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Introduction

HEN athermal protectionsystemdesigneris confrontedwith

a leading-edge design for a hyersonic vehicle, the avail-
able options are either passively cooled, heat-pipe-cooled, or ac-
tively cooled systems. The upper use limit for passive leading edges
may be determined by evaluating the material properties in light of
the thermal and mechanical loads. If passive leading edges cannot
survive the environmental conditions, heat-pipe-cooled or actively
cooled leading edges may be required. Preliminary design stud-
ies at NASA Langley Research Center indicate that a refractory-
composite/refractory-metal heat-pipe-cooled leading edge can re-
duce the leading-edge mass by over 50% compared to an actively
cooled leading edge, can completely eliminate the need for active
cooling, and has the potential to provide fail-safe and redundant
features.! Though heat pipes are often a viable and lightweight op-
tion, the analysisrequiredto determine the feasibility for a particular
application can be extensive and can preclude their use. It is there-
fore beneficial to have a simple set of closed-form equations that
can be used to determine if the heat-pipe option is feasible. Having
a simple analysis technique available may prevent the unnecessary
incorporation of active cooling systems when heat pipes may pro-
vide a cheaper and lightweight alternative and may also eliminate
the need for a complex, three-dimensional finite element analysis
(FEA) to answer the initial question of feasibility.

The purpose of this Note is to present a set of simple, closed-
form design equations that can be used to determine a preliminary
design of a heat-pipe-cooled leading edge. The design equations
presented here are only for thermal design purposes and do not
include any stress analysis. Temperatures obtained from the design
equations are compared to three-dimensional for both a large and
smallleading-edgeradius. Though somerestrictionsapply to the use
of these equations, they appear to be a useful tool for the preliminary
design of heat-pipe-cooled leading edges. Use of these equations
will quickly answer questions such as, Is a heat-pipe-cooledleading
edgeevenfeasible?Whatis the heat pipe operatingtemperature? Are
refractory metal or superalloy heat pipes required? Is a refractory-
composite structurerequired? What is the required heat-pipelength?
Ifthe preliminary designequationsindicate a feasibledesign,a more
detailed analysis should follow.

Design Equations

The design of a heat-pipe-cooled leading edge is very complex
because of the numerous variables involved. However, a simple set
of closed-form equations is presented here that can be used to de-
termine if a heat-pipe-cooledleading edge is feasible with various
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material combinations? The equations presented here were devel-
oped to model the heat-pipe-cooledleading edge describedin Ref. 3,
but can be generalized for many other potential designs.

A schematic cross-sectiondiagram of three heat pipes embedded
inastructuralmaterialis shownin Fig. 1. The heatpipesshownin the
figurehavearectangularcross section, but othercross sectionscould
beconsidered.The leadingedge is subjectedto aerodynamicheating
on the outer surface. At the stagnationline the location of maximum
heating, the heating rate, is denoted by g/;,,. The thickness of the
structure between the outer surface and the heat pipes is denoted by
t,, the outer coating thicknessis 7., and the heat-pipe container wall
thicknessis t,,. The distance between heat pipes is 2x, and the width
of the heat pipe is w. Contact resistance between the outer surface
and the heat pipe is also noted in the figure. The contact resistance
on the other surfaces of the heat pipe is of much less concern and
is thus neglected. Two paths for the flow of heat from the region of
maximum temperature T;,,, to the heat pipe are also shown in Fig. 1
using arrows.

Temperature Difference

The first step is to determine the temperature drop A T, through
the structure and heat-pipe containerat the stagnationline. This will
help dertermine the maximum temperature of the leading edge (Tiax
in Fig. 1), which will occur on the outer surface at the stagnation
line, midway between heat pipes. To determine the maximum tem-
perature drop through the structure and heat-pipe container at the
stagnation line, the following thermal resistances should be consid-
ered: through-the-thickness of the structure (from the outer surface
to the heat pipe), in the plane of the structure (from midway between
heat pipesto the heat pipe), and the contactresistance.If a coating is
used on the outer surface, its thermal resistance (both in-plane and
through-the-thickness) should be included. Two conduction paths
are shown in Fig. 1 for the heat conducted from midway between
heat pipes on the outer surface to the heat pipe. As shown, the heat
must be conducted through the coating and structure in the through-
the-thicknessdirection and through the coating and structure in the
in-plane direction.

