 0∶ f � fs η → ∞∶ f 0 � 1

f 0 � 0 θ � 1

θ � θs Ca � Ca;e

Ca � 0 Ck � 0

Ck � Ck;s

We use the shooting method [47] to convert the boundary value

problem to an initial value problem at the surface. The values of f′′,
θ 0, C 0

a, and C 0
k are numerically iterated to obtain the solution that

satisfies the above boundary conditions.

B. Thermochemical Nonequilibrium DNS

To more rigorously model the complex thermochemical behavior

of the hypersonic flow in the presence of evaporative transpiration,

we utilize a steady-state flow solver with a third-order finite differ-

ence scheme and a shock-fitting algorithm to solve the governing

equations. Details of the model and validation of its solutions against

experimental data can be found in [40,41,48,49]. The governing

equations are formulated for thermochemical nonequilibrium flows

using 5� n nonionizing species (N2,O2, NO,N,O, and oxidevapor)

and a two-temperaturemodel. The two-temperaturemodel represents

the translational and rotational energy, which are assumed to be in

equilibrium, and the vibrational energy. Rotational energy modes

are assumed to be fully excited. The resulting governing equations

are the 5� n mass conservation equations, three momentum-

conservation equations, total energy conservation equation, and

vibrational energy conservation equation. In the vector form, the

governing equation is

∂U
∂t

� ∂Fj

∂xj
� ∂Gj

∂xj
� W (12)

where U represents the state vector of conserved quantities, Fj

represents the inviscid flux vector, Gj represents the viscous flux

vector in jth direction, andW represents the source terms. U andW
are defined as

U �

ρi

:::

ρN

ρux

ρuy

ρuz

ρe

ρev

W �

ωi

:::

ωN

0

0

0

0

NMS
j�1 �QT−V;j � ωjev;j�

(13)

where subscriptN is the number of species, and superscript “NMS” is
the number of molecular species. Fj and Gj are defined as

Fj �

ρ1uj

:::

ρNuj

ρuxuj � pδ1j

ρuyuj � pδ2j

ρuzuj � pδ3j

�p� ρe�uj
ρevuj

Gj �

ρ1v1j

:::

ρNvN;j

τ1j

τ2j

τ3j

−uiτij − kT
∂T
∂xj

− kv
∂Tv

∂xj
� NMS

k�1 ρkhkvk;j

−kv
∂Tv

∂xj
� NMS

k�1 ρkhkvk;j

(14)

Here, νk;j is the species diffusion velocity, defined as νk;j �
�−Dk∕Ck�∂Ck∕∂xj, and τi;j is the viscous stress tensor, defined as

τi;j � μ�∂ui∕∂xj � ∂uj∕∂xi� − δij�2μ∕3�∂uk∕∂xk. We define the

total energy per unit volume as

ρe �
N

i�1

ρicv;iT � ρev �
1

2
ρ�u2x � u2y � u2z� � ρih

∘
f;i (15)

where h∘f;i is the heat of formation at the standard conditions and cv;i
is the translation-rotation specific heat at constant volume. We also

define the total vibrational energy per unit volume as

ρev �
NMS

i�1

ρi

NMD

j�1

gi;jR

Mi

θv;i;j
exp�θv;i;j∕Tv� − 1

(16)

Here, “NMD” denotes the number of vibrational modes for molecule

i, θv;i;j is the characteristic temperature of each vibrational mode, and

gi;j is the degeneracy of each vibrational mode. Characteristic vibra-

tional temperatures and the degeneracy of molecular air species

(N2, O2, and NO) are taken from Park [50].
We characterize the energy exchange between the translational–

rotational and vibrational temperatures using the Landau–Teller for-

mulation given as

QT−V;i � ρi
ev;i�T� − ev;i�Tv�

hτii � τcs
(17)

where hτii is the Landau–Teller vibrational relaxation time given by

Lee [51] and τcs is from Park [50].

C. Evaporation and Chemistry Model

To characterize the evaporation process under thermodynamic

nonequilibrium conditions, we use the Hertz–Knudsen equation

4 Article in Advance / KO ETAL.

D
ow

nl
oa

de
d 

by
 U

C
L

A
 L

ib
ra

ry
 L

ic
. &

 E
-R

es
. A

cq
. o

n 
O

ct
ob

er
 4

, 2
02

4 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/1
.T

69
91

 



[38,41,42] derived from the kinetic theory. For an evaporating species

c, the mass transfer rate due to evaporation at the surface is

_ms � α
M

2πRTs

�Peq − Ps� (18)

wherePeq is the saturation pressure at a given surface temperature for
species c as calculated by the integrated form of the Clausius–

