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Interaction of Decaying Freestream Turbulence
with a Moving Shock Wave: Pressure Field

S. Xanthos,¤ G. Briassulis,† and Y. Andreopoulos‡

City College of the City University of New York, New York, New York 10031

The unsteady interaction of a moving shock wave with nearly homogeneousand isotropic decaying compressible
turbulence has been studied experimentally in a large-scale shock-tube facility by using rectangular grids of
various sizes. The interaction has been investigated by measuring velocity, total pressure, and temperature inside
the � ow� eld andstatic pressure at the wall of the shock tubewith instrumentationof temporaland spatial resolution.
Attenuation of the shock wave strength has been found to take place as a result of the interaction with the turbulent
� ow� eld, which depends on the mesh size of the grid or its Reynolds number, the � ow Mach number, and the
initial Mach number of the shock wave. Finer grids produce turbulence, which attenuates the shock wave more
than coarse grids at the same Mach number. Ampli� cation of pressure � uctuations after the interaction has been
observed in all experiments, depending on grid size (initial turbulence level) and shock strength. Furthermore, this
ampli� cation is not the same through the whole range of wave numbers resolved.

I. Introduction

T RAVELING shockwaves or expansionwaves can be generated
inside turbines or compressors of turbine engines as a result of

unsteady � ow phenomena. These moving waves can interact with
rotating or stationary blades, as well as with the � ow, and may re-
sult in phenomena that can affect the operation and performanceof
the engine. One of these phenomena is the interaction of passing
shock waves with turbulence. Of particular interest to those study-
ing turbomachineryis the interactionof traveling shock waves with
freestream turbulence, which can be considered as nearly isotropic
and nearly homogeneous. In general, interactions of shock waves
with turbulent � ows are of great practical importance in external
or internal aerodynamics of engineering applications because they
considerablymodify the � uid � eld by vorticityand entropyproduc-
tion and transport.

Past work thathasbeen recentlyreviewedby Andreopouloset al.1

has shown that the interactionbetween the shockwave and turbulent
� ow is mutual and that the coupling between them is very strong.
Complex linear and nonlinear mechanisms are involved that can
cause considerable changes in the structure of turbulence and its
statistical properties and alter the dynamics of the shock wave mo-
tion. Ampli� cation of velocity � uctuations and substantial changes
in length scales are the most important outcomes of interactions of
shock waves with turbulence. This indicates that such interactions
may greatly affect mixing. The use of shock waves, for instance,
has been proposed by Budzinski et al.2 as means to enhance mixing
of fuel with oxidant in ramjets.

Turbulenceampli� cation through shock wave interactionsis a di-
rect effect of the Rankine–Hugoniot relationswhen they are coupled
with the downstreamequations.However, this type of ampli� cation
should be decoupled from other effects that also contribute to tur-
bulence ampli� cation, such as destabilizing streamline curvature,
� ow separation, dilatation effects, or longitudinal pressure gradi-
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ents, which may be present in the � ow before or after the interaction
with the shock.3

The presentwork focuseson an idealizedcase of an interactionof
a planar shock wave traveling through a grid-generated turbulence.
This � ow represents an interaction with a simpli� ed yet relevant
geometry that can be used to investigate basic physics and/or as a
test case for turbulence modeling in computational � uid dynamics.
One way to simulate experimentallythe aforementionedinteraction
is by taking advantage of the induced � ow behind a moving shock
in a shock tube. This � ow is passed througha turbulence-generating
grid, and thedecayingturbulencebehind the incidentshock interacts
with the shock wave after it has been re� ected from the end wall of
the shocktube.Figure 1a shows a schematicof the � ow interactionin
the shock tube. This � ow con� guration in the shock tube provides a
platformto investigatesome fundamental issues associatedwith the
ampli� cation of turbulence through its interaction with the moving
shock wave.

A unique facility has been developed at the City College of the
City Universityof New York (CCNY) in which the Mach numberof
the � ow behind the re� ected shock can be controlled independently
from the shock wave strength, up to a certain extent. This has been
achieved by replacing the end wall of the shock tube with a porous
wall of variable porosity. The large size of this facility allows mea-
surements of turbulence with high spatial and temporal resolution
(Briassulis and Andreopoulos,4 Briassulis et al.,5 and Agui6). Thus,
shock interactionsevenwith incompressible� ows can be generated.
Figure 1b depicts the wave patterns generated inside the shock tube
and their re� ections over various hardware components.

