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Abstract

Simulations of electron transpiration cooling (ETC) on the leading edge of a hypersonic vehicle using
computational fluid dynamics (CFD) are presented. The thermionic emission boundary condition and electric
field model including forced diffusion are discussed. Different analytical models are used to describe the
plasma sheath physics in order to avoid resolving the sheath in the computational domain. The first analytical
model does not account for emission in the sheath model, so the emission is only limited by the surface
temperature. The second approach models the emissive surface as electronically floated, which greatly limits
the emission. The last analytical approach biases the emissive surface, which makes it possible to overcome
space-charge limits. Each approach is compared and a parametric study is performed to understand the
effects that the material work function, freestream velocity, and leading edge geometry has on the ETC
effect. The numerical results reveal that modeling the sheath as a floated surface results in the emission, and
thus ETC benefits, being greatly limited. However, if the surface is negatively biased, the results show that
the emission can overcome space-charge limits and achieve the ideal ETC benefits predicted by temperature
limited emission. The study also shows that, along with negatively biasing the surface, emission is enhanced
by increasing the number of electrons in the external flowfield by increasing the freestream velocity.

Nomenclature

AR Richardson constant, 1.20 × 106 A/m2/K2

Cs Charge of species s
C̄ Thermal speed
D Diffusion coefficient
E Electric field
j Electric current density
J Diffusive flux
J Current density
h̄ Planck constant, 6.63 × 10-34 m2 kg/s
kB Boltzmann constant, 1.38 × 10-23 J/K
K Mobility
ms Mass of species s
Ms Molar mass of species s
n Number density
NAv Avogadro constant, 6.02 × 1023 mol-1

p Pressure
q Heat transfer
Qe Elementary charge, 1.60 × 10-19 C
u Velocity
U Drift velocity
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Rn Leading edge radius
Ru Universal gas constant
s Distance along leading edge
T Temperature
ẇs Production rate of species s
Y Mass fraction
α Polarizability
Γ Ratio of emission to flowfield electron current densities
ε0 Vacuum permittivity, 8.85 × 10-12 F/m
λD Debye length
λmfp Mean free path
µ Reduced mass
ν Collisionality
φ Electric potential
Φ Material work function
ρ Density
σ Electrical conductivity
σs−s Collisional cross-section area
ψ Normalized sheath voltage

Subscript
e Electron
e Emitted
i Ion
f Flowfield
tr Translational
vib Vibrational
w Wall
∞ Freestream

I. Introduction

One of the most limiting factors in hypersonic vehicle development is the need for effective thermal
management of the large heat fluxes experienced during flight. By definition, a hypersonic vehicle travels

at high velocities and in order to maintain these speeds the vehicle is designed to have a sharp leading edge
to increase the lift-to-drag ratio. However, the aerodynamic performance gains obtained by having a sharp
leading edge come at the cost of very high, localized heating rates. A theoretical analysis first performed by
Fay and Riddell1 shows that the stagnation point heating is proportional to the freestream velocity cubed
and inversely proportional to the leading edge radius,

qw ∝
√
ρ∞
Rn

u3∞ (1)

Equation 1 reveals that two of the main characteristics of hypersonic flight, high velocity and sharp leading
edges, lead to massive heat transfer to the vehicle. One approach to address this issue is to use a leading
edge material that can withstand the high heating rates and temperatures. An ideal material would have
good thermal properties (able to withstand high temperatures while being minimally conductive) and also
be lightweight, because the thickness of the material will be limited by the leading edge radius and its
weight. One type of material that has good thermal properties is ultra-high temperature composite (UHTC)
materials, which were used on the NASA X-43 experimental hypersonic aircraft.2 Although UHTC materials
have good thermal properties, they have some physical limitations such as heavy weight and weak fracture
toughness that suggest they are not the ideal approach.3 Another approach to manage the heat loads is
to reject the heat passively, either through heat-shield ablation or radiation. Ablation has significant heat
management benefits through essentially a controlled melt of the heat shield while also being light-weight,
which makes it a great approach for re-entry flight. This shape change of the surface, while permitted for
the blunt bodies of re-entry flight, is unacceptable for the sharp leading edges of hypersonic vehicles. Heat
management through radiation does not incur shape change, but is limited by the Stefan-Boltzmann law.
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An alternative approach that has been proposed recently involves using thermo-electric materials at the
leading edges of hypersonic vehicles.4 When exposed to high convective heating rates, these materials emit
a current of electrons that may lead to a transpiration cooling effect of the surface of the vehicle. This
phenomenon is known as thermionic emission and occurs when the thermal energy given to the electrons
is greater than the binding potential of the surface material. A recent conceptual study was completed
and showed thermionic emission can reduce the surface temperature by approximately 40% for a Mach 19.4
flow over a sharp leading radius at an altitude of 60 km with a material work function of 2.0 eV.5 The
essential idea behind electron transpiration cooling (ETC) is that the electrons will carry energy away from
the surface, which complements the radiative energy from the surface and balances with the convective
energy to the surface. Given the promising trends in that study, further research is needed to improve the
modeling capabilities. The modeling approach for ETC was recently compared against a set of experiments
and agreed well.6 This paper focuses on the plasma physics occurring near the emissive surface. A plasma
sheath will form near the vehicle surface, which is a region of non-neutral potential. This region will affect
and possibly limit the amount of emission from the leading edges of hypersonic vehicles. This study aims
to assess the effect plasma sheath physics has on electron transpiration cooling. First, a description of the
numerical method and test case conditions are outlined. Then, numerical results are presented that highlight
the differences between the emission limits through a parametric study. The parametric study investigates
the effect of material work function, freestream velocity, and leading edge geometry has on emission limits
and ETC. Finally, the paper presents some conclusions drawn from this study and outlines future work
recommendations.

