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Investigation of an Actively Cooled Leading Edge for
Hypersonic Ramjet Engines

StepPHEN E. GRENLESKI* AND FREDERICK S. Birigt
Applied Physics Laboratory, The Johns Hopkins University, Silver Spring, Md.

This report examines the engineering problems associated with the design of a water-cooled,
tubular nickel leading edge for a hypersonic inlet. Small leading-edge radii (0.015-0.035 in.)
were considered in order to minimize the distortion to the inlet flowfield. A design analysis
was performed for conditions which could be obtained in the Applied Physics Laboratory
(APL) arc-driven wind tunnel, viz., Mach 6.5, total temperature 5400°R, total pressure, 450
psia. Experiments on an 0.0255-in.-radius leading edge at these conditions showed that the
integrity of the tube could be maintained even though the tube was deformed by small particles
in thestream. Using moderate coolant velocities the calculated outer wall temperature at the
stagnation point was 800°R, and the combined thermal and pressure stresses were found to
be 249, of the elastic limit. Selected results of a more generalized study of the application
of actively cooled leading edges for hypersonic vehicles are also discussed. The fabrication
techniques used to join nickel tubes with electrodeposited nickel and to form a composite
leading-edge structure for a second series of tests are described. Photomicrographs show
that a bond of one-grain-boundary thickness can be achieved. Both single-tube and com-
posile structures were tested at Mach 3.13 with stagnation conditions of 4440°R and 435 psia,
giving 2.1 times the heating rate at the stagnation point attained with the Mach 6.5 tests.
Assuming Newtonian flow and the Detra and Hidalgo correlation modified for a cylinder in
cross flow, the estimated heat transfer to the leading edge was found to be 739, of the mea-

sured value.

Nomenclature
A = area
D = diameter
f = friction factor
h = enthalpy
k = shape factor
L = length
M = Mach number
P = pressure
q = heat-transfer rate, dynamic pressure
R = radius
t = thickness
T = lemperalure
V= velocity
z, y = axial and normal coordinate, respectively
Z = altitude
8 = wedge angle
A = shock wave standoff distance
Ap = pressure drop
p = density
0 = shock angle
Subscripts
¢ = curvature
cond = conduction
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conv = convection

f = film

H.O = bulk water condition

7, w = inside and outside wall condition, respectively

lig, sat = mixed outlet and saturation condition, respectively

0, r,t = freestream, recovery, and total condition, respectively

rad = radiation

s = stagnation point

sl = sea level conditions

1, 2,3 = first-, second-, and third-wedge compression region,
respectively

Introduction

NE of the more critical problem areas in the development
of air-breathing engines for hypersonic flight is the lead-
ing-edge structure of the inlet compression surface. In this
region not only must the maximum heating rates be tolerated
but distortions to the flowfield caused by excessive blunting
and/or thermal warping of compression surface must be held
to a minimum if high inlet performance is to be achieved.
For most of the attractive hypersonic missions the freestream
dynamic pressure, o is sufficiently high so that the beneficial
effects of radiation are inconsequential in cooling stagnation
regions. Moreover, slender relatively sharp shapes are
customary, so relief by heat conduction away from the hottest
regions is relatively small. Thus, the design of the uncooled
structure must contend with surface temperatures approxi-
mately equal to the stagnation temperature at the leading
edge and the laminar recovery temperature 7, in the immedi-
ate downstream region.

The use of conventional high-temperature materials, e.g.,
stainless steel, nickel, and cobalt-based alloys, is limited to
about Mach 5 where the stagnation temperature T, in the
tropopause is 2290°R and T, = 1965°R. Uncooled refrac-
tory materials will have some utility at low hypersonic speeds,
possibly Mach 8, 7. =~ 3865°R to Mach 10, T, = 5480°R
depending on the severity of the surface oxidation.
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Fig. 1 Two-dimensional ramjet inlet-combustor model
for hypersonic combustion testing.

Studies in the literature include that of Bowers,' who
evaluated thin shell edge structures fabricated from coated
molybdenum alloys for the Dyna-Soar glide vehicle. Al-
though the strength of the structures was adejuate, oxida-
tion failure through the disilicide coatings occurred during
radiant heating and plasmajet temperature simulation tests.
Scala and Nolan? made analytical studies of the transient
heat transfer and surface oxidation rates for glide vehicle re-
entry trajectories using representative properties of both
conventional and pyrolytic graphite. They conclude that
graphite could be used successfully for high-temperature
leading edges, if the regression of the leading edge can be
tolerated. Of course, only a very limited amount of leading-
edge regression can be sustained in the inlet compression sur-
face before significant distortions to the flowfield would be
encountered. Moreover, coated molybdenum and pyrolytic
graphite are both relatively expensive and would reguire
complicated methods of attachment to the downstream
structure. Thus, it appears that either actively or trans-
pirationally cooled leading-edge structures will become of
interest even in the low hypersonic range.