Previous experimental work with this type of shock wave inter-
action is very limited. Keller and Merzkirch7 measured the density
� uctuations in a similar interaction between a traveling wave and
a wake of a perforated plate by using speckle photography. They
demonstrated that density � uctuations are considerably ampli� ed.
The experimentalworks of Honkanand Andreopoulos8 and Honkan
et al.9 mentionedfor the � rst time the effects of the interactionof the
shock wave with grid-generated turbulence on the turbulent scales.
Haas and Stutervant10 and Hesselink and Stutervant11 investigated
the interaction of a weak shock wave with a single discrete gaseous
inhomogeneity and statistically uniform medium, respectively. It
was found that the shock induced Rayleigh–Taylor instability en-
hancesmixingconsiderably,in thatturbulentscalesseemto decrease
after passage of the shock. The latter is in contrast to previous work
by Keller and Merzkirch7 and Debieve et al.12 and most probably is
due to the Rayleigh–Taylor instability,which is as a result a nonlin-
ear interactionof two preexistingmodes in the � ow, namely, that of
the vorticity mode and that of the entropy.
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The shock wave from a simplistic point of view can be consid-
ered a as steep pressuregradient.Informationfrom experimentsand
simulation of low-speed � ows with such pressuregradients indicate
that “rapid distortion” concepts hold and, in the limit of extremely
sharp gradients, the nonlinearity may be ignored.13 The physics as-
sociated with the compressibility phenomena that are responsible
for this ampli� cation are not well understood.

The � rst attempt to predict such turbulence ampli� cation is at-
tributed to Ribner.14;15 His predictions were veri� ed qualitatively
by Sekundov16 and Dosanjh and Weeks.17 Several analytical and
numerical studies of this phenomenonby Morkovin,18 Zang et al.,19

Anyiwo and Bushnell,20 Rotman,21 Lee et al.,22 and Hannappel
and Friedrich23 show very similar turbulence enhancement. Chu
and Kovasznay24 indicated that there are three � uctuating modes
that are coupled and responsible for the turbulence ampli� cation:
1) acoustic (� uctuating pressure and irrotational velocity mode),
2) turbulence (� uctuating vorticity mode), and 3) entropy (� uctuat-
ing temperature mode). These modes are, in general, nonlinearly
coupled, and the Rankine–Hugoniot jump conditions across the
shock indicate that when any one of the three � uctuating modes
is transferred across the shock wave, it not only generates the other
two, but it may also considerably amplify itself. The present work
focuses on the turbulenceand acoustic (pressure) � uctuation mode,
because temperature � uctuations are extremely small.9 We have in-
vestigated the transfer of homogeneous and isotropic turbulence
across an unsteady normal shock propagating inside the � ow. Pre-
vious work on this subject is rather limited, if not nonexistant.The
reason is that it is rather dif� cult to experimentally set up a con-
� gurationwhere a decaying,grid-generatedturbulencewill interact

Fig. 1a Schematic of � ow interaction.

Fig. 1b Interaction x– t diagram.

Fig. 2a Schematic of shock tube research facility.

with a plane shock in a wind tunnel. Debieve and Lacharme,25 for
instance, attempted to generate homogeneous and isotropic turbu-
lence by installinga grid inside the settling chamber of a supersonic
wind tunnel. The � ow, however, became anisotropic after it passed
through the contraction of the wind tunnel. In another attempt by
Barre et al.26 to generate shock wave interactionswith isotropic tur-
bulence, a normal shock wave was formed by the interactionof two
oblique shock waves of symmetrical orientation.However, the � ow
after the interactionwas highly acceleratedbecause of the presence
of two shear layers/slip lines at the boundaries of the useful � ow
region.

The objectiveof the present researchwork is a better understand-
ing of the interactionof a moving shockwave with the decaying tur-
bulence.The presentwork is a continuationof previousexperiments
that were carried out by Honkan and Andreopoulos8 and Honkan
et al.9 in a small diameter shock tube as well as by Briassulis et al.5

in the new high-resolutionShock-Tube Research Facility (STURF)
of CCNY. The present paper reports the results of the measurements
of the pressure � eld before and after the interaction with the shock
wave. A full description of the incoming compressible decaying
turbulence before the interaction can be found by Briassulis et al.5

Andreopouloset al. discuss the major conclusionsof the shockwave
interaction with freestream turbulence in a review.1

II. New Shock Tube Facility
The experiments were performed in the large-scale STURF,

shown in Fig. 2a, which is located at the Mechanical Engineering
Department of CCNY. The large dimensions of this facility, 1 ft in
diameter and 88 ft in length, provide an excellent platform for high
spatial resolutionmeasurementsof turbulencewith long observation
time of steady � ow. The induced � ow behind the traveling shock
wave passes through a turbulence-generating grid installed in the
beginningof the working section of the facility. Several turbulence-
generating grids were used at four different � ow Mach numbers.
The velocity of the induced � ow behind the shock wave dependson
the rupture pressure of the diaphragm, that is, driver strength P4 .

The present shock-tube facility has three distinguishingfeatures.
The most signi� cant one is the ability to control the strength of the
re� ected shock and the � ow quality behind it by using a removable
porous end wall, placed at the � ange between the dump tank and the
working section. The impact of shock wave on the end wall would
result in a full normal shock re� ection in the case of zero porosity
(solid wall), a weak shock re� ection in case of moderate porosity,
or expansionwaves in case of in� nite porosity (open end wall). The
second feature of the facility is the ability to vary the total length of
the driven section by adding or removing one of the several pieces
or modules that are available or to rearrange their layout. Proper
arrangement of the layout of the various modules of the shock tube
can maximize the duration of the useful � ow. The third feature of
the facility is its large diameter, which allows for the availabilityof
a large area of uniform � ow in the absence of wall effects, while at
the same time providing a platform for high spatial resolution in the
measurements of turbulence.

