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Boundary-Layer Receptivity to Transient
Convected Disturbances

Anthony J. Dietz¤

NASA Ames Research Center, Moffett Field, California 94035-1000

Previous work has shown that the boundary layer is receptive to acoustic and convected disturbances in regions
where there is a rapid streamwise variation in the mean � ow such as at the leading edge or at roughness ele-
ments or suction strips. Much of this work involved single-frequency, two-dimensional waves, and further studies
are required to determine the effects of the broadband three-dimensional nature of turbulent � uctuations. An
experimental investigation of the receptivity of a Blasius boundary layer to transient two-dimensional convected
disturbances is presented here. A ribbon located upstream of a � at plate and aligned parallel to the plate leading
edge was used to introduce disturbances into the freestream. Two-dimensional roughness elements distributed
on the surface of the plate provided a receptivity site. Measurements of the boundary-layer response to single-
frequency waves, pulses, and random noise disturbances are reported. Similar receptivity was measured for each
of these disturbance types, showing that the broadband nature of transient disturbances does not affect the re-
ceptivity characteristics of the boundary layer and that linear superposition may be used to extend theories for
single-frequency disturbances to applications involving broadband disturbances.

Nomenclature
Ew = hot-wire voltage
F = nondimensionalfrequency, 2¼ f º=U 2

1 £ 106

f = dimensional forcing frequency
h = roughness height
R = boundary-layerReynolds number,

p
.Re/ D

p
.U1x=º/

Rr = boundary-layerReynolds number at the roughness
location (branch I)

Rw = wire overheat ratio, set at 1.8 for these experiments
Tfs = freestream temperature
Tw = wire temperature calculated assuming Tw D .Rw ¡ 1/=®0

U = time-averaged streamwise velocity
U1 = freestream velocity
u 0 = rms of streamwise velocity � uctuations
u 0

fs = rms amplitude of the streamwise � uctuations at the
boundary-layeredge (´ »D 7)

u 0
ts = rms amplitude of the Tollmien–Schlichting (TS) wave

u 0
tsr = rms amplitude of the TS wave at the roughness location

(branch I)
x = streamwise distance from virtual leading edge
y = distance normal to plate surface
®ts = TS wave number
®fs = wave number of the streamwise � uctuations at the

boundary-layeredge (´ »D 7)
®0 = temperature coef� cient of resistivity of the wire,

0.0036 at T0 D 293 K
±¤ = boundary-layerdisplacement thickness
´ = boundary-layercoordinate, y=

p
.2ºx=U /

º = dynamic viscosity

Introduction

A N important link in the chain of events that leads to the tran-
sition of a laminar boundary layer to turbulence is the initial

excitation and subsequentgrowth of Tollmien–Schlichting (TS) in-
stability waves in the boundary layer. The process by which these
wavesare excitedby freestreamdisturbancesisknownas receptivity.
Acoustic disturbances,which propagate at the speed of sound, and
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vortical disturbances,which are transportedby the freestream, can-
not directly force the TS waves, which propagate at approximately
one-thirdof the freestreamvelocity.The threehave substantiallydif-
ferent wavelengths, and a wavelength conversion mechanism is re-
quired for the boundary layer to be receptive to these disturbances.1

Goldstein2 found that such a mechanism exists in the rapidly
growing boundary layer in the leading-edge region. He and others
also showed that wavelengthconversionoccurs in local regionswith
short-scaleperturbationsof the mean � ow.3– 8 The temporal modu-
lationof the short-scale,mean-� ow perturbationby the longer-scale
freestream disturbance can produce frequency wavelength combi-
nations that match that of the TS wave.9 This local mechanism is
potentially more dangerous than the leading-edge mechanism as
waves generated at the leading edge will decay considerablybefore
reaching the lower branch of the neutral stability curve, whereas
waves excitedby a local mechanism near the lower branch will start
to grow immediately. These analyses suggested that the following
expression can be used to model the generation of TS waves by
surface nonuniformities:

u 0
ts D u 0

fs F.®ts ¡ ®fs/3.F; R/ .1/

where F.®ts ¡ ®fs/ is the spatial Fourier transform of the surface
nonuniformity evaluated at a wave number equal to the difference
between the TS wave number and the freestream wave number and
3.F; R/ is an ef� ciency functionthat is a measure of the receptivity
mechanism that is independentof the geometry.