Clapeyron equation:

Peq � P� exp
L

R

1

T� −
1

Ts

(19)

The superscript “�” indicates the saturation condition at 1 atm
pressure. The accommodation coefficientα depends on themolecular

collisions at the liquid–gas interface.We assume α to be equal to one,
which is typical for most liquids [35]. By incorporating the Hertz–
Knudsen equation, the evaporative mass flux at the surface depends

on both the surface temperature and the mole fraction. The mass
transfer rate is then coupled to the mass diffusion behavior through

the boundary layer of the external hypersonic flow by Eq. (6).
The energy exchange due to the phase change is also coupled

between the surface and the flow by the conservation of energy at the
surface

kT
∂T
∂y

� kv
∂Tv

∂y
�

i

ρhiD
∂Ci

∂y
� σϵT4 � _m

i

Cihi;o (20)

where σ is the Stefan–Boltzmann constant, and hi;o is defined as

hi;o � cp;iT � ev;i � h∘f;i �
1

2
u2x � u2y � u2z (21)

We assume that the radiative heat flux from the external hypersonic

flow to the surface is negligible. We also assume that the conductive
heat flux into the leading edge increases the temperature of the liquid

coolant from room temperature to the surface temperature.
We estimate the viscosity and thermal conductivity of air and

evaporated species using Blottner’s relationship [49,52]. For air
species, we obtained the coefficients from Blottner et al. [52] and

Gupta et al. [53]. For evaporating species, we use rigid-sphere kinetic
theory to estimate the transport properties [45]. We estimate the

kinetic diameter of evaporated species as a linear function of their
molar mass using the data presented in [54]. We then calculate the

mixture’s viscosity and thermal conductivity using Wilke’s semi-
empirical relationships [55]. We also assume that the diffusivity of
each species is equal to the mixture diffusivity as determined by the

mixture viscosity and a constant Schmidt number of 0.5 [49].
We consider a range of latent heats of evaporation from 100 to

800 kJ/mol, molar masses from 10 to 200 g/mol, andT� from 1500 to

3500 K. We chose these ranges to encompass those of typical oxides
obtained from [56], as shown by the shaded regions in Fig. 4. Values
within the dashed rectangles are used to perform the parametric study
using the boundary-layer model. Our DNS model uses a set of seven
different representative materials, marked with symbols in Fig. 4,
with properties emulating those of typical oxides. The properties of
these seven materials are also tabulated in Table 1.
Our DNS model implements a chemical nonequilibrium model

for air species consisting of three dissociation reactions and three
exchange reactions. We obtain the forward reaction rates and equi-
librium constants of each reaction from Park [57], Bhutta and Lewis
[58], and Park et al. [59]. The backward reaction rates and constants
are calculated from the forward rates and equilibrium constants using
the following relationship:

Kback �
Kforward

Keq

(22)

The equilibrium constants are computed either using the curve fits
from Park and McBride [50,60] or using the Gibbs free energy of
formation of the corresponding reaction obtained fromNIST-JANAF
thermodynamic table [61].
To study the effects of the chemical reaction between the oxide

vapor and the external hypersonic flow, we consider two specific
materials, namely, barium oxide (BaO) and silicon dioxide (SiO2).
The twomaterials are potential candidates for coolants [32,42,62,63].
For BaO, we consider the following endothermic reaction:

BaO → Ba� O (23)

where the evaporated BaO vapor dissociates into its elemental form.
For SiO2, we assume the following endothermic reaction:

SiO2 → SiO� O (24)

where the evaporated SiO2 vapor dissociates into SiO and atomic
oxygen. We neglect the dissociation of SiO into its elemental form
since the results in Sec. IV showed negligible dissociation of SiO2.

Fig. 4 Ranges of the material properties considered in our models: a) latent heat vs T�; b) latent heat vs molar mass.

Table 1 Set of sevenmaterials used in DNS
to emulate the properties of typical oxides

Material
L,

kJ/mol
M,

g/mol
T�,
K

A 300 30 2773
B 600 90 3273
C 300 150 2273
D 150 90 2273
E 300 90 3273
F 300 150 2773
G 600 90 2273
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We obtain the heats of reaction and the equilibrium constants from
the NIST-JANAF thermochemical table [61]. We obtain the forward
reaction rates for the two reactions from Johnston [64]. The reaction
rate of BaO dissociation has not been reported, andwe estimate that it
is similar to that ofMgO dissociation provided in [64]. The backward
reaction rates are again calculated using the forward reaction rate
and the equilibrium constants using Eq. (22). We also perform a

parametric study varying these rates by a factor of 106 to highlight the
effects of the chemical reaction with the external hypersonic flow.