II. Numerical Approach

The numerical simulations in this work are performed using the CFD code LeMANS, which was developed
at the University of Michigan.7 LeMANS is a parallel, three-dimensional code that solves the laminar Navier-
Stokes equations on unstructured computational grids. LeMANS includes thermo-chemical non-equilibrium
effects and the flow is modeled assuming that the continuum approximation is valid. It is also assumed that
the translational and rotational energy modes can be described by a single temperature, Ttr, and that the
vibrational, electronic, and electron translational energy modes are described by a different temperature, Tvib.
The mixture transport properties are calculated using Wilke’s semi-empirical mixing rule,8 species thermal
conductivities determined using Eucken’s relation,9 and species viscosities determined using Blottner’s curve
fits.10 A standard finite-rate chemistry model is used for eleven species reactive air (N2, O2, NO, N , O,
N+

2 , O+
2 , NO+, N+, O+, and e−), and Park’s two-temperature model11 is used to account for the effects of

thermal nonequilibrium on the forward and backward reactions rates.
In LeMANS, the set of governing equations are solved using the finite-volume method applied to unstruc-

tured grids with second order spatial accuracy. A modified Steger-Warming Flux Vector Splitting scheme12

is used to discretize the inviscid fluxes across cell faces. The viscous terms are computed using cell-centered
and nodal values. The viscous stresses are modeled assuming the flow is a Newtonian fluid and Stokes’
hypothesis is applicable, and the heat fluxes are modeled according to Fourier’s law for all temperatures.
For parallel execution of LeMANS, METIS13 is used to partition the computational mesh, and the Message
Passing Interface (MPI) is used to communicate the necessary information between processors.

A. Electron Emission

A boundary condition is implemented into LeMANS to model thermionic emission at the material surface.
The production rate of electrons is calculated by,

ẇe =
Je,e

QeNAv
−
∑

s=ions

ẇs (2)

where Je,e is the emission current density, Qe is the elementary charge, NAv is the Avogadro constant, and
ẇi is the recombination rate of ions. The ions at the surface combine with the emitted electrons to form
corresponding neutrals. The current density is calculated using Richardson’s Law:14

Je,e = ART
2
wexp

(−Φ Qe
kBTw

)
(3)
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where AR is a material-constant assumed to be equal to 1.20 × 106 A/m2/K2 in the current work, Tw is
the surface temperature, kB is the Boltzmann constant, and Φ is the material work function defined as the
minimum energy required to remove an electron from the material. In the current work, the work function
varies between 2.0 eV (similar to cesium15) and 2.4 eV. It is to be noted that in the current work, electrons
can only be emitted from the surface using Richardson’s law and are assumed not to recombine back to the
surface via Richardson’s law. The recombination rate of ions is calculated assuming that the surface is fully
catalytic to ions:16

ẇi =
ρi
Mi

√
RuTw
2πMi

(4)

where ρi is the ion density, mi is the ion mass, and Ru is the universal gas constant. The emitted electrons
will carry away energy from the vehicle surface at a flux of:

qemiss = Je,e

(
Φ +

2kBTw
Qe

)
(5)

