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Fig.3 Asymmetric disturbance (A1) growth compared with theory for
three-dimensional attachment-line basic flow for R =7 X 10? and w =
0.1017.

inevitable in this three-dimensional flow. To make this comparison,
the results for the simulation are averaged over the flow-acceleration
stations: z = 0 and z = £6. These stations were selected because,
as Joslin!® shows, the streamlines very near the attachment line are
essentially aligned with the two-dimensional attachment-line flow.
The z = =46 stations permit a cancellation of any opposing flow-
acceleration effects.

Concluding Remarks

In this study, results are presented for the spatial DNS of three-
dimensional symmetric and asymmetric disturbances that propagate
along the attachment line of swept Hiemenz flow. The compari-
son between the DNS results and the theoretical results demon-
strate that both symmetric and asymmetric modes are present in the
attachment-line flow and that the theory adequately predicts these
modes and the relative dominance of each mode.

Although the connection between the linear instability Ry~
2.45 x 107 and the turbulent contamination Ry ~ 1 x 107 regions
was not definitively explained, it is clear that a wealth of instabilities
can be present within this three-dimensional flowfield and that some
combination of these modes interacting in a nonlinear manner will
likely resolve this region of study.
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Introduction

RYOGENIC wind tunnels are high Reynolds number facilities,

capable of producing on models the Mach—-Reynolds numbers
combinations occurring on large transport airplanes in flight. These
are subsonic and transonic tunnels in which liquid nitrogen is contin-
uously injected into the stream and gas is vented to keep the pressure
and temperature values at the desired test condition. The tempera-
ture can be varied between ambient and 120 K, while the pressure
can be varied according to the tunnel’s design. Under typical test
conditions, the unit Reynolds number is 30 to 40 times higher than
in flight, and about 4 times higher than in conventional tunnels oper-
ating at identical pressures. The capability to detect boundary-layer
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transition in these tunnels is required for studies of Reynolds number
effects, wind tunnel to flight correlations, and laminar-flow testing.
Whereas the extent of the laminar flow and the transition mechanism
can be efficiently identified with infrared (IR) imaging,' an array of
chordwise deposited hot films can provide temporal/spectral infor-
mation on the boundary-layer instability at multiple locations. The
information from IR imaging and the deposited films complement
each other; moreover, the dielectric substrate of the films also pro-
vides the radiation and insulation characteristics required for the IR
imaging of the surface.

The very thin boundary layer generated by high unit Reynolds
number flows imposes severe limitations on the thickness of the hot
films, to avoid premature transition and additional drag caused by
the interaction with the viscous sublayer of the turbulent regime.
These requirements are critical for model testing, where the drag is
determined globally from balance measurements. Allowable thick-
nesses for deposited hot films operated in high Reynolds number
flows are illustrated through two closed-form examples. First, a
slender cone at zero angle of attack is considered, the length of its
laminar boundary layer being accepted as indicative of the wind
tunnel’s flow quality. In the transonic regime, the laminar boundary
layer over a 10-deg cone undergoes transition around a Reynolds
number of Re = 4 x10%. Using Mangler’s transformation,” the
laminar boundary-layer thickness in this case is related to that over
a flat plate by a factor of 1//3, i.e., § = 2.887/[x/(Re/m)] =
2.887./(Re)/(Re/m). Following Goldstein,? the allowable height
k of a single wire protuberance to avoid triggering transition is
given by ku* /v = 7, which for the cone under consideration yields
k = 9.23Re"¥ /(Re/m), where v is the kinematic viscosity and
the local friction velocity u* = +/(t/p), where 7 is the shear-
ing stress and p is the density. Now, at typical transonic cryogenic
conditions® of Re = 200 x 10%/m, the laminar boundary layer un-
dergoes transition at 0.02 m from the apex, where § = 29 pum. At
0.01 m from the apex, halfway into the laminar regime, § = 20
wm, and therefore k = 1.7 um. The second case refers to films
that operate downstream of the transition zone, and may interact
with the viscous sublayer of the turbulent boundary layer, shedding
vorticity and increasing the drag of the body. For relatively pla-
nar surfaces with small pressure gradients, Schlichting® proposed
a limiting criterion k < 100/(Re/m), which for a typical cryo-
genic flow of Re = 200 x 10%/m yields k = 0.5 um. These ex-
amples illustrate the need for films about 1 pum (10~° m) thick.
Similar considerations led Fancher® to propose the fabrication of
microthin hot films and their leads by depositing the metals di-
rectly on the model’s surface. The concept was developed over the
years, and a number of fabrication alternatives were tried; how-
ever, its implementation faced considerable difficulties.”~!® (Note
that Fig. 11 of Ref. 10 displays the output of the only film out
of 30 that survived the calibration at lower temperatures.) More
recently, the fabrication and anemometry procedures were suffi-
ciently refined, and the concept was finally proven at the lowest
operational temperatures of cryogenic wind tunnels in several tests
that lasted between one and two weeks each, with no loss of hot
films.

