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Accounting for Laminar Run and Trip Drag in Supersonic
Cruise Performance Testing
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Recent experimental assessment of cruise performance for a supersonic transport has led to reevaluation of
some time-honored techniques for trip drag correction. Two wind-tunnel tests were conducted on a wing/body
configuration at Mach 2.4 and Reynolds number 6.4 x 10°. A method for determining corrections to the drag
near the cruise angle of attack is presented. These corrections account for the trip drag associated with attempts
to induce boundary-layer transition and for the effect of any laminar flow that persists on the model. Extensive
flow visualization using a subliming chemical revealed that the boundary-layer trip was not consistently effective.
Flow over a portion of the upper wing surface exhibited delayed transition for even the largest trip heights tested.
Laminar run corrections based on measured transition locations were computed using flat-plate skin-friction
formulas. Once corrected for laminar run, the drag was constant for small trip heights (“drag plateau’) before
linearly increasing with trip height. Therefore, a trip drag correction is required only for those trip heights beyond
the plateau. It is concluded that correction for laminar run is essential and must precede evaluation of trip drag.
Neither correction is negligible at the level of accuracy desired.

Nomenclature
b = wing span
drag coefficient
local skin-friction coefficient
lift coefficient
' pitching moment coefficient
» pressure coefficient
local wing chord
trip disk diameter
trip height
roughness height Reynolds number based on local flow
conditions at top of roughness element (but without the
element present)
streamwise Reynolds number based on distance x from
leading edge to trip and freestream flow conditions
streamwise velocity
Cartesian coordinate in freestream direction
Cartesian coordinate in spanwise direction
local coordinate normal to surface
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Introduction

ASA’S High Speed Research Program (HSRP) sought to es-

tablish the technology foundation to support the U.S. transport
industry’s decision for an environmentally acceptable, economically
viable, 300-passenger, 5000-n mile (9260-km), Mach 2.4 aircraft.!
To realize this ambitious goal, accurate and precise drag measure-
ments are fundamental aerodynamic testing requirements. The value
of supersonic cruise drag, for instance, is desired to within +0.5
counts (£0.00005 Cp) with 80% confidence. This uncertainty is
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equivalent to £3000 1b (£1361 kg) in takeoff weight or approxi-
mately 15 passengers.

Most of the supersonic HSRP testing has been conducted in the
Unitary Plan Wind Tunnel (UPWT) at NASA Langley Research
Center.” At achievable chord Reynolds numbers of only a few mil-
lion, extensive regions of laminar flow exist on the model, whereas
for full-scale Reynolds numbers on the order of 200 x 109, the flow
is expected to be turbulent over most of the wing. To more closely
simulate flight conditions, it was desired to fix the location of the
boundary-layer transition near the leading edge using a row of small
roughness elements.>* However, applied roughness is not always ef-
fective in producing prompt transition, and it sometimes creates ad-
ditional drag; both of these problems have been observed in HSRP
supersonic testing. This paper examines some of the issues that
arise when fixing transition in high-speed performance testing. An
improved method for estimating the effect of laminar run, which
reduces the measured drag, and the effect of the artificial trip, which
increases it, is presented.

Background

The technique of adding roughness (e.g., wire, grit, glass beads,
epoxy disks) to wind-tunnel models to trip the flow has been used at
least since World War I1.36 In subsonic flow, prompt transition (im-
mediately behind the trip) can be obtained with trips small enough to
incur little or no additional drag,” but this is not the case at supersonic
and hypersonic speeds. Braslow and coworkers’ developed criteria
to estimate the trip size and location required to induce prompt tran-
sition over a range of Mach numbers using Re; as the correlation
parameter. With a sufficiently large trip height, transition begins to
move forward of its natural transition location. The value of Re;
corresponding to this trip height is referred to as the critical value.

In their wind-tunnel tests, Braslow et al.” used a narrow band of
sparsely distributed grit particles to trip the flow. At subsonic speeds,
when the critical value of Rey is reached, transition moves quickly up
to the location of the trips. For particles with a height-to-width ratio
equal to approximately 1, such as grit or spherical beads, the critical
value of Re, was found to be about 600. At supersonic speeds,
Braslow et al. found that transition tends to be delayed; prompt
transition may require much larger values of Re; than the critical
value. For Mach numbers below 3.0, trip heights corresponding
to Re, =600 can induce prompt transition if Re, is greater than a
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certain minimum value that increases with freestream Mach number.
However, it may sometimes be necessary to use a trip height that
would result in additional drag in order to satisfy these criteria.