This paper investigates the engineering problems pertinent
to the design and fabrication of an actively cooled nickel
leading-edge tube. The analytical studies include calcula-
tions of cooling requirements for structural adequacy for
leading-edge radii from 0.015 to 0.035 in., a description of
detached shock position and shape for a 0.0255-in. radius,
and a more generalized analysis of water-cooled leading-edge
structures. The experimental work was carried out in two
phases. In the first phase, single water-cooled tubes were
attached to a simple two-dimensional ramjet model and tested
in the Mach 6.5 arc-driven hypersonic wind tunnel at the
APL to verify the concept. 'The second phase includes a
description of the fabrication technique used to connect
several nickel tubes to a nickel forebody by means of electro-
plating and subsequent machining of the assembly. Verifi-
cation of a high-quality plating interface was obtained by
photomicrographs, and an approximate method of estimating
leading-cdge heat-transfer rate was checked by direct mea-
surements in an are-driven wind tunnel, using a lower Mach
number freejet apparatus which is more convenient to ob-
tain measurements and also provides a more severe heat-
transfer environment.

Analytical Studies

The simple two-dimensional ramjet inlet-combustor wind-
tunnel model as shown in Fig. 1 is being considered for hyper-
sonic testing of an integrated supersonic combustion engine.
The model is 6 in. wide and consists of a compression surface,
a cowl, and main body plus miscellaneous mounting struts.
The compression is accomplished through two oblique shocks
on the ramp plus a reflected shock from the cowl. The intent
is to place the cowl at the intersection of the two oblique
shocks and have the cowl-reflected shock strike the knee of
the compression ramp to prevent over compression and/or
undesirable expansions.
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The design was based on the test conditions available in
the 15-in.-diam d.c. arc-heated wind tunnel at the APL.
Pitot pressure surveys ol the tunnel flowfield showed that the
tunnel Mach number was 6.5 == 0.1 based on ejuilibrium
nozzle expansion® from plenum conditions of 450 psia and
5400°R. The tunnel static pressure at this condition is
0.095 psia simulating 112,000 ft, but the static temperature
is 698°R or 260°R above the temperature corresponding to
that altitude. Stagnation-point heating is simulated by
matching pitot pressure and total enthalpy so that the un-
realistic temperature just implies simulation at a somewhat
higher Mach number and altitude. In this case, these condi-
tions are M, = 8, Z = 145 kft.

The heat transfer to the stagnation point on the com-
pression surface was examined using the Detra and Hidalgo!
correlation

qs p - VO 3.15 Po 0.5 ]Z; _ /L“.
= 36800-865-2¢-v/2 { o Ju = b
§ = awosssezeos ()T (2 )7 S 0

which has been modified to include the term 2¢-D/2 where
k = 1 for axisymmetric flow and £ = 0 for two-dimensional
flow such as discussed herein. This correlation is presum-
ably accurate to 109, over the range of 6000 < ¥, < 26,000
fps and 8 X 107° < py/pu < 1. Included in the determina-
tion of this expression is the consideration of a Newtonian
velocity gradient at the stagnation point, Aveco gas dynamic
charts for equilibrium air, the viscosity-temperature de-
pendence given by Sutherland, a Lewis number of 1.4, and a
Prandtl number of 0.71.

The stagnation-point heat flux was calculated as a function
of wall temperature for the tunnel conditions and the results
plotted in Fig. 2. Note that the equilibrium wall tempera~-
ture for an uncooled leading edge with the radius chosen
(0.025 in.) is approximately 4400°R. In subsequent calcu-
lations the method of Lees® was used to compute the heat-
transfer-rate distribution about the cylindrical body with its
axis normal to the airstream. Although the heat flux for
the complete range of possible wall temperatures is shown,
in fact, the study revealed that only a limited range of out-
side wall temperatures, viz., 600-1000°R. are consistent with
the concept of thin walls and moderate stress levels.