Careful experiments by Saric et al.,10 Wiegel and Wlezien,11

and Zhou et al.12 con� rmed this theory for acoustic disturbances.
Dietz13;14 obtainedsimilar con� rmation for freestreamvortical dis-
turbances.He found that the vortical receptivityvaried linearlywith
freestream forcing levels up to a forcing intensity (u 0

fs=U1) of 1%
and that it varied linearly with roughness height up to a nondimen-
sional roughness height (h=±¤) of 0.1. The variation with rough-
ness geometry was also shown to be well modeled by the spatial
Fourier transform, and the experimentallyobtained ef� ciency func-
tion was in reasonable agreementwith the results of calculationsby
Choudhari.15

However, both the theory and the experiments involved two-
dimensional, single-frequencydisturbances.Freestream turbulence
consists of transient disturbances with a � nite spanwise extent re-
sulting in broad frequency and wave number spectra. In address-
ing receptivity to turbulence, the two-dimensional results must
be extended to three dimensions, and the extent to which single-
frequency results are applicable to broadbanddisturbancesmust be
determined.
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Bruer et al.16 measured local receptivity to broadband acoustic
disturbances.They found that the receptivity mechanism remained
linear with roughness height and number of roughness elements.
However, a quantitativecomparisonbetween broadbandand single-
frequency receptivity measurements was not attempted.

An experiment investigating the receptivity of a Blasius bound-
ary layer to transient two-dimensional convected disturbances is
reportedin this paper.Pulse and randomnoisedisturbancesare stud-
ied. The receptivity to these disturbances is compared with single-
frequency measurements made in an identical con� guration to de-
termine the effect, if any, that the broadband nature of the transient
disturbanceshas on the receptivity mechanism.

Experimental Technique
Experimental Setup

A schematic of the experimental setup is given in Fig. 1. The
experiment was carried out in a low-speed indraft wind tunnel in
the Fluid MechanicsLaboratory at the NASA Ames Research Cen-
ter. Detailed descriptionsof the facility and experimental technique
were given in Refs. 13 and 14.The tunnelhas a 0.4-m-square£ 1.5-
m-longtest sectionand is poweredbya centrifugalblower.A settling
chamber with a honeycomband eight seamless stainless-steelmesh
screens followed by a 10:1 contraction introduces a high-quality
� ow into the test section. The � ow nonuniformity is below 0.5%,
the angularity is below 0.3 deg, and the turbulence intensity in the
range of 3 Hz–10 kHz is below 0.07%.

A highlypolishedaluminum� at platewas used in the experiment.
The plate was 1.2 m long and 0.0127 m thick with a 58:1 elliptic
leading edge. It was mounted horizontallynear the center of the test
section. Care was taken to ensure the plate was adequately isolated
from tunnel vibrations.The plate was set at a slight angle of attack
to give a zero pressuregradient along its upper surface, and a 0.2-m
� ap at the rear of the plate was raised to bring the stagnation point
back to the plate leading edge. In addition, a � exible ceiling was
installed in the test section above the plate leading edge to minimize
the adverse pressuregradient at the junctureof the leading edge and
the plate.