Braslow et al. assert that the drag caused by the addition of rough-
ness is proportional to the particle frontal area and to the average
dynamic pressure over the particle. When the height of the particle
is smaller than the boundary-layer thickness, the average dynamic
pressure on the particle varies with height. The drag on the particle
falls rapidly as its height and the average dynamic pressure together
approach zero. On the other hand, for trip sizes on the order of the
boundary-layer height and greater, the average dynamic pressure
over the particle is approximately constant, and so the drag grows in
proportion to the frontal area. For grit particles whose frontal area
varies with the square of the grit dimension, e.g., spheres or sand
grains, a straight-line fit of the drag data vs k> is felt to be appro-
priate. To represent turbulent flow from the location of the trip, but
in the absence of a trip, an extrapolation is made to zero trip height.
The trip drag for a specific trip height is equal to the difference be-
tween the measured drag and the extrapolated value at zero height.
The trip drag is subtracted from the measured value to obtain the
corrected drag of the model.

Another approach to assessing trip drag was proposed by
Vaucheret,® who conducted a series of wind-tunnel tests on a delta-
wing model at supersonic speeds. A single row of glass beads was
used to induce transition. The diameter of the beads was varied to
obtain drag as a function of trip size. He observed delayed transi-
tion on the model for the smallest bead diameters, as determined
by flow visualization. An estimated laminar run correction based
on measured transition locations was added to the measured drag
before determining the magnitude of the trip drag. A drag plateau
in the corrected data was observed for those trip sizes that were
not immediately effective in tripping the flow. The existence of a
drag plateau eliminates the need to extrapolate the data to zero trip
height. Vaucheret concluded that the beads did not begin to pro-
duce additional drag until they were large enough to cause prompt
transition on the wing. The trip drag is the difference between the
measured drag and the plateau value. Others including Fallis® and
Daugherty' have also seen a drag plateau in experimental data ob-
tained at supersonic speeds. However, it is important to note that
these researchers did not apply a laminar run correction to their
data, and so the resulting drag plateaus did not extend all the way
down to zero trip height.

This paper presents results that differ somewhat from the ap-
proach to trip drag analysis described by Braslow et al. The previous
work by Vaucheret has proven to be more applicable in assessing
trip drag here. Some of the discrepancy between the historical and
current work may be due to differences in model geometry and the
resulting pressure distributions. The current model has blunt leading
edges on the highly swept inboard region and sharp leading edges
outboard. The transition behavior and response to the boundary-
layer trips of the flow in the outboard region, which has gentle
pressure gradients, is similar to that observed in the historical tests.
However, the inboard airfoil sections produce a rapid expansion
around the leading edge followed by a broad pressure peak. The
resulting pressure distribution causes the flow to have a different
behavior in the inboard region from that in the outboard region. The
blunt inboard leading edge may also support a turbulent attachment
line, further complicating the interpretation of the results.

Experiment

Two wind-tunnel tests were conducted using the baseline HSRP
model in the NASA Langley UPWT (January 1997 and May 1999).
The first test sought to establish the cruise performance of the con-
figuration, including appropriate drag corrections, and the objective
of the second test was to repeat parts of the earlier test and to obtain
additional data on laminar run and trip drag corrections. The HSRP
baseline configuration has a cranked-delta wing whose highly swept
(71 deg) inboard panel has a blunt leading edge. Outboard of the
planform break, the 52-deg-swept leading edge is sharp. The results
for the wing/body configuration (no nacelles or tails) at the super-
sonic cruise Mach number of 2.4 are the focus of the present analysis.

The wind-tunnel Reynolds number was 4 x 10%/ft (13.1 x 10%/m),
corresponding to a wing mean-chord Reynolds number of 6.4 x 10°.

Epoxy disks, 0.050 in. (1.27 mm) in diameter, were applied to
the fuselage and wing to induce boundary-layer transition.> The
disks on the fuselage were located 1.0 in. (2.54 cm) behind the nose
with a 0.1-in. (2.54-mm) center-to-center spacing, and their height
remained constant at 0.012 in. (0.305 mm) throughout the test. The
epoxy disks on the upper and lower wing surfaces were applied
0.6 in. (1.52 cm) downstream of the leading edge, with a 0.2-in.
(5.08-mm) center-to-center spacing. In the first wind-tunnel test,
the height of the disks was varied from 0.006 to 0.017 in. (0.152 to
0.432 mm). Two smaller disk heights were added in the second test,
0.002 in. (0.0508 mm) and 0.004 in. (0.102 mm), and the heights
up through 0.012 in. (0.305 mm) were repeated. Trip disk heights
were sampled to monitor size and consistency. It was required that
the average height be within 0.0005 in. (0.0127 mm) of the nominal
value specified and that the standard deviation of the heights be less
than 0.00025 in. (0.00635 mm).