The method of cooling the model is to force coolant through
a network of small diameter holes. Water was chosen be-
cause of its attractive properties, but other coolants, e.g.,
liquid hydrogen, are feasible. The composite structure
consists of a base structure containing drilled holes joined to
an electrodeposited leading-edge section. The limitations
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Fig. 2 Calculated stagnation-point heat flux vs wall tem-
perature and leading-edge radius (¢ = 0.7).
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on the extension of the drilled strueture to a minimum seetion
thickness are the driil diameter and the drill runout, which
varies inversely with the drill diameter. In this case, the
smallest successfully drilled hole, of 6-in. depth, using con-
ventional methods was 0.093 in. in diameter with 0.006 to
0.012-in. runout. Rather than extending the drilled seetion
to the theorctical limit, thus compounding the fabrication
problems, the minimum thickness was held to 0.224 in., and
it was necessary to devise a different method of fabrication
to obtain a leading edge with acceptable bluntness.

The leading-edge design that was conceived consisted of
an assembly of several separately cooled tubes in which each
suceeeding tube 1s downstream and in line with the preceding
tube as scen in Fig. 3. The method of fabricating the tube
assembly involves the electrodeposition of metal about tubes
held in an assembly jig. The plated metal holds the tubes
together and provides excess material which can be ma-
chined to a variety of desired final shapes. This leading-
edge assembly can then be either brazed or mechanically
attached to the drilled model plate. Two of the desirable
features of the structure are that in the event of failure of the
leading cdge tube the adjacent tube would serve as the lead-
ing edge, as shown in the experimental results seetion, and
that a damaged leading-edge assembly could be salvaged by
replacing only the damaged tube.

Several materials were considered for the leading edge.
The selection was a compromise among the properties listed
in Table 1 and the electroplating characteristics of the metals.
Since it was desirable to run many tests with this model,
a hard metal was suggested to assure the capability of with-
standing abrasion caused by contaminents in the airstrcam.
Metal hardness is seen to increase from 30 to 153 Brinell ax
the thermal conductivity decreases from 242 to 9 Btu/hr-
{t2-°F/ft for silver and 304 stainless steel, respectively.  Al-
though stainless steel is the hardest material considered,
electrodeposition is considerably more difficult than with the
pure metals.  Nickel with a thermal conductivity of 54 Btu/
hr-ft-°F/ft, a Brinell hardness of 105 and excellent electro-
deposition characteristics appeared to be the most logical
choice and was, therefore, selected for the design.

The design was based on the use of standard stock tubing
made of Ni 270, a high-purity material” having an outside
diameter of 0.051 in. and an inside diameter of 0.041in.  Using
these dimensions and the one-dimensional heat-conduction
expression, values of the inside wall temperature T; were
caleulated as a function of the outside wall temperatures at
the stagnation point.  The most eritical design point oceurs
at the downstream end of the tube where the maximum
inner wall temperature would be 325°F and gewa/A = 1.96 X
10° Btu/hr-ft? for an outer wall temperature 7, = 340°F.
For these conditions the local water pressure must be main-
tained at a minimum of 97 psia, which is the saturation pres-
sure, to prevent the possibility of film boiling burnout.

To calculate the heat load for the leading-edge tube an
estimated additional 6 in. of length is assumed to be required
for connecting to the protected larger diameter water-supply
and return lines thus giving an over-ail length of 12 in. of
0.051-in.-diam tubing exposed to the air flowing through the
tunnel. This assumption could be regarded as a safety

Table 1 Comparison of thermal conductivity and
Brinell hardness of metals considered for
leading-edge tube

Thermal

conductivity,® 7 Brinell

Metal Btu/hr-ft2-°F /ft. hardness®
Silver 242 30
Copper 211 40
Aluminum 101 49
Nickel 270 54 105
304 stainless steel 9 153
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Fig. 3 Schemalic of electrodeposited nickel leading-edge
structure attached Lo larger compression surface.

factor, in that part of the extension line could be curved and
placed parallel to the airstream downstream of the leading
edge and therefore not receive as much heating.