A ribbon, 6.4 mm wide and 25 ¹m thick, mounted 0.58 m ahead
of the plate leadingedge was used to introducedisturbancesinto the
freestream. The ribbon was stretched between two shafts mounted
in sealed enclosures on either side of the test section. The thin rib-
bon under high tension had a natural frequency close to 400 Hz.
Such a high frequencywas required to prevent any ribbon vibration
modes from corrupting the disturbance spectrum in the frequency
range of interest. A single electromagneticshaker was used to drive
the shafts. Roughness elements 25.4 mm wide and 100 ¹m thick
were applied to the plate in the vicinityof the � rst branchof the neu-
tral stability curve to provide a receptivity site. The elements were
formed by laminatingtwo stripsof 50-¹m-thickpolyestertape.Two
roughness con� gurations were investigated: a single roughness lo-
cated at R D 613 and distributed roughness consisting of 10 strips
that were evenly spaced at 50.8-mm intervals, with 4 strips in front
of the single element and 5 behind it.

Streamwise velocity measurements were made using two single-
wire Dantec 5-¹m-diam hot wires. The primary hot wire was sup-
ported by a three-axis traverse housed in a sealed enclosure above

Fig. 1 Schematic of test setup showing the pulse, random, and single-frequency disturbances generated by the vibrating ribbon.

the test section.A streamlined sting passed from the traverse enclo-
sure, through a sealed slot, and into the test section where the hot
wire was mounted at the tip of a 0.12-m extension tube to ensure
it was free from any pressure-gradient effects associated with the
sting.Carewas takento minimizeanyvortexsheddingfromthe sting
or the slot that could corrupt the measurements. A second hot wire
was used as a reference for phase measurements. It was mounted
on a � xed sting at the streamwise location of the single roughness.
The wire was offset 0.05 m in the spanwisedirection from the tunnel
centerlineand positionedclose to the upper edgeof the ribbonwake.
Freestream pressure and temperature were measured using a pitot
tube and a platinumresistancethin � lm detectormountedon the tra-
verse sting just above the primary hot wire. Atmospheric pressure
was regularly updated from a digital barometer. All analog signals
were acquired simultaneously by a high-speed, 15-bit, Tustin A/D
converter and then transferred to a Micro VAX II computer.

Measurement Technique
The hot wires were always calibrated in the same reference po-

sitions against freestream velocity determined from the pitot tube.
The temperature sensitivity of the hot wire was taken into account
byassumingU D f [Ew=.Tw ¡ Tfs/

1=2]. An eight-point,fourth-order
polynomial � t was used for the calibration. The streamwise ve-
locity � uctuation rms values were estimated from the product of
the ac-coupled rms voltage and the local slope of the calibration
curve, dU=dEw D 1=.Tw ¡ Tfs/

1=2 f 0[Ew=.Tw ¡ Tfs/
1=2]. The wires

were calibrated before every set of measurements, and the calibra-
tion was checked on completion of each set. If the calibration was
out of tolerance, the measurementswere repeated.The absolute ac-
curacy of the hot-wire velocitymeasurements in the freestreamwas
estimated to be §2%. This was largely due to the estimated accu-
racy of the pitot pressure measurements as the standard error of the
hot-wire calibrations was typically 0.3% and the drift of the hot-
wire velocity estimate (measured after each data set at the reference
location) was typically less than 1%.

Spectral measurements were performed with a HP 3665A Dy-
namic Signal Analyzer. Narrow-band velocity amplitudes were de-
termined from a power spectrumof the primary hot-wire signal, and
the corresponding phase was determined from a cross spectrum of
signals from the primary and reference hot wires. A � at-top win-
dow was used for the continuous and random disturbances, and a
uniform window was used for the pulse disturbance.Both windows
had bandwidths of approximately 2 Hz. The spectra presented here
were the result of 100 ensemble averages. Phase-locked-averaged
time traces are also presented.These result from some 200 averages
of 512 point records sampled at 1600 Hz and triggered from the
reference hot-wire signal.