Forces and moments were measured over a range of angles of at-
tack between —4 and 10 deg. The Langley Unitary Tunnel (UT) 65-A
and 65-B internal strain-gauge balances were used for the first and
second tests, respectively. The balance capacities (and calibrated ac-
curacies) are as follows: normal force = 800 1b or 3558 N [+0.1%
full scale (FS)], axial force =60 Ib or 267 N (+0.25% FES), and
pitching moment = 2000 in. - Ib or 226 N - m (£0.1% FS). At least
three repeat runs were conducted for each trip height to reduce the
uncertainty in the drag data. The drag polar for each run or set of
repeats was represented by a seventh-order least-squares polyno-
mial fit through the data points (Fig. 1). Bias errors are for the most
part irrelevant here, but uncertainty from random sources, the “test
repeatability,” will play a role in the interpretation of our laminar
run and trip drag results. Considering short-term effects only, 95%-
confidence intervals for different portions of the drag polars were
estimated by fitting each run separately, interpolating to find Cp, at
a specified angle of attack, and then computing the sample mean
and standard deviation of these quantities. Assuming that the inter-
polants are normally distributed, the precision uncertainty P of the
mean Cp iS Pcpmean) = £ 1Sc,/(v/N), where Sc,, is the standard
deviation of the Cp values and ¢ is read from the Student’s ¢ distri-
bution table for 95% confidence and N — 1 degrees of freedom.!!
Here, N =3 for a typical group of repeat runs and thus ¢ =4.30.
The result near the cruise angle of attack is £0.15 counts.

In addition to the short-term test repeatability, there is some un-
certainty associated with different trip disk applications for the same
nominal trip height, despite efforts to standardize the height, loca-
tion, and shape of the disks. Consistency of trip application may be
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Fig. 1 Drag polar at Mach 2.4 for k£ =0.012 in. (0.305 mm) represented
by seventh-order polynomial fit to six repeat runs.
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evaluated by examining “within-test” repeats, where a trip configu-
ration was tested, removed, and later retested. Two such replications
are available: disk heights of 0.012 in. (0.305 mm) were repeated
during both test entries, yielding shifts in average, interpolated drag
between the two applications of about 0.1 and 0.3 counts in the
first and second tests, respectively. These shifts are not very differ-
ent from what one would expect to see on short-term repeatability
grounds alone.

Flow visualization with a subliming solid was used to indicate
transition'>!? at the cruise angle of attack, 3.5 deg. In several lo-
cations on the wing, a disk was isolated by removing two or three
of its neighbors on each side; this makes the wake of an individual
disk more visible. The sublimation material was a saturated so-
lution of fluorene (C¢H4CH,CgH,4) in a Freon solvent. An airless
spray gun was used to apply the material. Two 70-mm still cameras
with wide-angle lenses, one on each side of the test section, were
used to record the upper and lower wing surfaces. Once the tunnel
conditions had stabilized, pictures were taken at regular intervals
until most of the material had sublimed, about 20-60 min. Further
details of the flow visualization setup, process, and, application are
provided by Kennelly and Goodsell.'*

Results

Initial Analysis

In the initial analysis of the data from the first wind-tunnel test,
the approach of Braslow et al.” was used to determine the trip drag
at cruise. Drag values at C; =0.0845, corresponding to 3.5-deg
angle of attack, were plotted as a function of disk height for the
free transition case and for trip heights between 0.008 and 0.014 in.
(0.203 and 0.356 mm); see Fig. 2. Prompt transition was expected
for these heights based on previous HSRP investigators’ conclu-
sions and because Braslow et al.’s supersonic trip height criteria
were met: the disks were located at Re, =2 x 10° and Re; > 600.
Rey values were based on laminar boundary-layer properties from
a compressible flat-plate calculation. Strongly “scrubbed” regions
observed immediately downstream of the trip disks were interpreted
to be indicative of prompt transition (Fig. 3).