B. Electric Field

The electric field can be replaced by an electric potential, φ, as,

~E = −5 φ (6)

where the electric potential is calculated using Ohm’s law and solving the steady state current continuity
equation,

~j = σ ~E (7)

5 ·~j = 5 · (σ5 φ) = 0 (8)

where σ is the electrical conductivity of the plasma. The electrical conductivity in this work is approximated
using a semi-empirical model developed by Razier,17 which is valid for air, nitrogen, and argon,

σ = 8300× exp
(−36, 000

T

)
(9)

A zero-gradient condition is used at the inlet, outlet, and symmetry computational boundaries for the
electric potential. At the wall, the electric potential is driven by the plasma sheath physics discussed in
Section C. The diffusive fluxes for charged species (ions and electrons) are modified to account for the drift
velocity induced by the electric field (forced diffusion),

~Js = −ρDs 5 Ys + ~Jfd,s + ~JSMs (10)

where ρ is the density, Ds is the diffusion coefficient of species s, and Ys is the mass fraction. The ~JSMs
term appears due to Stefan-Maxwell treatment to ensure mass conservation.18 For ions, the forced diffusion
contribution ( ~Jfd) is,

~Jfd,i = ρ~Ud,sYiCi (11)

where Ci is the charge number (1 for ions) and ~Ud is the drift velocity. The drift velocity can be calculated
in terms of the ion drift-diffusion approximation,19

~Ud,s =
(
CsKs −

∑
j

CjKjYj
)
~E (12)

where Ks is the ion mobility of species s and ~E is the electric field. The ion mobility can be approximated
by the polarization limit model20 and Blanc’s law,

Ks,j =
13.853 · 10−4
√
αp,jµ

(13)
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1

Ks
=
∑
j

Yj
Ks,j

(14)

where αp,j is the polarizability21 of species j and µ is the reduced mass of species s and j. This is only an
approximation because the model assumes the ion mobility is independent of temperature whereas experi-
ments show positive temperature dependence for air ions.22 For electrons, the forced diffusion contribution
is,

~Jfd,e = KeρYe ~E (15)

where the electron mobility can be approximated by the Einstein Relation:

Ke =
QeDe

kBTe
(16)

where Te is the electron temperature (assumed to be the same as vibrational temperature in this study).
The electric field at the wall can decrease the energy barrier that the emitted electrons must overcome at
the surface, which effectively reduces the work function, known as the Schottky effect:23

Φc = Φ−

√
Q3
eEw

4πε0
(17)

where Ew is the electric field at the wall and ε0 is the vacuum permittivity. Previous work showed that
the magnitude of the electric field for cases similar to this study has a relatively small magnitude, which
causes negligible effects on the predicted surface properties of hypersonic vehicles with thermo-electric TPS
materials.5

C. Plasma Sheath

A plasma or debye sheath forms near the the wall, which is a non-neutral region between the quasineutral
flowfield and the wall. The sheath occurs because the electrons are much more mobile than the ions due to
their mass (me � mi) and temperature (Te ≥ Ti) difference. This higher mobility of electrons leads to more
electrons leaving this region than ions, leaving the region positively charged, which generates a potential
difference between the flowfield and the wall. The length scale of this non-neutral region is on the order of
the Debye length:

λD =

√
ε0kBTe
Q2
ene

(18)

Another important sheath parameter is the sheath collisionality, which is proportional to the number of
collisions that occur within the sheath,

ν ≡ λD
λmfp

(19)

where λmfp is the mean free path. The mean free paths of interest are the ion-neutral and electron-neutral
mean free paths:

λmfp,i−n =
1

(ni + nneut)σi
, λmfp,e−n =

1

(ne + nneut)σe
(20)

where σi and σe are the collisional cross sections of the ions and electrons, respectively. For the cases of
interest, the Debye length (∼ µm) is much smaller than the ion-neutral and electron-neutral mean free paths
(∼ mm), which leads to the collisionality of the sheath being much smaller than one. Since ν � 1, the
sheath can be treated as collisionless.24 This is important because it is difficult to resolve the sheath in the
computational mesh because it would require many more cells to capture the sheath physics due to its small
length scale. An analytical model can be then used to model the sheath physics and the sheath edge will
act as the wall or surface boundary condition in the CFD code.
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1. Neglect effect of emission

In previous ETC modeling, the effect of emission on the plasma sheath was neglected. If the emitted electrons
are neglected, the wall potential is calculated by assuming the flowfield ion and electron fluxes are equal at
the wall,25,26

φw =
kBTe
Qe

log

(
ni
ne

√
2πme(Ti + Te)

miTe

)
(21)

where ni and ne are the ion and electron number densities, Ti and Te are ion and electron temperatures
(assumed to be equal to Tw in this work), and mi and me are the ion and electron masses. This case will
be referred to as T limited emission, in that the level of emission will only be limited the wall temperature
(Eq. 3).