The working (test) section is � tted with several hot-wire and
pressure ports (Fig. 2b). Thus, pressure, velocity, and temper-
ature data can be acquired simultaneously at various locations
downstream from the grid and, therefore, reduce the variance
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Fig. 2b Two-dimensional schematic of the working section with pressure and hot-wire tap’s locations along the 8-ft length.

between measurements. High-frequencypressure transducers, hot-
wire anemometry, and Rayleigh scattering techniques for � ow vi-
sualization have been used in the present investigation. For more
details on the hot-wire techniques applicable to shock tubes see
Briassulis et al.,27 who also give estimates of uncertainties in the
measurements.

This experimental setup provided simultaneous time-dependent
measurements of two velocity components, temperature and wall
pressure, at several locations of the � ow� eld. In addition, time-
dependent, three-dimensional vorticity measurements were car-
ried out by using a new vorticity probe (Agui,6 Briassulis et al.,5

Andreopoulos and Honkan28 and Honkan and Andreopoulos29).
The shock tube was � tted with nine pressure taps in the working

section and eight in the driven section. Pressure transducers were
placed throughout the driven section to monitor the passage of the
shock wave and also to check its uniformity through the driven sec-
tion. For the present experiments, high-frequencyresponse Kulite®

pressure transducerstype XCQ-062 were installed in the shock tube
at various locations, so that pressure � uctuationscould be measured
simultaneously as a function of time. The shock tube was pressur-
ized, so that any leaks could be detected, as well as to calibrate the
pressuretransducers.The shock tube was free of leaks, and the static
responseof the transducerswas found to be linear.Aluminumplates
were used as diaphragms and were placed in between the driver and
the conical sections.

A detaileddescriptionof the facility and the results of the quali� -
cation tests can be found in the work by Briassulis30 and Briassulis
et al.31

Duringeachexperiment,all signalswere acquiredsimultaneously
with the ADTEK data acquisition system. The ADTEK AD830
board is a 12-bit Extended Industry Standard Architecture data ac-
quisitionsystem,capableof simultaneouslysamplingeightchannels
at 333 kHz each. Three of those boards are currently available pro-
viding 24 simultaneous sampled channels at 333 kHz per channel.
Note that no sample-and-hold units were used in the present data
acquisition because each channel was dedicated to an individual
A/D converter.The data acquisitionsystem was triggeredby the ar-
rival of the shock wave at the location of a wall pressure transducer
3.30 m upstream of the grid. The grid was installed in the beginning
of the working section.

Several of the experimentswere repeatedrecentlyby usingnewly
acquired DATEL-416 A/D boards with 1-MHz sampling rate ca-
pability and 14-bit resolution. Spectral analysis results, which are
shown in this work, are based on data acquired by these high-
resolution boards.

The bulk � ow parametersof the experiments performedare sum-
marized in Table 1 and include the grid mesh density, the mesh
size M , the � ow Mach number M2 behind the incident shock of
strength Ms , the Reynolds number based on mesh size ReM and
mean � ow velocity U1 , the strength of the re� ected shock MR , and
the solidity of the grids ¾ , de� ned as the projected solid area per
unit total area so that ¾ D 1 ¡ [1 ¡ d=M]2 where d is the rod diam-
eter and M is the mesh size. All grids were fabricated from circular
steel rods.

The values of M2 were obtained in the � ow downstream of the
grid, and they are slightly smaller than the Mach number values

Table 1 Bulk � ow parameters of the experiments performed

Grid, M , mesh size, Solidity, M2 , � ow
meshes/in. mm £ mm ¾ Mach number ReM Re¸

10 £ 10 2.54 0.36 0.446 40640 N/A
10 £ 10 2.54 0.36 0.578 56919 N/A
10 £ 10 2.54 0.36 0.6.23 62285 N/A
8 £ 8 3.175 0.36 0.371 37138 162
8 £ 8 3.175 0.36 0.461 53506 195
8 £ 8 3.175 0.36 0.592 63458 246
5 £ 5 5.1 £ 5.1 0.37 0.371 59654 160–318
5 £ 5 5.1 £ 5.1 0.37 0.477 86315 200–269
5 £ 5 5.1 £ 5.1 0.37 0.576 102421 240–458
4 £ 4 6.35 £ 6.35 0.44 0.354 68208 213–401
4 £ 4 6.35 £ 6.35 0.44 0.446 105389 198–336
4 £ 4 6.35 £ 6.35 0.44 0.594 132921 113–352
3 £ 3 8.5 £ 8.5 0.39 0.321 81687 154–239
3 £ 3 8.5 £ 8.5 0.39 0.474 124203 184–201
3 £ 3 8.5 £ 8.5 0.39 0.564 215043 330–747
2 £ 2 12.7 £ 12.7 0.28 0.346 137319 186–281
2 £ 2 12.7 £ 12.7 0.28 0.436 169025 195–452
2 £ 2 12.7 £ 12.7 0.28 0.592 261667 560–1331
1.33£ 1.33 19.05 £ 19.05 0.26 0.368 200371 210–278
1.33£ 1.33 19.05 £ 19.05 0.26 0.504 295721 217–612
1.33£ 1.33 19.05 £ 19.05 0.26 0.607 398661 257–760