Using the method suggested in Ref. 5 for the distribution
of geona/A, the mean ¢ on the rounded forward surface is
2.17 Btu/see. For the rear part of the tube it is assumed
that the heat that must be carricd away by the water enters
from the two outer flat surfaces of the shaded areas shown in
Fig. 4 at the rates prevailing 78° and 90° from the stagnation

point. Thus, the total ¢ to the leading-edge tube is 2.53
Btu/sec. To determine the required velocity of the coolant

water it is necessary to consider both the heating capacity
and the hcat-transfer cocfficient of the fluid. For small
diameter tubes operating in a relatively modest environment,
the heat capacity is generally the design constraint. In this
case, assuming that the entering temperature of the coolant
ix 60°F and the exit temperature is 180°F, again conservative,
a water velocity of 36.9 fps is required. With this velocity
the flow in the tube would be turbulent and the water side
heat-transfer coefficient would be sufficiently large to provide
the previously calculated T;. The only remaining require-
ments were to see il the pressure drop and stress levels were
not excessive,

Using the Darey equation (Ref. 8, Sec. 3, pp. 247-250)
which was subsequently checked experimentally to about
109 (see Fig. 5), the pressure drop was calculated to be
about 62 psia for water at a temperature of 180°F. The
available water-supply pressure is 265 psia which provides a
margin of safety over the caleulated pressure drop and satu-
ration pressure required.

The combined stresses in the tube were calculated ax the
algebraic sum of the pressure and thermal stresses. The
thermal stresses, compressive at the inner radius and tensile
at the outer radius, werce calculated using the equations for
clastic deformation given by Timoshenko.® The important
thermal stress is a tensile stress of 2440 psi at the outer radius,

DRILLED MODEL PLATE

BRAZE JOINT
(a/A) (gnqd = 0.18 s/A = 0.353 x 10°
BTU/HR-FT?

9s/A = 1.96 x 10°
BTU/HR-FT? 6°
Ty = 340° F o
0.005 INCH

0.0255 INCH
RADIUS

Fig. 4 Sketch showing heat-transfer surface for leading-
edge tube.
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Fig. 5 Pressure drop per foot vs water velocity.

which when added to the pressure stress gives a combined
stress of 3090 psi. Since the yield strength of the material
is 13,000 psi, it is apparent that the stress can be tolerated.
Since the wedge surface has a finite bluntness, the initial
shock wave becomes detached from the body with a small
but finite portion of the flow negotiating a much stronger
compression. The shape of the wave has been experimentally
observed® to approximate a hyperbola, which becomes
asymptotic to an attached oblique wave at a point some dis-
tance from the surface as shown in Fig. 6. Billig' presents
a simplified method of computing the shape of the detached
hyperbolic shock wave. He correlated experimental shock
wave data into an empirical expression for the shock radius
of curvature at the stagnation point. For the two-dimen-
sional wedge flow considered here, the radius of curvature E.,

R./R = 1.386 exp[1.8/(M — 1)*7] (2)

is given in Eq. (2). The equation for the coordinates of the
hyperbolic shock shape is

,2t 26 i/2
x=R+A—Rccot20[<1+yRa?> —1} 3)

The shock-wave standoff distance A is computed from the
Ambrosio and Wortman?? correlation of experimental results
and is given as

A/R = 0.386 exp(4.67/M?) (4)

for wedge flow. TFor the example case, B = 0.0255 in., the
shock standoff distance A is 0.011 in. and the vertex radius
of curvature R, is 0.059 in. The wave becomes asymptotic
to within 0.5° of the oblique shock angle at a point 0.95 in.
“from the model axis and 2.29 in. downstream. DBy the time
the shock has reached the cowl lip, its position is essentially

5
SHOCK
WAVE
BLUNTED WEDGE |
BODY
Mo
R ——————

Re—]

Fig. 6 Schematic of detached shock wave.
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coincident with that of an ejuivalent attached wave. As-
suming that the additional compression in the innermost
stream tubes is subsequently lost in undesirable expansion,
the mass weighted total pressure loss is 49, due to the blunt-
ing. By comparison, if instead the leading-edge bluntness
had to be increased to 0.052-in. radius, equal to the smallest
drilled hole radius plus a wall of 0.005 in., then the total
pressure loss would be 8%.

Before discussing the experimental verification of the de-
sign principles, some of the results of a more general para-
metric study of the application of active cooling leading
edges will be given. Figure 7 shows the limiting length of a
single pass of water-cooled Ni 270 tubing as a function of
flicht Mach number. The following design constraints were
selected: 1) maximum temperature rise in the coolant,
150°F; 2) maximum pressure drop in the coolant passage,
2000 psia based on constant friction factor of 0.022; 3) maxi-
mum stress in the tubing 13,000 psia.