2. Zero net sheath current

If the emission is not neglected, plasma sheath physics will have an effect on emission. If this surface is
treated as an electronically floating surface, the net current through the sheath must be zero:

Je,e = J
i,f − Je,f (22)

Essentially, the amount of electrons that escape the sheath will be limited by the difference between flowfield
ions and electrons reaching the sheath edge. Since the flowfield is quasineutral, the level of emission for
treating the wall as an electronically floated surface is small. Since the net charge flow through the sheath
edge is zero, the potential boundary condition for the sheath edge will be a zero gradient. The wall potential
can be approximated using relations provided by Hobbs and Wesson:27

φw ≈
−kBTe
Qe

log

[
1− Γ√
2πme

mi

]
(23)

where Γ is the ratio of the emission (see Eq. 3) to flowfield (J
e,f) electron fluxes. This approximation

assumes that the ions arrive at the wall cold and the electrons are emitted with negligible energy. The
flowfield electron current density can be calculated by,

J
e,f = Qene,f

√
kBTe
2πme

exp
(Qeφw
kbTe

)
(24)

where n
e,f is the number density of flowfield electrons, which is assumed to equal the number density

of flowfield electrons at the sheath edge without emission (assume emission has no effect on n
e,f). This

approximation is good up to Γcrit in which a potential well forms such that a fraction of the emitted
electrons return to the wall to maintain the current conservation in the sheath region. These critical values
are space charge limited values.27

Γcrit = 1− 8.3

√
me

mi
(25)

φw,crit =
−1.02kBTe

Qe
(26)

Writing Eq. 22 in terms of Γ:

Je,e =
Γ

1− Γ
J
i,f (27)

As expected, emission is limited by both flowfield ions and electrons. The lightest ion in air is N+ and the
heaviest is O+

2 which will lead to Γcrit being between 0.94 and 0.97. This case will be referred to Z-C limited
emission, in that the level of emission is limited by a zero net current through the sheath.
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3. Net sheath current

If the surface is not floating electrically and is negatively biased, a net current is permissible through the
sheath edge. A way this would be possible would be if electrons reattached downstream on the vehicle
surface and flowed back to the emissive surface, completing the circuit. An important limit in this regime is
space-charge limited emission. Space-charge limited emission occurs when there is a significant electron cloud
in front of the emissive surface, which creates a virtual cathode that forces the electrons back to the surface.
Ye and Takamura28 derived an expression for space-charge limited current through the sheath assuming zero
electric field condition on the material surface:

Je,e =
G

2(1 +G)
Qene,fC̄e

√
−πψ (28)

ψ =
Qeφs
Te

(29)

C̄e =

√
8Te
πme

(30)

G = f(ψ) (31)

where C̄e is the electron thermal speed, ψ is the normalized sheath voltage of the surface relative to the
local plasma, φs is the sheath voltage drop (difference between wall and sheath edge potential), and n

e,f is
the flowfield electron number density at the sheath edge, which is assumed to equal the number density of
flowfield electrons at the sheath edge without emission. For Eqs. 29 and 30, the electron temperature is
assumed to equal the wall temperature. A schematic of the sheath is shown in Fig. 1. This case will be
referred to as S-C limited emission, in that the the level of emission is limited by space-charge.

ϕ x 

ϕw 

ϕs 

sheath 

plasma 

0 

Figure 1: Plasma sheath schematic

III. Test Case Description

The geometry of the test case considered in this study is representative of a 2D leading edge of a hypersonic
vehicle and is shown in Fig. 2. The leading edge nose radius is 1.0 cm (unless otherwise stated), the wedge
angle is 5.0 deg., and the length of the model is 25 cm. The material radiative emissivity is assumed to equal
1.0. A mesh was generated for the geometry, and a grid convergence study revealed that the solution is grid-
independent. Only one-half of the leading edge geometry is considered in the numerical simulations in order
to reduce the computational cost using the axial vector as the line of symmetry. The computational grid
contains approximately 20,000 cells, with 160 cells normal to the vehicle and 125 cells along the surface. The
freestream conditions correspond to conditions at 60 km altitude and are listed in Table 1. The freestream
velocity is 6 km/s and material work function is 2.0 eV unless otherwise noted.