D. Validation of the Models

The DNS algorithms, chemical equations, boundary conditions,
and vaporization process, as detailed above, have been validated
against experimental data for a 5-species air model and an 11-species
model with carbon ablation. The validation of DNS algorithms and
the 5-species nonequilibrium model is detailed in [48], while the
11-species model, including the boundary conditions that describe
the ablation of carbon, is detailed in [49]. This validation study con-
sisted of comparisons between the DNS results of [49] and three
previous numerical studies from established literature. Comparisons
showed excellent agreement of temperature and species concen-
tration, with explainable disagreement near the shock. The dis-
agreement was concluded to arise due to differences between the
shock-fitting algorithms used in [49] and the shock-capturing algo-
rithms used in the previous studies.
The 6-species code for materials A–G and the 7-species code used

for BaO and SiO2 are algorithmically the same as the 11-species
code. Hence, the validation studies of the code in [49] serve to
validate the DNS code used in this study.
The only distinction between the 11-species DNS code and the

DNS code used in this study is in the reaction rate data used to
determine the rate of production of chemical species. As such, the
chemical equilibrium constant and reaction rates were confirmed to
vary with temperature as described in the literature [50,60,61,64],
validating the changes made to the DNS code.
As an additional precaution, a grid refinement studywas run on the

DNS code. Solutions for material D at Mach 20 and 30 km altitude
with grid sizes of 30× 80, 60× 160, and 120× 320were compared to
a solution with a 240× 640 grid. It was found that therewas at most a
0.33% difference in the stagnation point pressure among the different
grid sizes. Due to the complicated nature of the DNS algorithms
and especially due to the complicated boundary conditions being
used, the 1∕8th error ratio is not typically observed from doubling
grid sizes. Instead, a solution is considered grid-independent if the
solutions are less than 1% different at the stagnation point after
doubling the grid. Therefore, the close agreement between all con-
verged solutions shows that the solution is grid-independent. The
120 × 320 grid size was used throughout the rest of this study for
increased resolution near the stagnation point and added safety in the
accuracy of solutions at different flight conditions with different
materials. Solutions were obtained using TACC’s Stampede 2 and
Purdue’s ANVIL high-performance computing clusters. Stampede
2’s SKX compute nodes consisted of two sets of 24 cores per every
socket, while ANVIL’s standard compute nodes have 128 cores per
every socket. Baseline solutions with no coolant were obtained, and
then the wall boundary conditions were changed to incorporate
coolant evaporation for each material. By using the converged sol-
utions with no coolant mass flux as a starting point, we were able to
obtain converged results for most of the DNS cases studied in a few
hundred thousand time steps.

Because materials A through G are theoretical, the results here
cannot be compared directly to those of an experimental study.
Instead, the results from the semi-analytical boundary-layer model
are validated by comparing them with the results from the validated
DNS code. The results between these two methods vary at worst less
than 5% in the surface temperature at the stagnation point for all trials,
with a majority of cases seeing less than 2% difference. This discrep-
ancy is small considering the extensive assumptions made in the
boundary-layer model, namely, the frozen flow and fully catalytic
wall conditions. The maximum difference in surface mass flux of
coolant is 25% between each method of solution, with most results
having a discrepancy of less than 8%. The incident heat flux at the
stagnation point is 16.4% larger from the DNS results than the
incident heat flux from the boundary-layer model. A possible reason
for the discrepancy is due to the distinction between the fully catalytic
boundary condition of the boundary-layer theory and the chemical
nonequilibrium boundary condition of the DNS code. The fully
catalytic boundary condition forces recombination of atomic species
at the stagnation point, resulting in a surface heat flux in the
boundary-layer solutions that is not present in the DNS solutions.
Instead, the incident heat flux from the DNS solutions is due entirely
to conduction at the stagnation point.
The leading edge surface heat flux is expected to be larger for fully

catalytic walls, as discussed in [2]; however, it is the opposite in this
case. We hypothesize that the large mass fraction of evaporating
species at the surface reduces the diffusion rate of atomic air species
to the surface, decreasing the magnitude of heat flux due to the
recombination of such species. The frozen flow assumption of the
boundary-layer model also amplifies this effect because the contri-
bution of recombination heat flux is the largest under this assumption.
Conversely, the surface heat flux in the DNS results is solely due to
the gradient in the temperature profile, which may not be altered
significantly by the large mass fraction of evaporating species at
the wall.
The components of the wall heat flux at the stagnation point for