Experimental Conditions
The experimental conditions were the same as those used in the

author’s earlier study of receptivity to continuous single-frequency
convected disturbances.13 ;14 These parameters were chosen to give
maximum receptivity with tape of a certain width positioned at
branch I and maximum ampli� cation from this site to the down-
stream measurement position. The downstream position was � xed
at 0.7 m as side wall contamination was unacceptable aft of this
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position. For standard 25.4-mm tape, the optimum experiment
parameters were F D 50 and Rr D 613, giving U D 17 m/s and
f D 157 Hz at a reference temperature of 288 K and a reference
dynamicviscosityof 1:455 £ 10¡5 m2 s¡1. The experimentwas con-
trolled to maintain a constant R and F by adjusting the freestream
velocity and the ribbon forcing frequency as the � ow temperature
and the atmospheric pressure varied.

Mean Flow
Accurate characterization of the boundary-layer mean � ow was

important because measurements of the TS waves were made at the
downstream measurement position where the exponential growth
of the waves had increased their amplitudes to measurable levels.
It was then necessary to use ampli� cation factors calculated using
linear stability theory to determine the wave amplitude at the recep-
tivity site, and these factors are very sensitive to pressure gradients.
After careful adjustment, the streamwise variation in the pressure
coef� cientalongtheplate for R > 520 was reducedto within §0.2%
of the mean value. The variation was less than §0.1% for R > 600.
The leading-edge region R < 520 had a strong favorable pressure
gradient, but this was considered to be bene� cial as it served to
dampen any instabilities excited upstream of the receptivity site at
R D 613.

The Blasius characteristicsof the boundary layer were con� rmed
from mean streamwise velocity pro� les recorded at a number of x
stations.The shape factors calculated from these pro� les were con-
sistently within 1% of the Blasius value of 2.59. A virtual origin of
0.025 m was calculated from these pro� les, xvo D ±¤2U1=.1:728º/.
All x data reported in this paper are referenced to this virtual origin.
An indicationof the quality of the boundary layer and of the virtual
origin estimate is given in Fig. 2, where the measured mean � ow
pro� les at a number of x stations are plotted using a nondimensional
height ´ based on the xvo estimateof 0.025 m. The pro� les all match
the theoretical self-similar Blasius pro� le, which is also included in
Fig. 2.

Ribbon Wake
The characteristicsof the wake from the vibrating ribbon and its

effect on the boundary layer were carefully measured to establish
the input to the receptivity process. These measurements were re-
ported in detail by Dietz.13;14 The ribbon was installed some 0.58
m (91 ribbon chords) ahead of the plate leading edge to allow the
wakevelocityde� cit andanycoherentwake structurestime to decay.
Also, with a small wake de� cit, the wake disturbancesgeneratedby
vibrating the ribbon should convect at a speed close to that of the
freestream. The ribbon wake was positioned close to the edge of
the boundary layer so that there would be a strong boundary-layer
response to the convected wake disturbances but suf� ciently high

Fig.2 Variationof the mean streamwise velocity through the boundary
layer at 12x stations from R = 630 to 900 compared with the theoretical
Blasius pro� le.

Fig. 3 Pro� le of the streamwise velocity in the boundary layer and the
wake behind the stationary ribbon measured at R = 633. Broadband,
narrow-band, and mean velocity measurements are shown.

Fig. 4 Streamwise velocity spectra recorded in the boundary layer and
the vibrating ribbon wake; R = 633 and F = 50.

to prevent any excitation of the boundary layer by turbulent � uc-
tuations in the wake. Pro� les of the mean streamwise velocity and
the rms velocity � uctuations in the boundary layer and the wake
from the stationary ribbon are given in Fig. 3. The maximum ve-
locity de� cit in the wake is less than 2% of the freestream velocity,
and it is located well above the edge of the boundary layer. Both
the broadband and narrow-band � uctuation levels plotted in Fig. 3
decay to negligible levels by the edge of the boundary layer, and
there is no detectable excitation of the boundary layer by the wake
turbulence.