Table 1: Freestream properties

Velocity, Temperature, Density,

km/s K kg/m3

6 238 2.30 × 10-4
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(a) 3-D View (b) Cross-Sectional View

Figure 2: Test case geometry

IV. Numerical Results

The goal of this study is to perform an analysis of the effect that limited electron emission has on electron
transpiration cooling of leading edges of hypersonic vehicles that employ thermo-electric TPS materials. In
this study, different approaches are taken for modeling the plasma physics near the leading edge. For each
approach, a parametric study is carried out to understand the the effects that material work function,
freestream velocity, and the leading edge radius has on this cooling effect.

A. Flowfield features

The flowfield features for the conditions typical of those investigated in this study are shown in Figs. 3,
which show the temperature contours for the 6 km/s case without ETC and with ETC (Φ = 2.0 eV) and
the temperature profiles along the stagnation line. The flow for both cases is characterized by a strong bow
shock that develops around the leading edge. The translational temperature rises to over 16,000 K across
the shock before decreasing in the shock layer. The figure also shows that ETC has an overall small effect on
the flowfield features. However, the shock standoff distance is slightly smaller and the surface temperature
is lower for the case with electron emission.

(a) Temperature contours: without emission (top);
with emission (bottom)

Distance Along Stagnation Line [mm]

Te
m

pe
ra

tu
re

 [K
]

-6 -4 -2 00

2000

4000

6000

8000

10000

12000

14000

16000
Ttr (No Emission)
Ttr (Emission)
Tvib (No Emission)
Tvib (Emission)

(b) Temperature profiles along stagnation line

Figure 3: Temperature and number density profiles along the stagnation line for the T-limited 6 km/s case
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B. Emission limits

In this section, the effects of different analytical sheath models, work function, freestream velocity, and
leading edge geometry have on the level of emission and ETC are evaluated.

1. Material work function

For each type of limit; temperature (T), zero sheath current (Z-C), and space-charge (S-C), two different
material work functions are considered, 2.0 and 2.4 eV. Figure 4 presents the emission current density for
the T and S-C limits for a material work function of 2.0 and 2.4 eV. Note that the distance along the
leading edge (s) is normalized by the leading edge radius. The T-limited current density will be the upper
limit to the emission because it is only limited by the wall temperature (Eq. 3). The S-C limit can limit
the T-limited current due to space-charge limits. Figure 4 shows that emission does not reach this space-
charge limit and the emission will not be limited by space-charge for the flowfield and material conditions
considered. Figure 5 shows the emission current density (note the change of units) for Z-C limited emission.
The emitted current is very limited compared to the T-limited current, which is expected because for Z-
C type limits, the net current through the sheath must be zero, and since the flowfield is quasineutral a
negligible amount of emission would be expected. The surface temperature and convective heat transfer for
each case is presented in Figs. 6 and 7. Figure 6 shows the T-limited surface properties. Similar to what
has been shown in previous work, ETC results in a significantly lower surface temperature. Higher level
of emissions correspond to decreased surface temperatures. As shown in Fig. 3, emission has a minimal
effect on the flowfield temperature so the lower surface temperature results in a higher temperature gradient,
which results in higher convective heat transfer for ETC. Since the conditions considered did not reach space-
charge limited emission, the S-C surface properties equal the temperature limited surface properties. Figure
7 shows the Z-C limited surface properties. Since the emission for this case is greatly limited, the decrease
in surface temperature and corresponding increase in convective heat transfer is much smaller than for the
T-limited case. However, it is interesting that such a low level of emission for the Z-C case still results in a
noticeable decrease in surface temperature. This is caused by the increase in diffusive heat transfer shown
in Fig. 8. Diffusive heat transfer is negligible for the case without emission. For the case with emission,
the surface is assumed to be fully-catalytic, which results in an increase in diffusive heat transfer to the wall
from the exothermic recombination of emitted electrons to the flowfield ions. The increase in diffusive heat
transfer contributes to the convective heat transfer and an increase in convective heat transfer corresponds to
a decrease in surface temperature (Fourier’s law) given that emission has a negligible effect on the flowfield
temperature.
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(a) Φ = 2.0 eV
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(b) Φ = 2.4 eV