Figure 2 illustrates the approximation of the two-dimensional
geometry of Fig. 1 with a thermal resistance network. The thermal
resistance is for the heat conduction midway between heat pipes
on the outer surface to the heat pipe. The through-the-thicknes
resistance in the structure is shown in Fig. 2 prior to the in-plane
resistances but could be placed after the in-plane resistances with
the same result. Other resistance networks could also be used, but
care must be exercised because of inconsistent geometric areas.
The thermal resistance through the heat-pipe container is neglected

Applied heat flux — T rmax

Thermal contact
resistance

Structure

£ Heat-pipe container
Heat-pipe interior

Fig. 1 Schematic of three heat pipes embedded in structure.
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Fig. 2 Schematic drawing of the resistance network for heat to be
conducted from midway between heat pipes on the outer surface to a
heat pipe.
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because it is small relative to the other terms and because the heat-
transfer area is not consistent with the other terms.

Knowing the stagnation heat flux g(,, the dimensions, and the
thermal conductivities, the temperature drop from a point midway
between heat pipes on the outer surface to the heat pipe AT,, can
be determined from
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The stagnationheat flux shouldbe a hot-wall heat flux using the aver-
age leading-edge surface temperature. The thermal resistance given
inEq. (1)is for the geometry shownin Fig. 2. The first two resistance
terms represent the through-the-thickness series resistance through
the coating and structure. The third term represents the in-plane
parallel resistance through the coating and structure. The thickness
ratios ./ (t, +t.) and t./(t, + t.) represent the cross-sectional area
(assuming a unit depth) for the heat conduction through each layer.

The maximum value of the stagnation heat flux is used, and the
transient nature of the heating is not taken into account. Although
this is a conservative approach, the thermal response of the leading
edge will often be rapid enough that a steady-state approximation
at the time of maximum heating will provide relatively accurate
temperatures.

Average Surface Temperature

The next step is to determine the average surface temperature
based on an assumed heat-pipe length. To determine this temper-
ature, one must know the heat-flux distribution and estimate the
chordwise length of the heat pipes on both the upper and lower sur-
face. The heat pipes will normally be oriented perpendicularto the
leading edge (chordwise direction) but could be oriented closer to
the flow direction for large leading-edge sweep angles. For a swept
leading edge orienting the heat pipes perpendicular to the leading
edge results in easier fabrication and lower axial heat-pipe acceler-
ation loads. From the heat-flux distribution the integrated heat flux
¢ior can be obtained for the entire chord length, both upper and lower
surfaces, for a spanwise (parallel to the leading edge) unit width.
The average external surface temperature (which is relatively uni-
form because the leading edge is heat-pipe cooled) T+ can then be
estimated from

Giot = SGA(T:M’ - Ta‘inb) (2)

Thermal radiation to the leading edge from the ambient is included
in Eq. (2), but can usually be neglected for most flight profiles.
Reducing the upper or lower surface length of the heat pipes, L, or
L, respectively, will raise the average surface temperature. The area
A is based on a unit width (1-in.-wide strip) for the total length of
the heat pipe (L, + L,). For sharp leading edges on vehicles at small
angles of attack, the heat flux drops off in a short distance, usually
allowing the radiation equilibrium temperature to drop below the
material reuse temperatures in a short distance. However, for very
blunt leading edges at high angles of attack, high heat fluxes will
extend a significant distance from the stagnation line, resulting in
long heat-pipe lengths on both the upper and lower surface.

Heat-Pipe Operating Temperature

The third step is to estimate the internal heat-pipe temperature.
The assumption is made that the heat pipe is at uniform temperature
and thus the heat radiated from the surfaceis also uniform. First, the
heat flux outof the heat pipesis calculatedassuming that the heatflux
radiated from the leading-edgeouter surface must first be conducted
through the heat-pipe width w. The distance between heat pipes is
2x, and, thus, for every spanwise unit width of leading edge, the heat
flux mustbe conductedthroughaheat pipe of widthw, butis radiated
from the outer surface over a width of w + 2x. Therefore, for each
1-in.-unit width of leading edge, the heat is conducted to the outer
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surface through a width of (1 in.) w/(w + 2x). The average heat
flux conducted through the wall of the heat-pipe container is then