obtained in the approaching � ow upstream of the grid.9 As the in-
coming shock wave reaches the grid, it is transmitted through the
grid with some minor losses due to viscous effects, whereas a very
weak re� ected shock travels as a small disturbance in the opposite
direction upstream as a result of the impact of the incident shock on
the grid. This disturbance is stronger at higher shock Mach num-
bers and in impacts with higher soliditygrids. This weakly re� ected
shock reduces the velocity and increases the temperature of the ap-
proaching � ow by small amounts, respectively. The induced � ow
behind the incident shock, after it has experienced the effects of the
upstream traveling weakly re� ected shock, passes through the grid
to form a nearly homogeneous and isotropic � ow.

III. Shock-Tube Flow
Unlike conventional low-speed grid turbulence, generated in a

wind tunnel, the present � ow is produced in a shock tube behind
a moving shock wave. Shock tubes are traditionally used primarily
to study moving shock waves and their re� ections or interactions
with solid surfaces and to generate high-temperatureenvironments.
Our work is not the � rst to con� gure a stationary � ow behind a
moving shock wave. There have been several attempts in the past
to utilize the induced � ow behind the shock to study several � ow
phenomena.

The duration of the induced � ow behind the shock wave may be
limited by the arrival of re� ected expansion waves from the driver
end wall, which are formed during the rupture of the diaphragm by
the arrival of shock or expansion waves formed at the downstream
end wall, as well as by the arrival of the contact surface, which is
characterizedby a large temperature gradient.

The formation of a nearly homogeneous and isotropic turbulent
� ow with decaying intensity can be described by considering the
time-dependent wall pressure signals shown in Fig. 3. The signals
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Fig. 3 Time-dependent pressure signals at locations upstream and
downstream of grid, P4/P1 = 6.53.

shown in Fig. 3 were obtained at two locations, one upstream and
one downstream of the grid. Two different grids were used, one
with solidity¾ D 0:28 and M D 12:7 mm (2 £ 2 meshes/in.) and the
other with ¾ D 0:36 and M D 3:17 mm (8 £ 8 meshes/in.). The val-
ues of pressure plotted in Fig. 3 are above the ambient atmospheric
pressure. The incident shock is � rst detected by the pressure trans-
ducer located upstream of the grid. As the incoming shock reaches
the grid, it is partly transmitted through the grid with some minor
pressure losses associatedwith viscous effects, it is partly re� ected,
and it travels in the opposite direction.

This disturbance due to the re� ected shock is stronger at higher
Mach numbers and in impacts with higher solidity grids. The pres-
sure signals shown in Fig. 3 upstream of the grid correspond to
� ows with incident shocks of the same strength as those indicated
by the same average pressure level behind the grid, yet they clearly
demonstrate the effect of grid characteristicson the re� ected shock
off of the grid. The strength and speed of the re� ected shock off of
the higher solidity grid (8 £ 8) is higher than that in the case of the
lower solidity grid (2 £ 2).

The re� ected shock, which travels in the upstream direction, re-
duces the velocity and increases the temperature of the approaching
� ow behind the incident shock by small amounts. The induced � ow
behind the incident shock, after it has experienced the effects of
the upstream-traveling weakly re� ected shock, passes through the
grid to form a nearly homogeneousand nearly isotropic � ow. A full
documentationof the velocity � eld of the decaying turbulence can
be found in the work by Briassulis et al.5

The minor losses of the transmitted shocks can also be seen in
Fig. 3 by considering the pressure signals downstream of the grid
location. In general, there some small differences in the level of
pressure behind the incident/transmitted shocks, which can be at-
tributed to the different grids. However, in the present case of the
2 £ 2 and 8 £ 8 grids, the incident shock, after its passage through
the grids, has the same strength, to a very good approximation, in
both � ows.

The incident shock travels downstreamand is re� ected off of the
porous end wall. It then returns to the measuring location after its
interactionwith the decaying turbulencepresent in the induced � ow
behind the incidentshock.The pressuresignalsshownin Fig. 3 show
that the arrival of the re� ected shock at the measuring location take
place at about the same time in both � ows. This indicates that both
re� ected shock fronts travelwith the same propagationvelocity.The
pressure behind them, however, is different,which suggests that the
shockstrengthsare not the same, althoughtheir speedsdo not differ.
One of the objectives of the present research work is to document
this behavior and explain its cause.