The next step in the analysis, extrapolation to zero trip height,
was problematic. Following Braslow et al.’s reasoning, the drag is
proportional to the frontal area of the epoxy disks (d x k). Because
the diameter of the disks is constant, the drag should vary linearly
with height. However, a linear extrapolation to zero trip height al-
most passes through the measured drag for free transition (Fig. 2).
The result of this extrapolation, intended to represent fully turbulent
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Fig. 2 Drag at average cruise lift (C;, =0.0845) as a function of trip
height, used for initial analysis of trip drag.

Fig. 3 Sublimation image showing scrubbed regions on the inboard,
upper surface, £ =0.012 in. (0.305 mm), early in the run.

Fig. 4 Sublimation image showing delayed turbulent wedges on the
inboard, upper surface, k =0.012 in. (0.305 mm), later in the run.

flow on the wing, is suspect because the free transition drag, with
large regions of laminar flow, should be significantly lower than for
the turbulent case. A quadratic extrapolation (suggested by some)
provides a more believable value for fully turbulent drag with no
trips, but it does not fit the data especially well (Fig. 2). The linear
extrapolation results in a trip drag estimate of 5.5 counts for disk
height 0.012 in. (0.305 mm), whereas quadratic extrapolation yields
3.0 counts for the same height. The difference between these trip
drag estimates (2.5 counts) reflects a larger uncertainty than can be
tolerated.

Revised Interpretation of Flow Visualization Images

The difficulty in estimating trip drag using the approach of
Braslow et al.” suggested a second, more careful look at the subli-
mation images. We have concluded that the scrubbed regions im-
mediately downstream of the disks were mistakenly interpreted as
evidence of transition. That transition actually occurs somewhat
behind the trip is evident from the characteristic 10-15-deg (in-
cluded angle) turbulent wedges visible downstream in many of the
sublimation images; see Figs. 3 and 4. This revised interpretation
is supported by the skin-friction data obtained by Drake.'® In his
measurements of the streamwise component of skin friction behind
cylindrical protuberances, regions of high shear were observed in the
near wake. These are presumably caused by the horseshoe vortices
shed by the disks.!®!” For the smaller disk heights, the character-
istic spreading zone of turbulent skin friction does not appear until
somewhat farther downstream. Transition on the wing is actually
delayed, particularly in the inboard region of the upper surface, for
even the largest disk heights tested, and a laminar run correction
based on measured transition location must be applied to the drag
data before the trip drag can be evaluated.

To measure the transition locations, a series of sublimation im-
ages for each trip height were digitally scanned. Because the sub-
limation material cannot be sprayed with perfect uniformity and
because skin friction (and mass transport at the surface) varies over
the surface of the wing, different images in each run series are used
to locate transition on different portions of the wing. Transition
locations were mapped using three specific features: 1) In the out-
board region of the upper surface and on the entire lower surface,
distinctive turbulent wedges appear either immediately or a short
distance downstream of the disks; see Figs. 5 and 6. On the upper,
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Fig. 5 Sublimation image of turbulent wedges on the outboard, upper
surface, k =0.012 in. (0.305 mm).

Fig. 6 Sublimation image of turbulent wedges on the inboard, lower
surface, k =0.012 in. (0.305 mm).

Fig. 7 Free transition sublimation image, upper surface.

inboard portion of the wing, for disk heights of 0.010 in. (0.254 mm)
and greater, turbulent wedges are visible downstream of the disks
(Fig. 4). For the smaller disk heights, wedges were sometimes vis-
ible, especially behind the isolated disks. The transition line was
placed at the beginning of the wedges whenever they were visible.
2) Over both surfaces of the inboard region for free transition and
on the inboard, upper surface for the smaller disk heights, turbulent
wedges were not consistently visible. In these areas, transition was
located where the color of the sublimation material changed from
light gray, indicating laminar flow, to dark gray (where the fluorene
has nearly disappeared) representing turbulent flow; see Fig. 7. 3)
In the outboard region for free transition, a feathery pattern emerges
in the sublimation material on both surfaces (Fig. 7). This pattern is
characteristic of crossflow vortices.'® In this case, the transition line
was located by averaging through the “feathers.” The sublimation
images for the two smallest disk heights obtained during the second
test, 0.002 and 0.004 in. (0.0508 and 0.1016 mm), raised additional
issues to be discussed later.