each model can be seen in Table 2, considering material D at Mach
20 and 20 km, which had the largest disagreement between DNS and
the boundary-layer model.
Figure 5 shows a comparison between the stagnation line solution

provided by DNS and the boundary-layer model for temperature as a
function of distance downstream of the shock. The stagnation point is
located at the right-most bound of the x axis. Solutions end at the
theoretical boundary-layer edge on the left-most boundary of the
plot. The results shown are for material D at Mach 20 and 20 km,
which had the largest disagreement between DNS and the boundary-
layer model. The comparatively larger conduction heat flux of the
DNS solutions can be seen by the correspondingly larger slope near
the wall surface. This increased heat flux, as well as the increased
stagnation point temperature, serve to keep the temperature profile
from the DNS results above the temperature profile of the boundary-
layer model along the entire stagnation line. The ratio of stagnation
point mass fraction from DNS and the boundary-layer model seen in
Fig. 5 is equivalent to the ratio of incident heat fluxes in Table 2,
meaning that the larger stagnation point mass fraction predicted by
DNS is proportionally related to the larger incident heat flux pre-
dicted by DNS. This serves to show that the discrepancy between the
twomodels is drivenby the difference in the incident heat fluxes at the
stagnation point due to the high mass fraction of evaporating species
and the fully catalytic boundary condition assumed by the boundary-
layer model. Overall agreement between the stagnation line profiles

Table 2 Stagnation point heat fluxes between DNS and the boundary-layer modela

Incident heat
flux

DNS,
MW∕m2

Boundary-layer
model,MW∕m2

Cooling heat
flux

DNS,

MW∕m2
Boundary-layer
model,MW∕m2

Conduction 52.2 21.0 Evaporation 48.5 37.8
Recombination 0 19.5 Radiation 3.6 2.7
Total incident heat flux 52.2 40.5 Total cooling heat flux 52.1 40.5

aDiscrepancy is driven due to the difference in the recombination heat fluxes
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is good, however,with similar values in flow temperature between the
two models at the stagnation point and edge of the boundary layer.
The shape of the boundary-layer temperature profiles is similar as
well, with the DNS possessing a sharper gradient near the stagnation
point for the reasons discussed so far.
Due to the validation of current DNS algorithms and the close

agreement between the two current methods of solution, the
boundary-layer theory used here is shown to be validated.

III. Parametric Analysis in Frozen Flow

We now present the effect of material properties, flight conditions,
and leading edge radii on the performance of transpiration cooling.
We quantify the performance of the TPS using three metrics: surface
temperature, evaporative mass flux, and boiling limit factor of safety.
The operating surface temperature of a TPS sets the limit on the
materials that can be used to construct the leading edge skin or the
porousmedium.Asmall evaporativemass fluxmaybedesired to reduce
the riskofdryingout at the surfaceand lower the cost andweight ofTPS.
The temperature within the porous leading edge must not exceed the
saturation temperature of the coolant at the stagnation pressure to avoid
nucleation that could block the flow and disrupt continuous coolant
delivery to the surface. To assess this, we define the boiling limit factor
of safety, Fs, as the ratio between the saturation temperature, Teq, and
the surface temperature at the stagnation point, Ts:

Fs �
Teq

Ts

(25)

Teq is calculated using the Clausius–Clapeyron equation [Eq. (19)]

rearranged as follows:

Teq � −
R

L
ln

Ps

P� � 1

T�
−1

(26)

When the value of Fs is equal to or less than one, vapor nucleation
within the porous leading edge can occur and disrupt the coolant flow to
the surface.

A. Material Property

We first discuss the effect of the coolant material properties: the
latent heat of evaporation, molar mass, and T� of the coolant. These
three material properties govern the heat and mass transfer beha-
vior at the surface [Eqs. (18) and (19)]. We vary the latent heat
of evaporation from 100 to 800 kJ/mol, the molar mass from 10 to
200 g/mol, and T� from 1500 to 3500 K to encompass the properties
of typical oxides. Here, we fix the altitude, the speed, and the leading
edge radius as constants at 30 km, Mach 15, and 3.1 mm, respec-
tively, to isolate the effect of variation in the material properties.
Figures 6–11 illustrate the surface temperature, evaporative mass

Fig. 5 Stagnation line solutions for a) flow temperature and b) mass fraction of material D as a function of distance downstream of the shock.

Fig. 6 Predicted surface temperature as a function of the a) latent heat
of evaporation, b) molar mass, and c) T�.
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flux, and Fs as a function of the three material properties. The DNS

results are also shown as symbols for comparison.
Figure 6 shows the relationship between the surface temperature of

the leading edge and the three material properties. Line colors and

dash types represent the variation in material properties not shown in

the x axis. Symbols are obtained from DNS and have a less than 2%

difference with the boundary-layer model results. Figure 7 shows the
predicted color contour of the mole fraction for materials B and E.