There are some other issues related to the data processing that
need to be discussed in the context of the data statistics presented
here. These are demonstrated in Fig. 4, which shows a typical time
resolved pressure signal obtained at a location downstream of the

Fig. 4 Typical pressure signal downstream of grid, 5 ££ 5 grid size,
P4 /P1 = 4.40.

grid in an experiment with driver’s pressure ratio P4=P1 D 4:4. P1

is the pressure in the driven section before the rupture of the di-
aphragm, which in this particularcase was the ambient atmospheric
pressure.The signal shows the arrival of the incident shock over the
measuringlocation,followedby the arrivalof the re� ected shockoff
of the end wall traveling upstream with Mach number MR . As this
re� ected shock reaches the turbulence-generatinggrid, it is partially
transmitted through and is partially re� ected in the opposite direc-
tion. This re� ected grid shock is detected in the measuring location
as it travels downstream toward the end wall, where it is re� ected
and starts traveling in the opposite direction, toward the grid. The
pressure signal clearly shows its passage over the location of the
pressure transducer.

The pressure signal in Fig. 4 also shows the arrival of the expan-
sion waves, which are formed during the rupture of the diaphragm
and that initially travel in the direction opposite the shock wave,
toward the end wall of the driver’s section, where they are re� ected
and travel downstream.

Statistical averages were obtained from the quasi-stationarysig-
nal before and after the arrival of the re� ected shock off of the end
wall. The signals were � rst inspected to detect the presence of un-
desirable grid shocks or expansionwaves within the useful duration
of the signals, as well as for their stationarity.Considering the rela-
tively slow growth of the ensemblemean pressurewith time veri� ed
the stationarityof the data. The reader is referred to Briassulis et al.5

for a detailed description of the techniques used to obtain reliable
statistics from the time-dependentdata.

An extensive program has been undertaken to assess the quality
of the grid � ow established in the shock tube. This was accom-
plished by measuring the � ow uniformity and homogeneity in the
working section on planes normal to the � ow and in the longi-
tudinal direction. The � ow isotropy was also tested and veri� ed
by several different methods. Results and details of the � ow qual-
ity are shown and discussed by Briassulis et al.5 They have indi-
cated that � ow homogeneity is better in � ne grids than in coarse
ones.

In conclusion, it appears that the quality of the � ow established
in the shock tube, in terms of uniformity of statistical averages and
isotropy, is very good.

IV. Theoretical Considerations
The classical one-dimensional theory describing the unsteady

wave patterns in a shock tube with a solid end wall has been ex-
tended by Briassulis30 to include the effects of porosity of the end
wall. By solvingthe equationsexpressingconservationof mass,mo-
mentum, energy, and using the equation of state of the � ow behind
the re� ected shock, one can obtain the pressure and density in this
region as a functionof the initial conditions.If the mass � ux per unit
area of the exiting the shock-tube � ow behind the re� ected shock is
½5U5, and x D ½5U5=½2U2 , then the strength of the re� ected shock
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Fig. 5 Comparison of experimental and theoretical data of incident
shock strength (P2/P1) and re� ected shock strength (P5 /P1 ) as a function
of driver strength P4 /P1 = 3.74.

Fig. 6 Comparison between experimental and theoretical shock prop-
agation velocities.

can be obtained from the following equation as a function of M2

and x:

M2
R ¡ [.°1 C 1/=2]M2.1 ¡ x/MR ¡ 1 D 0

where M2 the Mach number of the � ow behind the incident shock
and MR the Mach number of the re� ected shock. The discriminant
of this equation is always positive and, therefore, two real solutions
are possible. One of the solutions is always negative, and it can be
discarded.

Some experimental results are comparedwith the theoretical cal-
culations without the presence of a turbulence generation grid in
Figs. 5 and 6. In particular, in Fig. 5 the driver strength (P4=P1)
is plotted against the shock strength (P2=P1) and re� ected shock
strength (P5=P1). It is obvious that the calculated incident shock
strength is in agreement with the experimental shock strength. The
same cannotbe claimedwhen the calculatedre� ectedshockstrength
is compared with the experimental re� ected shock strength. The
theoretical values are higher than the actual values. There are two
reasons for this disagreement.First, the theory developedneglected
viscouseffects.Second, the � ow insidetheporousendwall is choked
at higher pressure, and, thus, the effective opening area decreases.
As a result, the ratio of mass � ux exiting the shock tube to the mass
� ux of the induced � ow is less than the mass � ux ratio for lower
driverstrength.Therefore,one re� ected shockstrengthcurvecannot
accurately describe the whole range of driver strengths.

Figure6 presentsa comparisonof the theoreticallyobtainedprop-
agationvelocitiesof the incidentand re� ected shock,Ws and WR , re-
spectively,with the experimentallyobtained ones for various shock
strengths p2=p1.

The incident shock velocities seem to agree with the theoretical
values at low shock strengths, but at higher shock strengths the
theorypredictslower shockvelocities,of theorderof10%.It appears
that theeffect of friction,for the presentsubsoniccases,on the shock

Fig. 7 Comparison of experimental and theoretical mean � ow Mach
numbers.

wave speed is greater for the stronger shocks than for the weaker
shocks.

The theoretical values of the re� ected shock speed WR agree
rather well with the experiments. This suggests that the theory de-
veloped here predicts reasonablywell the major nonviscous effects
involved in the re� ection of the shock wave off of the porous end
wall.