On the upper surface, the movement of the transition front with
increasing disk height is clearly different in the inboard and out-
board regions; see Fig. 8a. Transition is delayed for all disk heights
over most of the inboard region. Near the wing—body junction
(y=1.5 in. or 3.81 cm), transition occurs close to the leading
edge for all trip configurations, including the no-trip case, perhaps
due to contamination of the wing attachment line by the turbu-
lent boundary layer on the fuselage. Outboard, transition moves
abruptly forward from its natural location for even the smallest disk
height, 0.006 in. (0.152 mm) and becomes prompt for trip heights of
0.010 in. (0.254 mm) and greater. The entire lower surface behaves

similarly to the upper, outboard wing panel in that nearly prompt
transition occurs for all disk heights; see Fig. 8b.

Reanalysis

The reanalysis of trip drag began with a quantitative evaluation
of the laminar run correction for each trip height tested. The wind-
tunnel data were “corrected” to match a standard condition corre-
sponding to fully turbulent flow, i.e., transition located at the leading
edge. Two skin-friction drag estimates are required, for a turbulent
boundary layer and for a mixed laminar—turbulent layer with tran-
sition at the measured location. The difference between these two
quantities is the correction to be added to the measured drag for
each trip height.

To evaluate the correction, the boundary layer is assumed to de-
velop under freestream conditions on an adiabatic flat plate with zero
pressure gradient. Turbulent skin friction was computed using the
van Driest flat-plate formula for total drag.'®? Skin-friction drag for
the mixed laminar—turbulent case is based on a standard iterative pro-
cedure that matches laminar and turbulent momentum thickness at
the transition location. The laminar layer’s skin-friction coefficient
is from the Blasius solution, using Eckert’s reference temperature
to account for compressibility.?! Momentum thickness is related
to the average skin-friction coefficient by the momentum-integral
equation for a two-dimensional, zero-pressure-gradient boundary
layer. The skin friction for the mixed case is actually that for a
turbulent boundary layer, starting from a “virtual” origin, whose
momentum thickness matches the laminar layer’s at the transition
location. Each surface of the wing is divided into 10 or more rect-
angles for computational purposes. Previous comparisons of skin-
friction drag estimates on several HSCT wings at the supersonic
cruise condition showed that flat-plate approximations were within
10% of Navier—Stokes computations. Based on these analyses, us-
ing the zero-pressure-gradient, flat-plate estimates as a correction
methodology was considered to be sufficient.

A portion of the laminar run correction uncertainty, resulting from
the way that the transition front is mapped out, can be estimated.
Several of the runs were reanalyzed using different, plausible criteria
for selecting transition location. In addition, some trip heights were
repeated in the second test entry. On the basis of these repeated mea-
surements, we feel that an uncertainty estimate of £0.2 drag counts
(at a subjective 95%-confidence level) is reasonable. This includes
both a possible bias error, arising from the use of the earliest iden-
tifiable wedge location, and a mix of bias and precision errors from
the choice of images within a run series. Finally, the compressible,
turbulent skin-friction formula on which the turbulent and mixed
laminar—turbulent calculations are based is probably not accurate to
better than 5-10%, even for a true flat-plate boundary layer. This
suggests a possible bias error in the laminar run corrections on the
order of a few tenths of a count.

The strongly scrubbed appearance of the sublimation material
immediately downstream of the disks raises the question of whether
there might be a systematic effect (bias) caused by altered skin
friction in the wake. Drake!® shows that there is indeed an effect:
the C values in the near wake vary from laminar to roughly twice
turbulent levels. The skin friction in the wake eventually becomes
indistinguishable from a turbulent boundary layer downstream of a
two-dimensional trip. For this study, the wake was assumed to be
either laminar or turbulent; a more sophisticated treatment awaits
further data on the skin-friction distribution downstream of an array
of disk trips.

Skin-friction drag estimates are given in Table 1 for the free tran-
sition and £ =0.012 in. (0.305 mm) nominal trip height cases. The
correction for laminar run is not an insignificant portion of the drag

Table 1 Skin-friction drag estimates and laminar run correction

Cp .
Laminar run
k, in./mm Turbulent Mixed correction
0.0 0.003617 0.003041 0.000576
0.0122/0.310 0.003586 0.003414 0.000172
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Fig. 8 Summary of measured transition locations (and laminar run corrections): a) upper and b) lower surface.

due to friction. The minimum laminar run correction corresponding
to laminar flow from the leading edge to the disk location is 0.89
counts. That the two fully turbulent values do not quite agree is
an artifact of the measuring process; the inboard boundary of the
corrected region in the flow visualization images was not perfectly
consistent. The laminar run corrections are not affected because the
turbulent and mixed results for each case are based on exactly the
same portion of the wing.