Figure 4: Emission current densities for T and S-C limited for different work functions
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Figure 6: Surface profiles for T limited for different work functions
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Figure 7: Surface profiles for Z-C limited for different work functions
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2. Freestream velocity

For each type of limit; temperature (T), zero sheath current (Z-C), and space-charge (S-C), two additional
freestream velocities are considered in this section, 4 and 8 km/s. Figure 9 shows the emission current
densities for temperature and S-C type limits for different velocites. Figure 9a presents the emitted current
density for both T and S-C type limits and shows that for a freestream velocity of 4 km/s, the emission
becomes space-charge limited for the S-C case for each sheath voltage value considered. As the magnitude of
the sheath voltage is increased for the S-C cases, the emission also increases as expected. Since each voltage
value is limited, in order to reach the maximum emission (Richardson’s current) for the conditions considered,
the sheath voltage would have to be more negatively biased than 1 V. Figure 9b shows that emission is not
space charge limited for the 8 km/s cases. For the higher velocities (6 and 8 km/s), the emission does not
reach the space-charge limit. Although these velocities have high wall temperatures, which have the potential
to result in higher emissions due to Eq. 3, the current is not limited due to the large number density of
flowfield electrons at the sheath edge as shown in Fig. 10. The higher density of flowfield electrons result
from the higher velocity of the vehicle, which results in a stronger shock temperature and more ionization.
Essentially with S-C limits, emission is encouraged by having a higher freestream velocity. For the Z-C cases,
emission is still greatly limited as shown in Fig. 11. Emission is higher for the higher velocity case (8 km/s).
Figure 12 shows the resulting surface temperature and heat transfer for the 4 km/s freestream velocity cases.
The resulting surface temperature and convective heat transfer for the S-C and Z-C cases are equal for the 4
km/s cases. Figure 13 presents the surface temperature and heat transfer for the 8 km/s freestream velocity
cases. Since the emission is not limited for the S-C cases, the surface temperature and heat transfer are
identical to the T-limited profiles.
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Figure 9: Emission current densities for T and S-C limited for different freestream velocities
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Figure 12: Surface temperature and heat transfer profiles for 4 km/s freestream velocity
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Figure 13: Surface temperature and heat transfer profiles for 8 km/s freestream velocity

3. Leading edge geometry

For each type of limit; temperature (T), zero sheath current (Z-C), and space-charge (S-C), an additional
leading edge radius at 5.0 cm is considered in this section. Figure 14a presents the emission current density
for the T and S-C cases and shows that emission is still not space-charge limited even for a larger leading
edge radius. Figure 14b shows the emitted current for the Z-C case is still greatly restricted. All the emission
current densities are smaller compared to the smaller leading edge radius cases. The surface profiles for the
temperature and heat transfer are presented in Fig. 15. The larger leading edge radius results in lower
surface temperatures and convective heat transfer compared to the 1 cm nose radius cases as expected given
Eq. 1.
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Figure 14: Emission current densities for 5 cm leading nose radius
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Figure 15: Surface temperature and heat transfer profiles for 5 cm leading nose radius

V. Conclusions and Future Work

The goal of the present work was to assess the effect plasma sheath physics has on electron transpiration
cooling (ETC). Three different analytical models were compared. For the first approach, emission was only
limited by the surface temperature (T) and the wall potential was modeled neglecting the effect of emission.
The second model, Z-C, treated the emissive surface as an electronically floating surface and restricted any
net current flow through the sheath. The final model, S-C, introduced a biased sheath voltage that allowed
for a net current flow through the sheath, but still could be limited by space-charge build up. The baseline
conditions considered in this study were air flow at a freestream velocity of 6 km/s over a 1 cm leading
edge radius. The study showed that the Z-C model greatly limited ETC for each case studied. The S-C
model with a biased sheath potential often matched the ETC benefits expected for Richardson type emission.
This suggests that in order for ETC to be beneficial to hypersonic flight, the emitting surface must have a
biased surface potential. The parametric study revealed that having a higher freestream velocity encourages
emission for the S-C model, which is promising for hypersonic flight.

In order to continue to improve the modeling capabilities of ETC, future work includes developing an
approach that would calculate the minimal amount of sheath voltage, φs, that would result in temperature
limited emission for the S-C cases. The analytical sheath models implemented in LeMANS will be compared
against a kinetic 1D sheath code in order to validate the approach.29 Future work will also investigate the
effect of ETC on a full-scale hypersonic vehicle including collecting the emitted electrons downstream on the
vehicle to complete the circuit.
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