The left-most boundary of the contour is immediately behind the

shock, and the right-most boundary of the contour is the leading edge
surface.X is the distance from the shock, andY is the distance from the

stagnation line.
We find that the surface temperature shows negligible change as a

function of the latent heat and themolar mass. Onemight expect from
Eqs. (18) and (19) that a higher latent heat would lower the surface

temperature since one can achieve a higher evaporative heat flux for a

given evaporative mass flux. However, as seen in Fig. 7 material B

has a lower mole fraction of evaporating species at the surface than
material E. Material B also has a higher latent heat than material E.

This shows that higher latent heat leads to a lower mole fraction

of evaporating species at the surface. A lower mole fraction at the
surface reduces the vapor shielding effect, which thereby leads to an

increase in the incident heat flux, as shown in Fig. 8. This increase in

the incident heat flux requires a higher evaporative heat flux and,

thereby, a higher surface temperature. These two opposing effects
counteract each other, and the change in latent heat appears to have a

negligible impact on the surface temperature. Similarly, one might

expect that a lower molar mass would lower the surface temperature

since the evaporative heat flux is proportional to M−1∕2. However,
as shown in Fig. 9, the incident heat flux increases as molar mass

decreases because heavier species enhance the thermal shielding

effect. The diffusivity of gas molecules is proportional to M−1∕2.

This increase in the incident heat flux leads to a higher evaporative
mass flux and, thus, higher surface temperature. Again, these two

opposing behaviors make the surface temperature nearly indepen-

dent of the molar mass. The predicted surface temperature, in
contrast, is proportional to T� of the coolant material. Because

the mass transfer rate is proportional to exp�1∕T�−1∕Ts�, the surface
temperature must be very close to T� to have meaningful mass

transfer rates.
These relationships suggest that only theT� of the coolant material

controls the operating surface temperature of the TPS. Hence, the

thermal limit of the porous leading edge must be larger than T� at a
given flight condition to avoid failure.

Figure 10 shows the relationship between the evaporative mass

flux and the three material properties. Line colors and dash types

represent the variation in material properties not shown on the axis.

Symbols are obtained from DNS and have a less than 8% difference

Fig. 7 Predicted color contour of mole fraction for a) material B and b) material E.

Fig. 8 Predicted surface heat fluxes as a function of the latent heat. The
molar mass and T� of the material are 90 g/mol and 2773 K.

Fig. 9 Predicted surface heat fluxes as a function of molarmass. Latent
heat and T� of the material are 300 kJ/mol and 2773 K.
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with the boundary-layer model results.We find that evaporativemass

flux is influenced by all three properties. A higher latent heat or a

lower molar mass increases the specific latent heat of the material,

reducing the mass transfer rate needed to absorb a given amount of

incident energy.Although a higher latent heat and a lowermolarmass
increase the incident heat flux by approximately 50%, as shown in

Figs. 8 and 9, the change in the specific latent heat is greater (a factor

of 8–10), resulting in lower evaporativemass fluxes. The evaporative

mass flux also slightly decreases as T� increases. Since the surface

temperature is proportional to T�, higher T� leads to a lower incident
heat flux by reducing the temperature gradient and promoting ther-

mal radiation cooling at the surface. Hence, the coolant material with

a higher specific heat and a higher T� is desired to minimize the

required evaporative heat flux of the TPS. However, increasing the

latent heat beyond approximately 500 kJ/mol gives a diminishing
return in reducing the evaporative mass flux due to an increase in the
incident heat flux at the surface, as shown in Fig. 8.
Figure 11 shows the relationship betweenFs and the threematerial

properties. Line colors and dash types represent the variation in
material properties not shown on the axis. Symbols are obtained
from DNS and have a less than 2% difference with the boundary-
layer model results. We find that Fs is nearly independent of the
molar mass since the molar mass does not significantly affect the
surface temperature or the saturation condition, as illustrated in Fig. 6
and Eq. (26). The surface temperature is also nearly independent of
the latent heat; however, a higher latent heat decreasesTeq as given by

Eq. (26) leading to a decrease inFs. We also find that higher T� leads
to an increase in Fs. The surface temperature, which is the denom-
inator of Fs, is approximately proportional to T�, as shown in

Fig. 10 Predicted evaporative mass flux as a function of the a) latent

heat of evaporation, b) molar mass, and c) T�.