With laminar run corrections applied, the data can now be rean-
alyzed for trip drag. Both the uncorrected and corrected values are
plotted as a function of disk height in Fig. 9. Note that the data have
been interpolated at a consistent angle of attack of 3.5 deg to match
the conditions of the flow visualization. For the corrected data, the
measurement uncertainty of the laminar run correction has been
added to the precision error in the root-sum-squares sense. The cor-
rected drag curve is similar to that obtained by Vaucheret.® The first
three data points have almost the same value of drag; we tentatively
identify this region as a drag plateau; the average Cp, of the three
points is 0.011774. For k larger than 0.008 in. (0.203 mm), on the or-
der of the boundary-layer thickness or greater, a linear least-squares
curve with a slope equal to 0.0453/in. (0.00178/mm) appears to rep-
resent the data well, as would be expected, per Braslow et al.,” for
cylindrical trip elements. Following Vaucheret’s analysis, there is
no trip drag for disk heights within the plateau region. Beyond the
plateau, the trip drag is the difference between the linear fit and the
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Fig. 9 Corrected and uncorrected cruise drag as a function of disk
height (first wind-tunnel test).
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Table 2 Measured and corrected values of cruise drag

Cp Laminar Trip Cp
k, in./mm (wind tunnel) run drag (corrected)
0.0 0.011207 0.000576 0.0 0.011783
0.0122/0.310 0.011702 0.000172  —0.000120  0.011754
0.0122

0.0120

0.0118

[a]
O 0.0116 - a
g
0.0114 - S
a
o Uncorrected
0.0112 - o Corrected for laminar run
] . Corrected for laminar run and trip drag
— — — Plateau
Linear fit
0.0110 L L L
0.000 0.005 0.010 0.015 0.020 (in.)
L 1 1 1 I 1
0.0 0.1 0.2 0.3 0.4 0.5 (mm})
Disk Height

Fig. 10 Corrected and uncorrected cruise drag as a function of disk
height (merged data from both wind-tunnel tests, offset to match
plateaus).

plateau value. For each disk height, the trip drag is subtracted from
the drag corrected for laminar run to obtain the final, corrected drag
of the wing/body configuration at the cruise condition.

Measured and fully corrected cruise drag values for two cases are
given in Table 2 along with their laminar run and trip drag correc-
tions. For k =0.0122 in. (0.305 mm), a typical value, the laminar
run and trip drag corrections are of similar magnitude but opposite
sign. Thus, although neither correction is negligible, in this case the
two roughly cancel. The final, corrected values are within 0.2 counts
of the plateau level. Two significant differences exist between the
present results and those of Vaucheret.® In Vaucheret’s experiment,
1) prompt transition was observed for sufficiently large trips, and 2)
the trips began to create additional drag only after they were large
enough to induce prompt transition. In the present case, transition
is never prompt on the inboard, upper wing surface where the pres-
sure gradient is highly favorable. A laminar run correction is thus
required for all disk heights, and there is no neat division between
the “laminar run correction required” and “trip drag” regimes.

Second Test Entry

The second wind-tunnel test provided an opportunity to extend
the database to smaller trip heights and to verify the trends observed
in the first test. In particular, it was hoped that the addition of the
smaller disk heights would confirm the presence of a drag plateau
between £ =0 and 0.008 in. (0.203 mm). The results from the two
tests exhibit consistent trends but are offset from each other by an
amount several times larger than the uncertainty represented by the
error bars. We attribute this offset to the use of different force bal-
ances. The absolute accuracy (bias uncertainty limit) of the Langley
UT65 balances is about £0.75 counts (95% confidence); this is large
enough to account for the discrepancy. The approach taken was to
fit the two data sets separately and then combine them; see Fig. 10.

For trip heights through & = 0.008 in. (0.203 mm), the corrected
data from the second test exhibit more scatter than from the first
test but are still consistent with a drag plateau. The “new” points
at k =0.002 and 0.004 in. (0.0508 and 0.102 mm) are plotted with

more generous error bars to reflect difficulty of the interpretation of
the flow visualization images (discussed later). There was also some
additional experimental uncertainty during the testing of the smaller
disks heights caused by instability in the cavity pressure measure-
ments that are used to correct the model base pressure. The five
corrected data points from k£ = 0.0 to 0.008 in. (0.203 mm) were av-
eraged to arrive at a plateau level for the second test, which was 1.20
counts lower than the previous level. The data sets were merged by
offsetting each by half the difference between the two plateau levels;
the merged drag plateau level is 0.011714. The data from both tests
beyond the plateau are well represented by a single straight line with
slope 0.0447/in. (0.00176/mm), similar to the result from the first
test. The new trip drag correction for k =0.0122 in. (0.310 mm) is
—1.21 counts, vs —1.20 counts in Table 2. Thus, whereas the sec-
ond entry provides only modest support for the hypothetical drag
plateau, the impact of including these results on the estimated trip
drag is negligible when the plateau model is used to analyze the
combined results of the two tests.