The characteristics of disturbances produced by ribbon vibra-
tion are shown in the spectra recorded in the wake and the bound-
ary layer with the ribbon vibrating at the reference frequency of
157 Hz (Fig. 4). Fluctuations at the forcing frequencydominate the
disturbance pro� le, and although the wake turbulence remains lo-
calized above the boundary layer, the disturbance� uctuationsat the
forcing frequency extend into the potential � ow region beyond the
wake and excite the boundary layer.There is some energypresent in
the second and third harmonics, but suf� cient ribbon tension has re-
duced these to acceptable levels. These measurements demonstrate
that the wake from a vibrating ribbon is an effective way to excite
a boundary layer with single-frequencyconvected disturbances. In
the next section the responsesof the boundary layer to disturbances
excited by pulse and random ribbon vibrations are investigated.

Results
Response to a Transient Pulse

The � rst transient disturbanceanalyzed was a pulse generated by
forcing the ribbon with a single sine cycle at a frequencyof 157 Hz.
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Fig. 5 Boundary-layer response to a pulse disturbance: phase-locked-averaged time records of the streamwise velocity � uctuations measured at a
number of heights through the layer; single roughness at R = 613 and hot wire positioned at R = 640.

Fig. 6 The rms amplitude of the convected pulse and single-frequency
disturbances in the boundary layer compared with the results of an
unsteady boundary-layer calculation.15;18

Such a pulse shouldexcite a broad rangeof frequenciesin the bound-
ary layer. This is essentially an application of the classical impulse
or bump test used to determinethe natural frequenciesof a structure.
Another useful advantage of this technique, pointed out by Saric et
al.,17 is that as the TS wave propagatesat approximatelyone-thirdof
the freestreamvelocity,it lags behindthe convecteddisturbance,and
the two may be analyzed separately in downstream measurements.

The boundary-layer response to the pulse disturbance is shown
in Fig. 5, where phase-locked-averagedtime records of the stream-
wise velocity at a range of heights in the boundary layer are plotted.
The hot wire was located at R D 640, which was just downstream
of the single-roughness receptivity site. The 0.06-s time delay be-
tween thepulsedisplacementof the ribbonand the pulsedisturbance
at the hot wire matches that expected for a disturbance convected
at the freestream speed. The pulse has remained compact in the
streamwise direction, giving the desired short-duration excitation.
In Fig. 6, the amplitude of the pulse through the boundary layer
is compared with the pro� le measured with single-frequency ex-
citation. The boundary-layer response is similar in each case. The
measured pro� les also agree well with results from an unsteady
boundary-layer calculation with streamwise forcing as the upper
boundary condition.15 ;18 The disturbance energy is con� ned to the
outer part of the boundary layer, and the � uctuations are rapidly
damped toward the wall. With similar disturbancepro� les, the input
into the receptivityprocess is similar, and so a comparison between

the receptivity to these transient and continuous disturbances
is valid.

The response of the boundary layer measured at the downstream
measurement location, R D 900, is shown in Fig. 7. A TS wave
packet can now be seen, lagging the pulse with its maximum am-
plitude occurring close to the wall as expected for a TS eigenvector.
The wave packet was not detectable in Fig. 5, which was mea-
sured at R D 640, just downstream of the roughness element, but
the exponential growth of the waves resulted in an easily detected
wave packet at R D 900. The N factor between these two locations
is approximately 2 for F D 50, which corresponds to a sevenfold
increase in the amplitude over this distance. The propagation speed
of the TS packet from the roughness strip to the measurement lo-
cation, calculated assuming the pulse disturbance was convected
from the ribbon to the roughness strip at the freestream velocity, is
approximately one-third of the freestream velocity. This is a close
match to the speed predicted by linear stability theory for waves
in this frequency range. Analysis of the wave propagation times
also demonstrates that the wave packet was generated by the con-
vected pulse because a packet generated by an acoustic or vibration
disturbance would have arrived at an earlier time.