Fig. 11 PredictedFs as a function of the a) latent heat of evaporation, b)
molar mass, and c) T�.
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Fig. 6. However, the numerator of Fs is proportional to T�∕
�1 − T�� as given by Eq. (26). Because the magnitude of Teq grows

faster than Ts as T
� increases, the margin of safety increases. From

these relationships, coolant material with low latent heat and high T�
is preferable to reduce the risk of nucleation of vapor bubbles within
the porous leading edge.
From the viewpoint of leading edge engineering, it may be

desirable to reduce the peak temperature to avoid thermomechan-
ical failures, to reduce the evaporative heat flux to decrease the cost
and weight of the coolant, and to increase Fs to reduce the risk of
surface drying out. However, the rather complex relationships
presented above do not lend themselves readily to an optimal set
of material properties that satisfies all three requirements. For
example, TPS utilizing a coolant with a lower T� would achieve
a low operating surface temperature of the TPS, but also result in a
low Fs. TPS utilizing a coolant with a higher latent heat of
evaporation would achieve a lower evaporative flux but also a
lower Fs.

B. Flight Condition

One additional set of parameters one must account for in selecting
a coolant material is the vehicle’s flight trajectory. We assess a range
of flight conditions to examine their effects on the performance of the
TPS and thereby guide the selection of the coolant properties. We
consider flight altitudes from20 to 40 kmandMach numbers from10
to 20. We chose these ranges to emulate the flight trajectories of
typical hypersonic vehicles. Figure 12 shows the altitudes and Mach
numbers of typical hypersonic flight trajectories and the ranges that
we considered. The rangewithin the dashed rectangle is studied using
the boundary-layer model and the discrete conditions shown in sym-
bols using DNS.
In Fig. 13we show the surface temperature, evaporativemass flux,

andFs as a function of the altitude andMach number to elucidate the
relationship among them. The solid lines illustrate the boundary-
layer model results, and the symbols represent the DNS results. We
consider a leading edge with a fixed radius of 3.1 mm. From our
results presented in the previous section, we note that the predicted
evaporative flux showed the largest differences between the two
models. We therefore consider material D, which has the lowest
specific latent heat among the seven materials, to help compare the
twomodels for awide range of evaporativemass fluxes at the surface.
The maximum difference between the two models is below 5% for
the surface temperature and Fs and below 25% for the evaporative
mass flux.
At high Mach numbers, the severity of the aerothermal conditions

is exacerbated due to the high stagnation enthalpy of the hypersonic
flows. Figure 13 indeed shows a higher surface temperature, a higher
evaporative mass flux, and a lowerFs as theMach number increases.
A higher Mach number significantly increases the incident heat flux,

which correspondingly requires an increase in the evaporative mass
flux to absorb the excess energy. As a result, the surface tempera-
ture increases, approaching Teq and thereby decreasing Fs. We note,

however, that the changes in the evaporation rate are significantly
higher than the changes in the other two parameters. For the range of
Mach numbers illustrated in Fig. 13, the evaporative mass flux
changes by an order of magnitude, whereas the surface temperature
changes less than 50%due to the exponential relationship, as given in
Eqs. (18) and (19).Fs experiences an even smaller change of less than
15% due to increases in both the surface temperature and Teq at

higher Mach numbers. Therefore, for vehicle trajectories with high
Mach numbers, coolant materials with high specific latent heats can
significantly reduce the evaporative mass flux. A higher specific
latent heat would decrease Fs; however, the reduction in Fs may be
acceptable since the decrease in Fs at higher Mach numbers is
relatively small.

Fig. 12 The velocity–altitude map showing the trajectories of typical
hypersonic vehicles and a range of flight conditions used in this study.
Data adapted from [44].

Fig. 13 Predicted a) surface temperature, b) evaporativemass flux, and
c) Fs as a function of altitude and Mach number.
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Conversely, an increase in the flight altitude partly alleviates the
severity of the aerothermal condition due to lower densities. Figure 13
shows a decrease in the surface temperature and evaporative mass
flux at higher altitudes. However, Fs decreases with increasing
altitudes. This is because, at higher altitudes, the stagnation pressure
is lower, which reduces the Teq of the coolant. Similar to the results

from varying Mach numbers, the evaporative mass flux changes
significantly (by a factor of 3) compared to that in the temperature,
which varies less than 50%. Fs again experiences a smaller change
below 15% due to decreases in both the surface temperature and Teq

at higher altitudes. Because the relationship between Fs and the
flight altitude is opposite of those for the surface temperature and
the evaporativemass flux, different material properties would need to
get more emphasis at different altitudes. For instance, a vehicle
designed for high-altitude flight may utilize coolants with low spe-
cific latent heats and high T� to increase Fs at the expense of higher
surface temperatures and evaporative mass fluxes. Alternatively, a
vehicle designed for low-altitude flights may utilize coolants with
high latent heat and low T� to decrease the surface temperature and
evaporative mass flux at the expense of lower Fs, which is already
relatively high at low altitudes.