The larger estimated errors associated with the two smallest disk
heights are primarily a result of the uncertainties involved in locating
transition on the upper surface. There are two issues, one related
to the development of the sublimation patterns over time and the
other having to do with the interpretation of the patterns. In our
procedure, the transition location for each trip height is determined
by studying a series of selected images taken a few minutes apart.
Heretofore, the transition location has been stable for a period of
time before appearing to move forward as the sublimation material
finally erodes. However, the transition locations for the two smallest
disk heights seem to shift forward continuously, making it difficult
to identify the transition location with confidence.

Interpretation of the sublimation images presents a puzzle for the
smallest disk height, k = 0.002 in. (0.0508 mm). The flow in the re-
gion just outboard of the break exhibits a pattern different from what
was seen in either the free transition images or those of larger disk
heights. Neither the feathery pattern nor wedges are seen behind the
disks. The new pattern consists of two distinct lines of sublimation
material extending well downstream behind each disk (Fig. 11). The
ends of the lines are downstream of what appears to be the natural
transition location adjacent to the isolated disk. Some flow mecha-
nism present only for the smaller disks preserves the streaks even
as the background fades. The sublimation material sprayed over the
disks may also be altering the flow. The chemical coating fills in
the area around the base of the disks and rounds out the disk/wing
junction. In the future, it may be better to leave the leading edge and
the disks themselves free of sublimation material. The transition
location was chosen to be near the ends of the sublimation lines be-
cause they are consistent with the overall light-to-dark-gray pattern
evident in the early images and because they are relatively stable
(more so than the light-to-dark-gray pattern between the disks). The
data plotted in Fig. 10 are based on average laminar run corrections
representing a range of possible transition locations. The error bars
reflect a doubling (to 0.4 counts) of the uncertainty attributed to
the laminar run correction. This is based on our experience in using
different images in the series to estimate transition location.

The lower surface did not present any new interpretative chal-
lenges. The transition indicators described earlier were used for the
new, smaller disks. It remains unclear why the anomalous behavior

isolated disk—

pairs of streaks

Fig. 11 Sublimation image showing distinct pairs of lines on the out-
board, upper surface, k = 0.002 in. (0.0508 mm).
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on the outboard, upper surface does not match that on the lower
surface, where the pressure distribution is similar.

Discussion

Applicability of Braslow et al.’s Criteria

The transition behavior on the inboard, upper surface is dis-
tinct from both the outboard panel and the inboard, lower surface.
Braslow et al.’s’ criteria for trip sizing and location, Re; = 600 for
Re, =2 x 10° at Mach=2.4, appear to have been successful in
effecting nearly prompt transition on the outboard wing (for imme-
diate transition, Re; values of 2 x 10° to 3 x 10 were required).
The criteria fail, however, on the inboard, upper surface; prompt
transition was not obtained even for Re; values as large as 5 x 10°.
This may be due to the pressure distribution, which differs from the
rest of the wing. Laminar surface pressures computed by NASA’s
upwind parabolized Navier—Stokes (UPS) code, which solves the
parabolized Navier-Stokes equations,?? are shown in Fig. 12 at two
span stations, inboard and outboard of the planform break. The trip
disk and natural transition locations are indicated. The associated
boundary-layer plots showing velocity distribution and Re; at the
streamwise point in the flow corresponding to the trip location are
presented in Fig. 13. For the laminar calculations, the boundary

layers are resolved by approximately 20 grid points normal to the
surface at the trip disk location. Compressible flat-plate results (also
from the UPS code) are included for comparison. (Boundary-layer
quantities based on the Blasius solution are shown to emphasize the
importance of compressibility in assessing the trip height criteria:
use of the incompressible properties would result in undersizing the
trip by a factor of two for Re; = 600.)