The responseof the boundary layerwith an array of 10 roughness
elements on the plate is shown in Fig. 8. A much larger wave packet
has been generated by the distributed roughness. The mode shape
of the TS wave is clear, and the 180-degphase shift characteristicof
TS waves can be seen in the outer part of the layer where the wave
amplitude drops to zero. The roughness elements were spaced to
match the resonant condition where the wall wave number equals
the difference between the TS and the freestream wave numbers.
At this spacing, resonant TS waves generated at successive rough-
ness strips are in phase and add constructively. The pro� le of the
maximum amplitude in the packet is plotted in Fig. 9, where it
is compared with the pro� le of a TS wave excited by continuous
single-frequency forcing and also with the TS eigenvector of lin-
ear stability theory, calculated using the eMalik quasiparallel spatial
stability code.19 There is good agreement between the pro� les.

Response to Random Excitation
Just as white noise can be used to determine the transfer function

of an ampli� er, a random noise input was used as a second way to
determine the boundary-layerresponse to broadband disturbances.
Driving the ribbon with a random noise source from the spectrum
analyzerdid successfullyintroducea broadbanddisturbanceinto the
freestream. In Fig. 10 the spectrum of this disturbance is compared
with that of the pulse disturbance. The large spike at 375 Hz is the
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Fig. 7 Boundary-layer response to a pulse disturbance: phase-locked-averaged time records of the streamwise velocity � uctuations measured at a
number of heights through the layer; single roughness at R = 613 and hot wire positioned at R = 900.

Fig. 8 Boundary-layer response to a pulse disturbance: phase-locked-averaged time records of the streamwise velocity � uctuations measured at a
number of heights through the layer; array of 10 roughness elements on the plate; hot wire positioned at R = 900.

natural frequency of the ribbon. The different amplitude distribu-
tions of the two spectra should provide a good test of the linearity
of the boundary-layerresponse.

The responseof the boundarylayer to the randomnoise and pulse
disturbances is shown in Fig. 11 for the single roughness case and
in Fig. 12 for distributedroughness.These spectra were recordedat
the downstream measurement position, R D 900, with the hot wire
positioned in the boundary layer at the height of the maximum TS
wave amplitude. Each spectrum is normalized by the u 0

fs spectrum
measuredat theedgeof theboundarylayerat the roughnesslocation.
This normalizationaccounts for any differencesin the amplitudeor
frequency distribution of the forcing and has the added advantage
of removing any effects due to the bandwidth of the spectral mea-
surements as both TS and freestream spectra are measured with the
same parameters. The spectra measured with no roughness on the
plate are also included in these � gures to demonstrate the signi� -
cant increase in wave amplitude due to the roughness. The single-
roughness spectrum has a maximum around 200 Hz, which is close

to the frequency of the most ampli� ed TS wave at this Reynolds
number. The distributed-roughness spectrum has a maximum at a
lower frequencyof 170 Hz. This is a result of the tuningeffect of the
single wave number roughness array. The wave amplitudes for the
distributed roughness are an order of magnitude greater than those
generated by the single roughness.

Two-Dimensional Receptivity Results
To obtain a valid comparison between the results for the pulse,

random,and single-frequencydisturbances,the threemeasurements
for a particular roughness con� guration were made consecutively
in closely spaced runs with no alterationsto the experimentalsetup.

The single-frequencyTS amplitudes were obtained by subtract-
ing the complex amplitudes measured with no roughness from the
amplitudes measured with roughness. This technique was not pos-
sible for the broadband measurements, which had no phase infor-
mation. However, the broadband freestreamdisturbanceand the TS
wave packets excited at the roughness are essentially uncorrelated,
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Fig. 9 Measured pro� le of the TS eigenvector excited by pulse and
single-frequency disturbances at distributed roughness compared with
eMalik calculations,19 both normalized by the maximum amplitude near
the wall; R = 900.

Fig. 10 Spectra of the streamwise velocity for random noise and pulse
excitation of the ribbon; hot wire positioned at R = 630 and ´ = 8.

Fig.11 Response of theboundarylayerwith a single roughnesselement
at R = 613 to random noise and pulse disturbances; hot wire positioned
at R = 900 and ´ = 0:5.

and so the TS amplitude spectrum was determined by subtract-
ing the no-roughnesspower spectrum from the spectrum measured
with roughness. (The subtraction of power spectra was suggested
by Bradshaw20 for removing uncorrelatednoise from a signal.)