Families of curves are shown for leading-edge radii of 2 X
1072 ft (24 mils) and 2 X 1072 ft'for go = 500 psia, a rea-
sonable value of dynamic pressure for a high-altitude hyper-
sonic vehicle. Calculations were made for radius-to-wall-
thickness ratios (R/f) of 48, 12, 4.8, and 2.4 for the large
radius tube, whereas in the smaller tube calculation the
largest value was eliminated because it results in an unreason-
ably thin structure.

For each tube geometry the coolant velocity selected was
based on maximizing the length of tubing with the constraint
that the velocity was at least sufficient to prevent tube burn-
out as governed by either the Gunther!® correlation for
boiling heat transfer,

g/ D) purnont = 0.0135 VO (Toq — Thig) (5)
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or the more conservative turbulent flow relationship given
by Marks (Ref. 8, Sec. 4, p. 372),

/A = 160(1 + 0.012 T)VOA(T; — Thiy)/D%  (6)

The analysis showed for the cases studied the optimum water
velocity (dictated by the heat-capacity constraint) would
always be greater than that for boiling burnout (solid curves)
but would be below the required turbulent velocity at high
Mach numbers (dashed curves). Therefore if the design
were based on the more conservative relationship, i.e., Eq.
(6), the heat-transfer coefficient would constrain and the
temperature rise in the coolant would be less than 150°F.

The solid curves represent systems in which the velocity
is increased to the point where the pressure drop forces an
mitial pressure equal to that producing the maximum tolerable
stress level, but not exceeding 2000 psi. Two competing
factors lead to the optimum wall thickness of approximately
0.020 in. in the B = 2 X 1072 {t curves. As the wall thick-
ness decreases, the pressure drop per unit length decreases at
a given veloeity, but, in turn, the permissible maximum pres-
sure also decreases due to the stress limit. For the smaller
diameter tube this optimum would again exist but at wall
thickness less than 2 mils, which would be unreasonably thin.

Additional calculations with substitute materials having
higher permissible stress levels showed that only small length
increases could be obtained before the maximum pressure
drop limit would be reached. From this figure it may be
concluded that for a long pass heat exchanger, a large diameter
is desirable, but of course this leads to more severe blunting
problems and at the same times rejuires much larger pumping
capacity. In any case, lengths of the order of 1-100 ft seem
quite reasoiable for practical cooling systems.

e A s

a) View looking downstream

TAL TAMPLING PROBE

b) Mounted model in APL arc-driven hypersonic tunnel

Fig. 8 Two-dimensional ‘“boiler-plate’” model of inlet-
combustor for blockage tests at M, = 6.46.
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a) View showing deformation sustained without failure

b) View showing perforation in tube; water flow inside
tube from right to left

Fig. 9 Downstream view of 0.025-in.-radius leading edges
after tests at Mach 6.46.

Experimental Work

Prior to the fabrication of a completely cooled inlet-
combustor model, an inexpensive heat sink “boiler plate”
blockage test model (Fig. 8a) was built. The necessity of
checking the operation of the tunnel with a large model (289,
blockage ratio based on projected area/nozzle exit area)
and combustion presented the first opportunity to determine
the durability of the leading-edge structure as well as an ap-
proximate picture of the flowficld discussed in the preceding
analytical section. This model is uncooled except at the
leading edges where 0.051-in.-0.d., 0.005-in.-wall nickel tubes
are brazed to the model parts. Figure 8b shows the blockage
test model mounted in the tunnel.

During the blockage tests it was found that the integrity of
the leading-edge tube can be maintained with water cooling
even if the tube is slightly deformed by particles in the air-
stream as shown in Fig. 9a. However, if the particles have
sufficient momentum to pierce the tube, the back pressure
and flow rate cannot be maintained and the tube will over-
heat. For example, in a run which was prematurely stopped
by an arc blowout the resulting damage to the compression
ramp leading edge is shown in Fig. 9b. Upon inspection of
the test setup a short piece of steel arc starting wire was
found in the test cabin, indicating that when the arc was fired
the starting wire connecting the electrodes was not vaporized
completely in the arc chamber but instead was carried through
the tunnel by the flowing gas. This wire apparently struck
and perforated the 0.005-in.-thick tube slightly to the right
of the ramp centerline. The coolant was thus free to dis-
charge through the perforation and consequently starve the
tube downstream which rapidly heated up, causing the
braze bond to loosen and the tube to deform and eventually
separate from the ramp. The tube upstream of the per-

REBLECTED
SHOCK |

Fig. 10 Direct luminosity photograph of inlet flowfield
without fuel injection.
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foration would probably overheat at a slower rate and eventu-
ally separate from the ramp, since the back pressure on the
tube dropped from 100 psia to about 5.4 psia. The drop in
pressure would correspondingly drop the saturation tempera-
ture from 328° to 166°F which would more than offset the
slight effeet of the increased velocity.