Technological and Operational Considerations

The metal deposition on models is done in vacuum chambers
following industrial practice for mirror finish coatings. During the
deposition process, the pressure orifices of the model should be pro-
tected, to avoid clogging. The film thickness is determined from the
frequency shift that the deposited metal causes to a quartz oscil-
lator, which is placed in the deposition area. The technique has a
resolution of 1 A(10-'° m), whereas typical accumulation rates are
of the order of 2-3 A/s. (Reference 11 incorporates a brief discus-
sion of this technique and a few references.) Experience indicates
that three main factors affect the quality and longevity of the films:
1) the surface smoothness, 2) the firm adhesion of the deposited
metal to its substrate, and 3) the ability of the substrate to match the
thermal strain of the films. These factors are essential in preventing
failure through thermal buckling, hot spots, and ultimately melting,
mostly through effective thermal dissipation into the substrate. The
current deposition technique is capable of producing films with a

success rate of better than 90% and with excellent survival records
in cryogenic flows. The films’ spacing is determined by the width
of the leads (on the order of millimeters), depending on the desired
thickness and resistance. The hot films’ control and data acquisi-
tion is based on constant temperature anemometry (CTA), which
maintains the films at a constant resistance (within 1/10 ), corres-
ponding to a designated temperature. The calibration is done in a
cryo-oven chamber, where the instrumented model is cycled ther-
mally, and resistance readings of individual films are taken over the
range of interest. The ratio between the hot and cold resistance of
a film is defined as the overheat ratio, which during wind-tunnet
tests was set at 1.2, following pretesting in cryo chambers at ra-
tios up to 1.6. It is essential to adjust the overheat ratio at each test
condition, as the setting at one flow temperature results in a differ-
ent value at another flow temperature. Neglecting this CTA aspect
in cryogenic testing causes the electrical current through the hot
films to increase significantly as the flow temperature decreases,
and may cause their failure. In such cases, the broken films ap-
pear partially melted and lifted off the substrate, suggesting thermal
buckling and hot spot formation. The failure is caused by the ex-
pansion of the hot film clamped between its relatively cold ends
accompanied by a loosening of the adhesion to its substrate, which
in turn denies the ability of dissipating some of the heat into the
substrate.