Stability calculations were then used to decouple the receptivity
process from the subsequent growth of the waves, which is well
described by solutions of the Orr–Sommerfeld equation of linear
stability theory.The eMalik code was used to calculatethe growth rate
of each TS eigenvalue for the R; F parameter space being studied.

Fig. 12 Response of the boundary layer with distributed roughness to
random noise and pulse disturbances; hot wire positioned at R = 900
and ´ = 0:5.

Fig. 13 Boundary-layer receptivity at a single-roughness element for
three disturbance types.

The N factor for each frequency in the spectrum was determined by
integrating the growth rate between the roughness location and the
measurement location:

N .F/ D
³

u 0
ts

u 0
tsr

´
D

R

Rr

¡2®i .F; R/ dR .2/

These N factors were then used to determine the TS wave ampli-
tudesat the roughnesslocationfrom theamplitudesmeasureddown-
stream.The results are presented in terms of a receptivitycoef� cient
de� ned as u 0

tsr=u 0
fs.

The receptivity results for the random noise and pulse distur-
bances are compared with the single-frequency results in Fig. 13
for a single roughness element and in Fig. 14 for an array of rough-
ness elements. Very good agreement between the three excitation
types is seen in both plots. This demonstrates that, at least for two-
dimensional waves, it is valid to consider the response to a broad-
band disturbance as the superposition of the response to individ-
ual frequency components. Current linear receptivity theories may
therefore be applied with con� dence to transient disturbances.The
results also validate the spectral approach used to determine the
receptivity coef� cient and show that the use of pulse or random dis-
turbances is a rapid way to determine the frequency dependenceof
this coef� cient.

A comparison of the single-roughnessresponse measured down-
stream (Fig. 11) with the receptivity coef� cient (Fig. 13) shows
that the frequency tuning in the downstream response is due to the
frequency-dependent growth of the waves. The receptivity coef-
� cient in Fig. 13 decreases monotonically with frequency. If the
geometry dependence is removed, the resulting ef� ciency factor
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Fig. 14 Boundary-layer receptivity at distributed roughness for three
disturbance types.

shows only a slight decrease with frequency,14 a trend that matches
the results of Choudhari.15 In contrast, the receptivity to distributed
roughness exhibits the highly tuned response predicted by Crouch,8

as waves at the resonantwave numberreinforceand thoseaway from
the resonant wave number interfere. The magnitude of the recep-
tivity coef� cient for distributed roughness is an order of magnitude
greaterthan that for singleroughness.This resultalso agreeswith the
theoretical calculations of Crouch,8 who calculated the receptivity
for a wavy wall to be 10 times that of a Gaussian hump.

Conclusions
The receptivityof a Blasius boundarylayerwith two-dimensional

roughness elements to broadband transient convected disturbances
was measured as a � rst step toward validating the use of single-
frequency receptivity theories with real-world disturbances. Two-
dimensional pulse and random disturbanceswere investigated.The
interaction of the freestream pulse disturbancewith a single rough-
ness stripexciteda TS wave packet that lagged the freestreamdistur-
bancedue to its lowerpropagationspeed.A largerpacketwas excited
with an array of distributed roughness elements on the plate. The
amplitudes in the spectra of these packets and of the waves excited
by the randomnoisedisturbancewere comparedwith the amplitudes
of waves excited by continuous single-frequencydisturbances.The
receptivity was shown to be the same in each case, demonstrating
that receptivity to a broadband disturbance may be modeled as the
linear superposition of the receptivity to discrete frequencies. In
addition, the use of pulse or random noise disturbances proved to
be an effective way of rapidly determining the variation of the re-
ceptivity coef� cient with frequency.The receptivitymeasured with
this technique exhibited trends that agreed with calculations made
by previous researchers using � nite Reynolds number receptivity
theories.
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