Direct luminosity movies of the cowl area were taken dur-
ing the blockage tests to show the inlet wave structure.
Figure 10, an enlargement of one frame, shows the second
wedge compression shock (6; in Fig. 1) and the cowl-reflected
shock (85 in Fig. 1). The luminosity behind the first wedge
shock is not great enough to be visible against the background.
The second wedge compression shock appears to be positioned
properly to intersect the cowl as desired. However, the
cowl-reflected shock appears to strike the compression ramp
slightly upstream of the designed cornerline causing a
slightly overcompressed region, which in turn is followed by
an expansion at the ramp corner where the flow enters the
diverging combustion chamber. The displacement of the
cowl-reflected shock may be due to a strong shock-boundary-
layer interaction at the cornerline or to geometrical distor-
tion of the model during testing. To compensate for errors
in the position of the shocks in the flowfield, provisions for
adjustment of the relative positions of the compression ramp,
cowl leading edge and combustor walls with the fully cooled
model are found to be definitely desirable.

Since the previously described work demonstrated the
durability of the actively cooled 0.0255-in.-radius X 0.005-
in.-wall leading-edge tube, there remained to be checked the
approximate heat-transfer analysis previously described

LEGEND
1 LEADING EDGE DAWAGE CAUSED
BY FOREIGN PARTICLES IN ,
THE AIR STREAM AFTER 518608
2WATER CODLED MACH 32 NoZzLE Fig. 11 View of 0.025-in.-radius lead-
3WATER TEHPERATURE AND . 9
PRESSURE MEASURING STATiONS ing edge after run at Mach 3.2 show-
FOR LEADING EDGE TUBE ing damage caused by failure of piping
4 WATER LINE FOR LEADING .ecli . ”
et orror e section upstream of nozzle.

SMOTZLE EXIT STATIE
PRESSURE Ling

EWATER LINE FOR LEADDIG
EDGE TUBE

as well as the demonstration of the concept of the electro-
plated edge assembly. This experiment is most simply done
in the APL arc-powered Mach 3.2 free jet tunnel where a
much shorter edge can be used because the exit diameter of
the nozzle is 2.74 in. Also, the necessary heat-transfer in-
strumentation can be isolated from the nozzle jet.

Two leading-edge models were built for test in the Mach
3.2 freejet. Thefirst consisted of a single 0.0255-in.-radius X
0.005-in.-wall Ni 270 tube brazed to a water-cooled support
member to permit checkout of the tunnel conditions and
instrumentation. The second was an electroplated struc-
ture that included three 0.051-in.-0.d. Ni 270 tubes attached
to a water-cooled support. These two models had total
wedge angles of 35° and were mounted such that one surface
was aligned with the airflow.

The single-tube model remained intaet for 5.1 see, at which
time a section of piping upstream of the nozzle failed. Figure
11, taken after the run, shows the resultant destruction of
the leading edge. Prior to the failure of the tube, steady-
state heat-transfer data were obtained. Plenum conditions
were p, = 435 psia and h, = 1195 Btu/lb. Pitot pressure
measurements at the nozzle exit verified Mach 3.2 tunnel
flow. The water flow rate was 0.057 1b/sec, and the corre-
sponding temperature rise was 57°. These measurements
lead to a g,/4 value of 10.9 Btu/sec-in? and a wall tempera-
ture of 716°R. For these conditions the Detra and Hidalgo
expression indicates ¢.,/4 = 7.91 Btu/sec-in? or 739, of the
measured rate.

In Fig. 12a, a completed three-tube leading-cdge assembly
is shown in position at the exit of the Mach 3.2 nozzle. At
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&y LOOKING DOWNSTREAM AFTER
15 SECOND RUN.

LEGEND
Y LEADING EDGE and after test at Mach 3.2.

