
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 a mechanical 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 and molar 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 maximum mass
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 two main modes 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 representativeflight 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 the model 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
� Š

� 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

Š
i

j i
� hi

� y

(3)

ρux
� Ci

� x
� ρuy

� Ci

� y
�

�
� y

�ρi j i � � 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 fluxj in Eqs. (3) and (4) is given
as [45]

j i �
j � i

Mi Mj

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 �
j c;s

1 Š Cc;s
(6)

We use the Lees–Dorodnitsyn transformation [44] to transform the
governing partial differential equations to ordinary differential equa-
tions as a function of the similarity variableη. The transformation
definesη as

η �
ue

2ε
p

y

0
ρr dy (7)

whereε is defined as

ε �
x

0
ρsμsuer2 dx (8)

Thus, the governing equations are

� lf �� � 0� ff �� �
1
2

ρe

ρ
Š f 02 � 0 (9)

l
Pr

cpθ
0

0
� fc pθ

0Š
l

Pr
θ 0

M2
i

cp;i Mi
j � i

Mi Leij X 0
j � 0

(10)

Mi

M
f

M 0

M
Xi Š X 0

i �
l

Pr
1

M2
j � i

Mi Mj Leij X 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 thatf 0 � u� ue and θ is the nondimensional temperature
defined asT� 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 � f s 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 off ��,
θ 0, C0

a, andC0
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
using5 � n nonionizing species (N2,O2, NO, N, O, and oxidevapor)
and a two-temperature model. The two-temperature model 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 inj th 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 �QTŠV;j � ωj ev;j �

(13)

where subscriptN is the number of species, and superscript•NMSŽis
the number of molecular species.Fj andGj are defined as

Fj �

ρ1uj

:::

ρNuj

ρuxuj � pδ1j

ρuyuj � pδ2j

ρuzuj � pδ3j

� p � ρe�uj

ρevuj

Gj �

ρ1v1j

:::

ρNvN;j

τ1j

τ2j

τ3j

Šui τij Š kT
� T
� xj

Š kv
� Tv

� xj
� NMS

k� 1 ρkhkvk;j

Škv
� Tv

� xj
� NMS

k� 1 ρkhkvk;j

(14)

Here, νk;j is the species diffusion velocity, defined asνk;j �
�ŠDk� Ck� � Ck�� xj , andτi;j is the viscous stress tensor, defined as
τi;j � μ� � ui �� xj � � uj �� xi � Š δij � 2μ� 3� � uk�� xk. We define the
total energy per unit volume as

ρe �
N

i � 1

ρi cv;i T � ρev �
1
2
ρ� u2

x � u2
y � u2

z� � ρi h�
f;i (15)

whereh�
f;i is the heat of formation at the standard conditions andcv;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;j R
Mi

θv;i;j

exp�θv;i;j � Tv� Š 1
(16)

Here,•NMDŽdenotes 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

QTŠV;i � ρi
ev;i �T� Š ev;i � Tv�

hτi i � τcs
(17)

wherehτi i is the Landau–Teller vibrational relaxation time given by
Lee [51] andτcs is from Park [50].

C. Evaporation and Chemistry Model

To characterize the evaporation process under thermodynamic
nonequilibrium conditions, we use the Hertz–Knudsen equation
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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
porous medium.Asmall evaporativemass fluxmaybedesired to reduce
the riskofdryingoutat thesurfaceand lower thecostandweightofTPS.
The temperature within the porous leading edge must not exceed the
saturation temperature of the coolantat the stagnation pressure to avoid
nucleation that could block the flowand 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 � Š
R
L
ln

Ps

P� �
1

T�

Š1
(26)

When the value ofFs 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, andT� 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, andT� 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, andFs 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
thex 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.Xis the distance from the shock, andYis the distance from the
stagnation line.

We find that the surface temperature shows negligible change as a
function of the latent heat and the molar mass. One might 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 toMŠ1� 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 toMŠ1� 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 toT� of the coolant material. Because
the mass transfer rate is proportional toexp�1� T� Š1� Ts� , the surface
temperature must be very close toT� 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 thanT� 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 andT� of the material are 90 g/mol and 2773 K.

Fig. 9 Predicted surface heat fluxes as a function of molar mass. Latent
heat andT� of the material are 300 kJ/mol and 2773 K.
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