Hot wires and pressure transducers measured the mean Mach
numbers of the � ow behind the incident and re� ected shock waves
in the case of the grid-generated � ow� eld. These pressure trans-
ducers, called Mach probes, were placed inside the � ow� eld and
measured the time-dependent total pressure like pitot tubes. The
data obtained by these two techniques are shown in Fig. 7. They
are plotted along with the theoretical predictions for several shock
strengthsof the incident and re� ected shocks. It appears that in both
cases, incident and re� ected, the data agree well with the theoret-
ical predictions. Because the hot-wire measurements and the total
pressure measurements were obtained from different experiments,
the preceding results con� rm the consistency of the experimental
techniques, as well as the quality of the � ow� eld.

V. Results
A. Traveling Shock Waves Through Grids

When a moving shockwave impacts a grid in a face-on fashion, it
generates a re� ected shock traveling in the opposite direction and a
transmitted shock propagating in the same direction as the original
shock. (See also the x–t diagram shown in Fig. 1b.) The re� ected
shock has a higher strength than the incident shock in terms of
pressure behind it, whereas the transmitted one has lower strength
than the original one. This pressure drop can be expressed in terms
of the coef� cient K , de� ned as K D 1p=.1=2½U 2), where 1p is
the difference between the pressure behind the incident shock and
the pressure behind the transmitted shock.

This coef� cient is expected to be a function of the � ow Mach
number M2 , the Reynolds number based on the mesh size M , ReM ,
and the solidity of the grid ¾ , that is, K D K .M2; ReM ; ¾ /. Follow-
ing the work of Laws and Livesey32 and Groth and Johansson33 for
incompressible� ows through � ne grids, the dependence of solidity
can be isolated from M2 and ReM as K D f .M2; ReM /F¾ . Taylor
and Davies34 suggested that the factor F¾ , which, in general, con-
tains the effects of grid geometry, can be expressed in terms of the
solidity ¾ as F¾ D f[1=.1 ¡ ¾ /2] ¡ 1g because solidity is the domi-
nant geometrical characteristic in the present case. Then, it appears
that K D f .M2; ReM /f[1=.1 ¡ ¾ /2] ¡ 1g.

Figures 8a and 8b demonstrate the effects of grid solidity on the
transmitted shock wave strength for the 2 £ 2 grid (M D 12:7 mm)
with ¾ D 0:28 and the 4 £ 4 grid (M D 6:35 mm) with ¾ D 0:44,
respectively. Figures 8 show data of the mean pressure distribution
along the wall of the working section. The longitudinal distance
from the grid has been nondimensionalizedby the mesh size M of
each grid. In both cases, with the two different grids, the incoming
shock wave and � ow have the same strength and Mach numbers,
respectively. The data in Fig. 8a indicate a pressure drop across
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Fig. 8a Mean pressure distribution at P4/P1 = 3.74 for 2 ££ 2 grid.

Fig. 8b Mean pressure distribution at P4/P1 = 3.74 for 4 ££ 4 grid.

Fig. 9 Mean pressure distribution at P4/P1 = 7.46 for various grids.

the grid 1p=p of about 10%, whereas the corresponding value of
F¾ is 0.929. The data in Fig. 8b show a pressure drop, 1P=P ,
of about 16% with F¾ D 2:18. In this particular case, with the same
M2 for both experiments,the function f .M2; ReM / dependson ReM

only, that is, f .ReM /. The ReM for the 2 £ 2 grid is twice the ReM

of the 4 £ 4 grid. According to Pinker and Herbert,35 the function
f .M2; ReM / decreases by about 30% for this increase in ReM .

Thus, the pressure drop coef� cient K is expected to be
higher in the grid with high solidity by about the ratio (1=1:3)
F4 £ 4

¾ =F2 £ 2
¾

»D 1:7, a value that is close to the experimental data
found in the present study.

B. Interaction

The major characteristicfeatureof the interactionof a shockwave
with decaying turbulence is depicted in Fig. 9, where the mean
pressure data along the working section are plotted against their
normalized distance from the grid location. In all experimentswith
various grid sizes, the transmitted shock through the grid had the
same strength.This was achievedby slightlyreadjustingthe incident

shock strength to accountfor the difference in pressuredrops across
the various grids, so that the pressure behind the transmitted shock
would be practically the same. This way, the shock strength before
the re� ection off of the end wall and the subsequentinteractionwith
the incoming turbulencewas the same in most of these experiments.
The data in Fig. 9 show that the pressure downstream of the grid
and after the passage of the transmitted shock remains the same in
all experiments with the three different grid sizes. The present data
also show that the pressure behind the shock does not exhibit any
pressure gradient along the working section after the passage of the
incident or the re� ected shock wave.

Note, in Fig. 9, that the mean pressure behind the re� ected shock
is not the same in all experiments with the same incident shock
strength(P2=P1). It appears that the re� ected shock strength, P5=P1,
attenuates more in the case of � ne grids. Thus, the pressure jump
due to further compression by the re� ected shock is less than the
valuepredictedby the inviscid theory. It is obviousthat for pressure,
there exists a substantial grid dependence, the cause of which has
to be further explored.