Figure 1 shows a NASA SC(3)-0712 composite airfoil instru-
mented with deposited films. This model is fabricated from a metal-
lic spar wrapped in fiberglass epoxy, with pressure tubes laid along
slits cut spanwise in the spar. Orifices drilled through the trans-
parent fiberglass-epoxy layers at the open ends of the tubes allow
surface pressure measurements. This technique is cheaper and faster
compared to the fabrication of metallic models of identical surface
quality. In addition, composite models can be remade in case of
surface degradation or fabrication undercut. With a roughness of
0.1 um rms, this model has the best surface quality of all of the con-
cepts tested. In this case, the metals were deposited through masks.
The films’ frequency response, as determined from standard square
wave tests, is not uniform among the sensors, and it is currently
limited to 8 kHz. Two other variants were also considered.'" In the
second case, an HSNLF(1)-0213 aluminum airfoil was covered with
a layer of polyimide that was sprayed and cured successively to a
cumulative thickness of 45 um. The nickel and the copper were
deposited over a wide area, the films and the leads being patterned
by removing metal using photolithography. The surface roughness
of the coating was 0.18-,m rms, which is smoother than the origi-
nal metallic surface thanks to the filling of the metal’s microscopic
groves with polyimide. The thickness of the films was identical to
the previous case. However, their frequency response was more uni-
form and considerably higher, about 45 kHz. The third case was an
SC(3)-0712 steel airfoil with films photolithographed on a poly-
imide sheet, which was thereafter glued to the model using the vac-
uum bag technique. The polyimide sheet is 180 pum thick, and its
roughness is directional, 0.25-pem rms in one direction and 0.50-m
rms in the perpendicular direction. In this case, the film’s thickness
was 0.25 um, and the lead’s thickness was augmented to 7.6 um
to allow a denser spacing. These films were the most robust of all
of the types tested; furthermore, their frequency response was the
most uniform, about 25 kHz.

The airfoil shown in Fig. 1 has two opposite hot-film arrays,
one aligned chordwise and the other slanted 18 deg to the chord.
Staggering of hot films is a known procedure to measure the de-
velopment of laminar-boundary layer instability while avoiding
streamline contamination from upstream sensors. To verify the ad-
equacy of deposited films for laminar flow research, the output of
the two hot-film arrays was compared; a typical sample of the time
traces is shown in Fig. 2. The two blank slots represent malfunc-
tioning channels traced to loose electrical connections. The mea-
surements reproduced in this figure were taken at a low Reynolds
number and at a negative angle of attack, which produces a fa-
vorable pressure gradient, thus stabilizing the laminar boundary
layer over the forward region of the airfoil. The comparison be-
tween the output of the two arrays indicates that the boundary layer
over the aligned films underwent transition both sooner and faster
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Fig.2 Voltage time traces (ac component) from constant temperature
anemometers and the microthin hot films deposited on the airfoil shown
inFig. 1: T, =110 K, p, = 1.2d bar, M = 0.2, o« = —4.8 deg, Re, = 4.9 x 106,
1 ms/div, 500 mV/div. L, laminar; ¢, transitional; 7, turbulent; and *,
noisy channel.

compared with the undisturbed boundary layer measured with stag-
gered films. The following factors, alone or combined, may have
contributed to the accelerated transition indicated by the aligned
films: 1) starting the array too close to the leading edge, 2) the
inadequacy of the allowable thickness criterion for a single wire
to be applied to an array of films, or 3) thermal contamination of
the boundary layer from succeeding hot films. In any case, this re-
sult indicates the necessity to stagger even microthin deposited hot
films.

In light of their recent successful operational record, we con-
clude that microthin deposited hot films can be considered oper-
ational over the entire temperature range of cryogenic wind tun-
nels, down to 100 K. Although of micronic thickness, deposited
hot films should be staggered to avoid downstream measurement
contamination. The dielectric substrate required for the operation
of deposited hot films is compatible with the IR imaging method for
transition detection,'? thus allowing concomitant global mapping
and local temporal measurements of the boundary-layer transition.
As expected, it was observed that the frequency response increases
with the thermal diffusivity of the substrate.

Fig. 1 SC(3)-0712 airfoil with 229-mm chord fiberglass-epoxy on steel spar with directly deposited hot films: surface roughness 0.1-z:m rms, nickel
hot films 0.25 z2m thick, copper leads 1.0 gum thick, frequency response up to 8 kHz.
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