Qe = G/ {(Lu + L)(Tin)[w/(w + 2x)]} 3)

Knowing the average heat flux, the temperature drop through the
structure and heat-pipe container, AT ,, can be obtained from

L]g,vg = AT&‘,hp/(tS,t/kS,t + tw/kw + tc/kc + l/hcr) (4)

Note that in Eq. (4) there is no in-plane thermal resistance. Contact
resistance i, between the heat pipe and structure, if known, can be
included in Eq. (4). However, it is well known that thermal contact
resistance is extremely dependent on geometry, pressure, material,
and temperature, making modeling of this parameter difficult to
incorporate. The heat-pipe operating temperature is then obtained
from

Thp = Lgurf — A Tx*,hp (5)
Maximum Surface Temperature

The final value to obtain is the maximum leading-edge tempera-
ture, which will occur midway between heat pipes at the stagnation
line. This temperature is obtained from

Tmax = Thp + ATslag (6)

Discussion

The important parameters for a heat-pipe-cooled leading edge
have now been obtained for an assumed geometry and material
system: the maximum surface temperature 7,,,, and the heat-pipe
operating temperature T,. A comparison of the calculated maxi-
mum surface temperature with the reuse temperature of the coating
and structural materials will determine if they are feasible for the
given application. Several iterations may be required to obtain a de-
sign with acceptable temperaturesusing the corresponding material
properties and geometry.

Because a heat pipe redistributes thermal energy instead of re-
moving it as in active cooling, the total energy balance is extremely
important. For this reason sharp leading edges are better suited for
heat-pipe cooling than blunt leading edges. A blunt leading edge
will have a lower stagnation heat flux than a sharp leading edge un-
der the same flow conditions; however, it will likely have a higher
integrated heat load. As a result, the surface area required to radiate
the energy away may be larger, i.e., longer heat pipes are required.

Low angles of attack are more conducive to heat-pipe cooling
than high angles of attack. A high angle of attack will heat a larger
portion of the lower surface, making it less useful for radiating away
heat transferred from the stagnation region. The heat must thus be
moved to the upper surface, which experiences very little heating.
The required heat-pipe lengths are therefore much longer than for a
corresponding low-angle-of-attackleading edge.

The approximation presented here conservatively estimates the
maximum temperatures by assuming no transfer of heat chordwise
at the stagnation line. However, because of the sharp reduction in
heat flux at the stagnation line, three dimensions should be consid-
ered for a complete detailed analysis. For sharp leading edges heat
will be transferred away from the stagnation line in the chordwise
direction parallel to the heat pipes, thus reducing the leading-edge
temperatures and resulting in a conservative approximation. For
blunt leading edges the chordwise heat-flux reduction is much less,
and the three-dimensionaleffect is correspondinglyless significant.

A second conservative feature of this technique is the use of a
constant applied heat flux on the outer surface with only radia-
tion losses. For actual aerodynamic heating the reduction in the
applied heat flux with rising surface temperature is much greater
if convection to a hot surface is considered rather than assuming a
constant heat flux with radiation losses alone. This effect is most
pronouncedas the heat-pipe spacing increases. For very small heat-
pipe spacing the surface temperature,and thus heat flux, is relatively
uniform. For large heat-pipe spacing the maximum temperature be-
tween heat pipes is much greater than directly over a heat pipe. If
surface-temperature-ccpendent convective aerodynamic heating is
considered instead of a constant applied heat flux, the aerodynamic
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Table1l Comparison of design and FEA temperatures

Case Thp,design» 'F Thp,rea. °F Difference, °F  Thax,design» 'F Tmax,FEA, 'F  Difference, °F

Blunt leading edge, qstag = 83 Btu/ftz—s andr = 9in.

Test case 1 2,587 2,556
(gror = 11.6 Btu/s, t, = 0.04 in.,
x=0.7in., L, = 24 in.)*

Test case 2 2,530 2,420
(gror = 12.09 Btu/s, ¢, = 0.04 in.,
x=0.05in., L, = 36 in.)*

Test case 3 1,933 2,525
(gior = 11.6 Btu/s, t, = 0.25 in.,
x=0.7in., L, = 24 in.)*

Test case 4 2,455 2,537
(gior = 11.6 Btu/s, t, = 0.25 in.,
x=0.05in., L, = 24 in.)*

31 3,394 3,243 151
110 2,670 2,505 165
592 3,145 3,074 71
82 3,003 2,821 182

Sharp leading edge, qstag = 750 Btu/f*-s andr = 0.5 in.