C. Leading Edge Radii

Another parameter one must account for in selecting a coolant
material is the leading edge radius. Sharp leading edges are essential
in achieving superior aerodynamic performance and maneuverabil-
ity. However, a linear decrease in the leading edge radius linearly
increases the squared rate of aerothermal heating [1], which can
drastically change the performance of the TPS. Hence, we assess
the performance of transpiration-cooling TPS for sharp leading edges
with radii from 5 to 0.1 mm and illustrate their impact on the surface
temperature, evaporative mass flux, and Fs. We fix the flight con-
dition at 30 km altitude and Mach 15 and use material D.
Figure 14 illustrates the relationshipbetween the leading edge radius

and the three performance parameters. Due to a significant increase in
the incident heat flux, sharper leading edges exacerbate the aerother-
mal heating. As a result, the surface temperature and the evaporative
mass flux increase while Fs decreases. However, similar to the results
in Sec. III.B, the change in the evaporative mass flux is much greater
compared with those in the surface temperature and Fs. Reducing
the leading edge radius from 5 mm to 0.1 mm, the evaporation rate
increases by a factor of 10,while the changes in the surface temperature
and Fs are below 4%. This behavior is again due to the nonlinear
relationship between the surface temperature and the evaporativemass
flux as givenbyEqs. (18) and (19).However, the changes in the surface
temperature and Fs are much less compared with the results in
Sec. III.B because the change in the leading edge radius does not
significantly affect the post-shock flow conditions at the stagnation
point. Because the change in surface temperature and Fs are almost
negligible, the evaporative mass flux is the limiting factor of the TPS
for very sharp leading edges. Hence, coolant materials with high
specific latent heats would significantly reduce the evaporative mass
flux at the expense of marginally higher surface temperature and Fs.
We also note that evaporative transpiration cooling may be able to
effectively protect very sharp leading edges with a radius of 0.1 mm as
long as the necessary evaporative mass flux is achieved at the surface.

IV. Chemical Interaction of Evaporated Vapor

At elevated temperatures, oxide vapors readily dissociate into their
elemental constituents. This dissociation reduces the concentration
of oxide vapor in the boundary layer, potentially enhancing the rate of
evaporation at the surface. Additionally, these dissociation reactions
are endothermic, which could further lower the boundary-layer tem-
perature and alleviate the thermal gradient at the surface. This dual
effect has the potential to enhance the effectiveness of the evaporative
TPS. Here, we incorporate the dissociation of BaO and SiO2 in our
DNS model described in Sec. II to elucidate the effect of oxide
dissociation on the evaporation process. The results in this section
are obtained at a Mach number of 15 and an altitude of 30 km for a
leading edge size of 3.1 mm.

Figure 15 illustrates the surface temperature, evaporation rate, and
Fs for SiO2 and BaO at the stagnation point with different rates of
chemical reaction with the hypersonic flow. We find that all three

parameters are nearly identical, even if chemical reactions between
the oxide vapor and hypersonic flow are incorporated. Figure 16

shows the mass fraction contours near the stagnation point for SiO2

and BaO coolants. The left-most boundary of the contour is immedi-

ately behind the shock, and the right-most boundary of the contour
is the leading edge surface. As such, X is the distance from the shock,

and Y is the distance from the stagnation line. Despite the high
concentrations near the surface and the high temperatures in the flow,

almost no dissociation of SiO2 and BaO occurs, as shown in Fig. 16,
to influence the evaporation process. We hypothesize that the sig-

nificantly low equilibrium constant of oxide vapors inhibits dissoci-
ation near the surface due to the relatively low temperature. The

temperatures are sufficiently high to promote dissociation of the

Fig. 14 Predicted a) surface temperature, b) evaporativemass flux, and

c) Fs as a function of leading edge radius for edge radius.
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oxide vapor at the edge of the boundary layer. However, we believe

that the lack of oxide vapor concentration near the edge of the

boundary layer prevents significant dissociation of the oxide vapors.

A relatively large concentration of atomic oxygen throughout the

boundary layer also inhibits the dissociation of the oxide vapors.

Further insights into the dissociation of oxide vapors can be seen in

Fig. 17, which shows the magnitudes of the equilibrium constant and

mass fraction for atomic oxygen, SiO2, and BaO as a function of

Fig. 16 Mass fraction color contours of a) SiO2 and b) BaO and their dissociates near the leading edge, with streamlines shown in white lines.