Fig. 12 Views of three 0.051-in.-o.d.
tube leading-edge assembly before
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the start of the run the leading-edge tube was fractured at
the water inlet connection immediately dropping the water
pressure in the tube to zero. The test, at p, = 442 psia and
hy = 1310 Btu/lb, was continued for 15 sec to determinc the
durability of the edge assembly. Figure 12b shows a close-
up view of the leading edge after the run. Leading-edge
failure is restricted to the stagnation region. The integrity
of the remaining structure is maintained by the coolant flow-
ing through the second tube. Thisx result demonstrates a
significant benefit of the multi-tube leading-edge design,
namely, damage to the leading-edge tube merely shifts the
leading edge downstream approximately one tube diameter
(in this case, ~0.050 in.). In an integrated inlet-combustor
wind-tunnel model, e.g., Figs. 1 and 8, the damage would not
cause significant changes in the flowficld or combustor test
results.

Before concluding, a briel deseription of the techniques
used during fabrication of the edge assemblies will be given.
Figure 13a schematically illustrates the plating and ma-
chining jigs used to minimize the machining required for the
edge assembly. During plating the tubes are held in tension
to maintain straightness. The stagnation line on the leading
tube is masked to prevent plating buildup in this region and to
provide a reference surface for subsequent machining opera-
tions. The tongue section of the jig allows the plated nickel
to form the shape required for attachment to the body of the
model without machining in this region. After the wedge
surfaces on the leading edge are machined, the tongue jig is
removed and the edge assembly 13 brazed to the main body
of the model as presented in Fig. 13b.

Tigure 14a shows a three-tube assembly for the Mach 3.2
test after it has been electroplated and partially machined.
Figure 14b shows a fully machined nickel leading-edge as-
sembly containing seventeen 0.051-in.~o.d. Ni 270 tubes.

Because the suceess of the tube assembly is dependent upon
a relatively high thermal conductivity, it is important to

NOTE: DURING PLATING THE TUBES ARE
HELD IN TENSION TO MAINTAIN
STRAIGHTNESS.

|

CLAMP

LEADING TUBE MASK
TO PREVENT PLATING
BUILDUP

ELECTROPLATED NICKEL

/ NICKEL 270 TUBES

| «— PLATING AND
MACHINING JIG USED
FOR TONGUE SECTION

900 ©©®

o) ILLUSTRATION OF PLATING AND MACHINING
JIGS USED TO MINIMIZE THE MACHINING OF THE
EDGE ASSEMBLY

DRILLED MODEL BODY

LEADING EDGE ASSEMBLY

b) VIEW SHOWING ATTACHMENT OF LEADING EDGE
ASSEMBLY TO DRILLED MODEL BODY

Fig. 13 Schematic views of plating jigs and attachment
of leading-edge assembly to drilled model body.
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PLATED SURFACE BEFORE
MACHINING

PLATING AND MACHINING
HO AT TONGUE SECTION

PARTIALLY
MACHINED

NICKEL .
PLATED SURFACE.

a) View of leading-edge assembly after it has been elec-
troplated and partially machined

of

b) Electroplaied nickel leading edge containing seventeen
0.041-in.-i.d. nickel tubes

Fig. 14 Fabrication photographs of nickel leading-edge
assemblies.

securc a high-quality deposition of plated nickel onto the
nickel tubes. Figure 15 shows two photomicrographs of
sections through joining regions. In part a) there ix a region
approximately 4 grain boundaries in width between a tube
and the plated nickel. The thermal conductivity would be
lower than nickel with this poor bond. Moreover, if plating
solution is trapped in the bond region and then changes state
during heating in the tunnel, an inerease in volume may
cause excessive distortions in the vieinity of the leading
edge. By using careful plating techniques the plated nickel
can be attached within 1 grain boundary of the tube as seen
in part b).

PLATED
NICKEL

MICKEL 270
TUBE

a) VYiew of nickel tube with undesirable void belween
tube and plated nickel

PLATED
NICKEL

NICKEL. 270
TUBE

b) View of nickel tube with satisfactory bond between
tube and plated nickel

Fig. 15 Photomicrographs of Ni 270 tube and electro-
plated nickel interfaces.
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Conclusions

The results of tests demonstrate the feasibility of a small-
diameter, actively cooled leading-edge structure. = Conven-
tional heat-transfer and pressure drop expressions appear to
be adequate for designing actively cooled leading-edge struc-
tures in the hypersonic environment. Although the con-
struction of the structure requires rigorous control, it is
practical. The incorporation of this concept into vehicle
design should permit significant increases to be made in the
permissible hypersonic velocity-altitude operating environ-
ment.
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