Three possible explanationshave been considered for this behav-
ior. The � rst one is based on a possibly long-lasting distortion of
the shock front, which occurredduring its passage through the grid.
Numerical simulations have shown that the shock wave is consid-
erably distorted when it is transmitted through the grid. Its front
distortionscales with the mesh size M . It is possible that this distor-
tion does not decay quickly and that it has a long-lasting memory.
However, experience with shock distortions, based on the experi-
mental and computationalresults of Xanthos in “Interactionof Grid
Turbulencewith Expansionor Shock Waves” (Ph.D. Dissertation in
preparation) indicates that the shock wave becomes planar within
two to three shock-tubediametersafter strong re� ectionsover three-
dimensional surfaces. In addition, it is rather unlikely that the dis-
torted shock wave retains the grid signature after its re� ection off
of the end wall of the shock tube.

As a second explanation, the behavior of the present data may
be attributed to the different viscous losses occurring during the
re� ection of the shock in the presence of freestream turbulence.
Decaying turbulence generated by the grids is not present during
the re� ection at the end wall because it travels with the � ow speed,
which is considerablylower than the speed of the shock wave. Thus,
the shock wave and the front of the decaying turbulence cannot be
at the end wall location at the same time. The turbulence that is
generated inside the unsteady boundary layers developing over the
shock tube wall behind the travelingshockand that is presentduring
the re� ection has not passed through the grid and, therefore, does
not carry any grid signature.

The most plausible interpretation of the present behavior is
the strong interaction of the re� ected shock wave with the grid-
generated turbulent � eld, which takes place away from the end wall.
The � rst encounter of the re� ected shock with the decaying turbu-
lence occurs away from the grid, where the length scales of turbu-
lence are large and the velocity � uctuations are small. As a result
of this interaction, the shock wave is distorted considerably by the
large eddies of the � ow and velocity � uctuations increaseas a direct
consequence of the Rankine–Hugoniot conditions. Thus, the inter-
action between the shock wave and the turbulence � eld appears to
be mutual. The shock wave, as it travels through the turbulent � ow-
� eld, retains strength, as is evident from the data of mean pressure
behind the re� ected shock. These data show no substantial pressure
gradient (see Fig. 9). It is believed, however, that the majority of
the losses of the shock wave’s strength occurs in the early stages of
the interaction, where the shock front � rst meets with the front of
the decaying turbulence at a location far from the grid and where
most of the viscous effects are present. Apparently, these viscous
effects are stronger in the case of � ner rather than coarsergrids.This
indicates that the mesh size M , rather than the solidity of the grid,
characterizes the interaction.

An attempt has been made to correlate the shock attenuation,
expressed as pressure loss 1P , as a function of the shock Mach
number Mr . 1P is the pressure difference from the corresponding
inviscid value predicted by the present theory. The present data,
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Fig. 10 Shock attenuation vs Mach number of re� ected shock Mr .

Fig. 11 Pressure � uctuations, rms before and after the interaction for
various grids, D P = P5 –P2: � lled symbols, before interaction and open
symbols, after interaction.

which are shown in Fig. 10, indicate that the nondimensionalshock
attenuation 1P=° P2 M2

2 is inversely proportional to .ReM /n . The
best � t of the data resulted in a value of n D 1

8 .
The measuredrms dataofpressure� uctuationsalong the � ow� eld

before and after the arrival of the re� ected shock wave are shown
in Fig. 11. The data have been nondimensionalized by the mean
pressurerise across the re� ected shock, P5–P2 . The levelof pressure
� uctuations before the interaction is between 8 and 15% of the
pressurerisedue to compressionamongthedata fromdifferentgrids.
After the passage of the shock, the level of pressure � uctuations
increases substantially. It appears that the � ner the grid, the higher
the pressure � uctuations after the interaction.

The ampli� cation factor G p , de� ned as the ratio of the rms of
pressure � uctuations after the interaction to that before the interac-
tion, is shown in Fig. 12, where the data for three different grids are
plotted. Ampli� cation by a factor of 2.8–1.25 can be observed.The
data also show that the ampli� cation of pressure � uctuations is not
the same through the � ow� eld. It is higher closer to the grid than it
is fartheraway. Ampli� cation also dependson the grid, that is, more
so its mesh size than its solidity. Pressure � uctuationsgenerated by
� ne grids are ampli� ed more than those generated by coarse grids.

The data of Honkan and Andreopoulos8 obtained in a different
shock tube with 1.75 in. diameter are also plotted in Figs. 11 and 12
for comparison with the present data. They also show ampli� cation
ratios similar to the present data.

Ampli� cationof pressure� uctuationsat variouswavenumberskn

has also been evaluated from the frequency spectra, and it is shown
in Fig. 13, where the ampli� cation factor at each wave number is
plottedfor the2 £ 2grid (M D 12:7 mm). To obtainthewavenumber
spectrum of the pressure � uctuations from the available frequency
spectra, the following dispersion relation was used: ! ¡ u ¢ k D 0,
where ! is the frequency and k is the wave number vector. This

Fig. 12 Ampli� cation of pressure � uctuations for various grids.