Fig. 15 Predicted a) surface temperature, b) evaporative mass flux, and c) Fs for SiO2 and BaO coolants with different rates of chemical reaction.
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distance from the shock along the stagnation line. The stagnation
point is located at the right-most bound of the x axis in Fig. 17.
Qualitatively, the location at which the two behaviors that suppress
the dissociation of oxide vapors intersect indicates where these
effects are minimized. The intersections occur approximately 35
and 50μm from the surface for both BaO and SiO2, respectively.
Thus, the mass fraction of the dissociated oxide vapor reaches its
maximum at these locations, as shown in Fig. 16.
Our results suggest that the magnitude of the equilibrium constant

and the oxide vapor concentration within the boundary layer pre-
dominate the behavior of dissociation, and BaO and SiO2 both
exhibit chemically frozen behavior. Figure 18 shows the equilibrium
constants as a function of temperature for various oxides, including
BaO and SiO2. Values for Keq are obtained using the Gibbs free

energy of formation of the corresponding oxides obtained from
NIST-JANAF thermodynamic table [61]. We emphasize that the
equilibrium constants of other typical oxides are similar to those
for BaO and SiO2. Hence, we postulate that other typical oxides also
behave chemically frozen with the hypersonic flow and that the
frozen flow assumption between the evaporating oxide vapor and
the air species is sufficient to accurately characterize the evaporation
behavior for transpiration-cooling TPS.

V. Conclusions

In this study,we demonstrated theviability of transpiration cooling
employing oxide coolants as a new alternative system to thermally
protect sharp leading edges. We parametrically characterize the per-
formance of transpiration cooling for various coolant properties,
flight conditions, and leading edge radii using a 2D axisymmetric,
semi-analytic boundary-layer model incorporating thermodynamic

nonequilibrium conditions, which we validated with third-order
shock-fitting DNS. We quantified the performance of the TPS using
three metrics: the surface temperature, the evaporativemass flux, and
the boiling limit. We showed that, for fixed flight conditions and
leading edge sizes, the surface temperature depends mainly on the
saturation temperature of the coolant material, the boiling limit is
largely independent of molar mass, and the evaporative mass flux
is affected by all three material properties. We also illustrated
that high Mach numbers and small leading edge sizes exacerbate
the aerothermal condition, resulting in a higher surface temperature
and evaporative mass flux and a lower boiling limit factor of safety.
Low-altitude flights also increase the surface temperature and evapo-
rativemass flux but result in a higher boiling limit factor of safety.We
further utilized third-order shock-fitting DNS to demonstrate that
oxide vapors exhibit chemically frozen behavior within the boundary
layer due to their chemical inertness near the surface and their low
concentrations near the edge of the boundary layer. Comparisons
between the boundary-layer model and the DNS solutions showed
less than 5%difference in surface temperature at the stagnation point.
The sources of discrepancy between the two models were discussed
and explained to result from the high mass fraction of evaporating
species at the stagnation point and the fully catalytic boundary
condition used by the boundary-layer model. The low and explain-
able discrepancies between the two different solution methods show
successful validation of both methods.
Our numerical results demonstrated that transpiration cooling

employing oxide coolants may effectively cool the surface temper-
ature to below the saturation temperature of the coolant material. As
long as the necessary amount of coolant is supplied to the surface,
transpiration cooling can effectively cool even for very sharp leading
edges with a radius of 0.1 mm and in extreme hypersonic conditions
as high as Mach 20 and as low as 20 km altitude, where incident heat
fluxes are of the order of 85 MW∕m2. Our results do not lend
themselves readily to a single optimal set of the material properties
for transpiration cooling. Rather, different coolant properties are
better suited for different flight conditions and leading edge sizes.
Vehicles with high Mach numbers and low-altitude trajectories or
small radius of curvature of the leading edge may utilize coolant
materials with high specific latent heats to significantly reduce the
evaporative mass flux. Alternatively, vehicles with high-altitude
trajectories may benefit from coolants with low specific latent heats
to avoid vapor nucleation within the porous leading edge, to which
they aremore susceptible at higher altitudes. These results offer proof
of the viability of a novel method of thermally protecting sharp
leading edges in various extreme hypersonic flight environments.
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Fig. 18 Equilibrium constants of typical oxides, including BaO and
SiO2, as a function of temperature.

Fig. 17 Mass fractions and equilibrium constants for O and a) SiO2 and b) BaO as a function of distance away from the surface at the stagnation point.
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