Test case 5 2,968 3,036
(gror = 19.142 Btu/s, ¢, = 0.04 in.,
x=0.05in.,L, = L; = 24in.*

Test case 6 2,791 2,851
(gror = 22.906 Btu/s, ¢, = 0.04 in.,
x=0.05in.,L, = L; =36in.)*

Test case 7 2,826 2,985
(gror = 19.142 Btu/s, ¢, = 0.04 in.,
x=0.7in., L, = L; = 24 in.)*

68 4,230 4,077 153
60 3,962 3,926 36
159 10,121 6,064 4,057

?All other variables are the same as in Table 2.

heating applied to the surface will decrease significantly with the
rise in surfacetemperature. The convectionboundary condition thus
results in a damping of the temperature rise.

The equations presented here are used to determine the heat-pipe
temperatureand the maximum surface temperature. An average sur-
face temperatureis firstused to determine the heat-pipe temperature,
and then a temperature at the stagnation line is used to obtain the
maximum leading-edge temperature from the heat-pipe tempera-
ture. In reality, the surface temperature will not be uniform due to
the thermal resistances of the composite structure within which it is
embedded. The surfacetemperature will be higherthan the heat-pipe
temperature in the evaporator and lower than the heat-pipe temper-
ature in the condenser. An alternate set of equations was derived
utilizing different evaporator and condenser surface temperatures.
The locationand temperature of the evaporator/condenserboundary
was determined by iteration. Though the surface temperatures were
thought to be more accurate because they took into account that the
evaporator and condenser surface temperatures were different, the
heat-pipe temperatures indicated no increase in accuracy. The tem-
perature from the heat pipe to the maximum surface temperature
was exactly the same because it is based only on resistancesin that
region. With no increased accuracy in the two key temperatures for
designfeasibility (heat-pipetemperatureand maximum surface tem-
perature) by using the more rigorous iterative approach, the single
surface temperature set of equations has been presented here.

Comparison of Design and FEA Results

A comparisonof the heat-pipetemperature and maximum surface
temperature are summarized in Table 1 for the design equations and
a full three-dimensional FEA for a blunt leading edge such as on
the Space Shuttle Orbiter. The FEA results are intended to provide
representativetemperatures for each condition. The accuracy of the
FEA was previously verified, and a detailed discussion of the FEA
is presented in Ref. 1. Although the FEA has a nonlinear property
capability,the constant propertiesin Table 2 were used in the FEA to
provide a true comparison with the design equations. In each case
the variables that are different from those in Table 2 are listed in
Table 1 (all other variables are the same as in Table 2).

Test cases 1-4 are for a blunt leading edge (r =9 in.) with a
relatively low heat flux and a large angle of attack. Test case 2 has
a much smaller half heat-pipe spacing than in test case 1 (0.05 in.
vs 0.7 in.) and a longer upper surface heat-pipe length. The longer
upper surface heat pipe results in a slightly larger integrated heat
load. In test case 3 the thickness of the structure beneath the coating

Table 2 Baseline variables
for comparison of results

Variable Value

0.04 in.

0.01 in.

0.01 in.

0.7 in.

24 in.

18 in.

9 in.

12.8 Btu/h-ft-°F
24.408 Btu/h-ft-°F
39.485 Btu/h-ft-°F
23.587 Btu/h-ft-°F
0.8
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is increased to 0.25 in., and the half spacing between heat pipes
is 0.7 in. Both of these dimensions are relatively large and result
in a heat-pipe temperature that is quite low. The combination of a
thick structure above the heat pipe and a relatively large distance
between heat pipes results in a large thermal resistance and thus a
large temperature difference between the outer surface and the heat
pipe. The larger dimensions also result in the approximationbeing
less accurate. In test case 4 the structural thickness is still large, but
the heat pipes are spaced much closer; the heat-pipe temperature
from the design equations is much closer to that from the FEA.