A striking difference between the two regions of the wing is
that the pressure gradient is highly favorable around the blunt, in-
board leading edge followed by a region of nearly constant pressure,
whereas outboard the pressure gradient is continuously favorable.
In addition, for a given physical trip height, Re; is smaller for the
inboard, upper surface than for the outboard wing. Both factors
suggest that the upper, inboard surface will be more difficult to
trip. Braslow et al.’s’ criteria may have been more successful out-
board because their work was based on a flat-plate boundary layer.
Here, the outboard wing boundary layer resembles that of a flat
plate (Fig. 13), but on the inboard, upper surface, the boundary-
layer thickness is greater and the values of Rey are less than those
of the flat-plate solution. Because of these differences, the apparent
breakdown of Braslow et al.’s correlation in the inboard region is not
surprising.
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Fig. 14 Drag polar and pitching moment curves represented by
seventh-order polynomial fits to the free transition and £=0.012 in.
(0.305 mm) data.

Prompt transition is obtained on the inboard, lower surface for
disk heights on the order of the boundary-layer thickness. Although
there is a similarly favorable pressure gradient, the flow does not
accelerate around the blunt leading edge as much on the lower sur-
face as it does on the upper (Fig. 12a). In addition, the computed
boundary-layer properties on the lower surface resemble those of
the flat plate (Fig. 13). Last, the natural transition location on the
lower surface is closer to the leading edge than on the upper surface.
All of these factors seem to facilitate prompt transition to turbulent
flow using trip disks.

Is It Necessary to Trip the Flow?

The evidence for a drag plateau in the corrected data is consis-
tent with Vaucheret’s® observations at similar Mach and Reynolds
numbers. These trends suggest that it may not be necessary to trip
the flow at all, at least for conditions similar to the present work.
Vaucheret’s results suggest this possibility, but he did not pursue
this alternative. Some further analysis is necessary before conclud-
ing that tripping the boundary layer is superfluous.

The shapes of the drag polars for the model with and without trips
applied are smooth and nearly parallel, separated by about five drag
counts (Fig. 14). No irregularities are evident that would suggest
any erratic behavior of the transition location or flow separation for
the free transition case. With the proper laminar run and trip drag
corrections, both polars give the same fully corrected drag, at least
around the cruise point. (Additional work will be required to deter-
mine how many points of the polar must be examined for laminar
flow correction, which will in general vary with angle of attack.)
Pitching moment, also shown in Fig. 14, is a second aerodynamic
characteristic that could be affected by the extent of laminar flow
or the presence of separation. The slight discrepancy between the
curve fits to the data is less than the scatter obtained between repeat
runs. Thus, with suitable corrections for laminar run, both the drag
and pitching moment data confirm that the free transition data are
valid for this configuration.

Conclusions

Two wind-tunnel tests were conducted to measure the cruise per-
formance of a supersonic transport. Different parts of the wing, char-
acterized by leading-edge radius, sweep angle, pressure distribution,
and perhaps other factors, exhibit distinct transition behavior. It is
imperative to determine the location of transition for each trip con-
figuration using flow visualization, or perhaps some other method.

Neither Braslow et al.’s criteria for required trip height nor inspec-
tion of the drag polar suffices to ensure that prompt transition has
been obtained. Prompt transition was obtained on both surfaces of
the outboard wing and on the lower, inboard surface for Re; values
on the order of 2 x 103 to 3 x 10°, but transition was always delayed
on the inboard, upper surface regardless of Rey.. A correction for the
effect of laminar run must be added to the drag for the different trip
heights, to put all of the data points on a common footing with regard
to skin friction, before any further analysis can be performed.

It was discovered that the interpretation of sublimation images can
be misleading. The strongly scrubbed regions just behind the trips
for all but the smallest disk heights are easily mistaken for prompt
transition. This can be avoided by obtaining a series of images (until
the sublimation material has nearly disappeared) and by leaving a
few disks isolated so that the development of a transition wedge in
their wakes is discernible.

The results of the present work are consistent with those of
Vaucheret and others who found evidence that a drag plateau exists
at supersonic speeds. Once the effect of laminar run is accounted
for, small trip disks add no drag. Above this plateau region, trip drag
varies linearly with disk height. The various schemes for deducing
trip drag by fitting the large-trip data and extrapolating to zero height
will produce erroneous results because they ignore the plateau.

For some wind-tunnel model configurations and testing condi-
tions, it may not be necessary to trip the flow at all. Flow visual-
ization, possibly at several angles of attack, would still be required
to measure transition location to account for the effects of laminar
run.
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