Three cases are presented for a sharp leading edge (r =0.5 in.)
with a higher heat (gy,, =750 Btu/ft>-s) in Table 1. The angle of at-
tack for test cases 5-7 is near zero. The designresults compare well
with the FEA except for large heat-pipe spacing (test case 7), where
the maximum temperatures obtained by the two methods are very
different because as the heat-pipe spacing increases the problem
becomes more three-dimensional,and the design equations become
less accurate. However, both the design equations and the FEA in-
dicate that the design with large heat-pipe spacing is not feasible.
The design equations presented here can be used relatively accu-
rately to obtain a preliminary design assuming closely spaced heat
pipes. Once it is determined that heat pipes are feasible with closely
spaced heat pipes, a more detailed analysis should be performed to
determine optimum heat-pipe spacing.

Conclusion

A setof closed-formequationshas been presentedto obtaina pre-
liminary design of a heat-pipe-cooled leading edge for hypersonic
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vehicles. The results from the design equations were compared with
results from a three-dimensional FEA for both a large and a small
leading-edgeradius. The results compared quite well for most cases
and indicate that the equations can be used for a quick assessment
of a preliminary heat-pipe-cooledleading-edgedesign. If a feasible
design is indicated, a more detailed analysis should follow.
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Introduction

HE use of high power in future space missions, especially in

low Earth orbit (LEO), calls for high-voltage power generation
and transmission, typically higher than 100 V. When solar arrays
generate electrical power at a high voltage, most of the voltage be-
comes negative with respect to the plasma due to the low mobility
of ions.! Arcing is known to occur at the negative part of the solar
array. The arcing causes various undesired side effects, such as elec-
tromagnetic interference and surface deterioration and sometimes
leads to the permanentloss of the spacecraftpower, such as the case
of the Tempo-2 satellite? Preventing arcing is an important tech-
nical task to realize a large space platform in LEO that uses high
power of the order of 100 kW or more.

A conventional design of solar arrays has a series of solar cells
connected by exposed interconnectors with coverglasses placed on
top of the cells. The triple junction is formed by the interconnec-
tor (electrical conductor), the coverglass (electrical insulator), and
the surrounding plasma. Studies on high-voltage solar arrays (see
Ferguson et al.? and references therein) revealed that arcing occurs
at the triple junction once a strong electric field is applied by the
charging of the dielectric material. Thieman et al.> observed optical
flashes along the edge of the coverglass. Vaughn et al.* showed that
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an arc produced a dense plasma that neutralized the positive surface
on the nearby dielectric surface.

Cho et al.’ proposed that the arc rate is given as the inverse of
the charging time. The coverglass surface is charged by positive
ions that are attracted by the negative potential of the solar cells.
At steady state, the surface potential is nearly equal to the space
plasma potential. Then, the insulator surface near the triple junction
is charged furtherby secondary electron emission thatis released by
the impact of electrons emitted from the interconnector surface via
field emission. Once an arc occurs, the arc plasma neutralizes the
positive charge near the arc spot, and the charging process restarts.

The purpose of this paper is to present the results of direct ob-
servation of the charging and discharging process near the arc spot.
We have developed an experimental system, which can measure
the in situ two-dimensional surface potential distribution over the
dielectric material placed in a plasma environment. The system em-
ploys a nonlinear optical crystal, B;;,S; 0,y (BSO), which exhibits
the Pockels effect. Miller® measured the surface potentialby sweep-
ing an electrostatic probe, which disturbed the plasma environment
near the test sample and often caused arcing as the probe moved
over the exposed conductor. The observation system used in this
paper is an optical method and can measure the charge distribution
without disturbing the environment near the test sample.

Experiment

Figure 1 shows a schematic of the experimental system. The pres-
sure in the vacuum chamber (I m diameter and 1.2 m length) is
8 X 1072 Pa when the diffusive argon plasma source is operated.
The plasma density is 10'" m™3, and the electron temperature is
1 eV. The plasma potential with respect to the grounded chamber
wall is approximately +10 V. The test sample consists of an indium
tin oxide (ITO) electrode (4 X4 cm), BSO crystal (1 X1 cm and
1 mm thickness), and polyimide film (25 um thickness). The test
sample is placed on acrylic plate and biased to —1 kV. The BSO
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Fig. 1 Schematic of experiment setup.