Fig. 13 Ampli� cation of pressure � uctuations Gp , at various wave
numbers for the 2 ££ 2 grid with M = 12.7 mm; data are normalized
by the U2 and U5.

relation is valid under the assumption that vorticity � uctuations are
simply advectedby the mean � ow. In that respect, the mean velocity
values before and after the interactionhave been used to convert the
data from the frequency domain to wave number space.

However, the present � ow interaction is caused by the re� ected
shock moving at constant velocity WR . Therefore, it may be, ap-
propriate to express the present results on a reference coordinate
system moving with the shock. In this case, the relative velocities
WR C U2 and WR C U5 havebeenused as convectionvelocities.The
results of this scaling are shown in Fig. 14, where the ampli� cation
of pressure � uctuations is shown at different wave numbers. They
correspond to the same data obtainedwith the 2 £ 2 grid as the data
of Fig. 13.

Had the acoustic mode been solely responsible for the pressure
� uctuations present in the � ow, then the following dispersion re-
lation, for acoustic waves, would have been used: ! ¡ u ¢ k D §ck,
where c is the propagation speed of the acoustic wave.36 Although
theacousticmode isnot thedominantone in thepresent� ow, thedata
of pressure � uctuations at different frequencies have been rescaled
to re� ect the possibility that they are caused by the acoustic mode.
The results are shown in Fig. 15, and they correspond to the same
data as in Figs. 13 and 14.

It can be seen from Figs. 13–15 that, in all cases, the ampli� cation
is not the same throughout the whole range of wave numbers at a
given location. The behavior of high wave numbers appears to be
different from that of low wave numbers. Thus, the present data
suggest that compression effects on the scales due to shock wave
passage are not felt uniformly across the resolved range of scales.
In addition, the relative characteristics of the high and low wave
numbers also depend on the location.
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Fig. 14 Ampli� cation of pressure � uctuations Gp , at various wave
numbers for the 2 ££ 2 grid with M = 12.7 mm; data are normalized
by WR + U2 and WR + U5:

Fig. 15 Ampli� cation of pressure � uctuations Gp , at various wave
numbers for the 2 ££ 2 grid with M = 12.7 mm; data are normalized by
C2 + U2 and C5 + U5 .

Ampli� cation of turbulencehas been found in the direct numeri-
cal simulations(DNS) of Lee et al.21 and Hannappel and Friedrich23

and in the work of Jacquin et al.,37 which is based on rapid distor-
tion theory. Preferential ampli� cation of turbulence has been also
observed in DNS to occur at high wave numbers. In that respect, the
present � nding is not surprising.

The interpretationof the present results should also be considered
in the contextof a substantialeddy size growth of the freestreamtur-
bulence with downstreamdistance from the grid, accompaniedby a
signi� cant decay in turbulence intensity. In addition, wall pressure
� uctuations are also caused by the turbulence within the boundary
layer developing over the wall. These pressure � uctuations are re-
lated to the local shear stress. In fact, Willmarth and Wooldridge38

and Andreopoulos and Agui39 found that the rms of pressure � uc-
tuations is about two times the local wall stress. The presence of
freestream turbulence increases the local skin friction and, there-
fore, the wall pressure � uctuations,by roughly 3% for each 1% rms
increase in longitudinal intensity (Hancock and Bradshaw40). Tur-
bulence intensityof the freestreamis between 3 and 7% at distances
close to the grid, and it decays to 1% at the last measuring location.
These values indicate a 21% increase in pressure � uctuations at lo-
cations near the grid and about a 3% increase at locations far away
from the grid. The wall stress of the boundary layer, in the absence
of freestream turbulence, and, therefore, the rms of pressure � uc-
tuations, is expected to increase slowly with downstream distance.

These two counteractingeffects seem to explain the slow variation
of the rms of pressure � uctuations with distance x=M , before the
interaction with the shock wave, shown in Fig. 11. However, the
aforementioned is further complicated by the boundary layer � ow
going through the turbulence-generating grid, and, therefore, it is
expected that eddies of the size of the grid mesh size M will be
formed. Thus, the re� ected shock will interactwith a rather compli-
cated boundary-layerturbulence. It appears that the boundary layer
respondsdifferentlyfrom the freestreamregion to the new boundary
conditions imposed by the wall and the Rankine–Hugoniot condi-
tions imposed by the passing shock. Because the velocity inside the
boundary layer is lower than the external velocity, the propagation
speedof the re� ected shock WR is higher than the propagationspeed
in the freestream. The implication is that the re� ected shock prop-
agates faster, and it is inclined forward inside the boundary layer.
Had the end wall been nonporous, the velocity behind the shock
would be zero, and massive separationof the boundary layer would
have occurred. The porosity of the end wall imposes a nonzero ve-
locity behind the re� ected shock, which improves signi� cantly the
overall � ow quality in the freestream region. Because the velocity
behind the oblique part of the shock and that behind the normal
shock do not match in the area around the bending position, a slip
line or a better, a shear layer should develop. This � ow disturbance
is expected to further complicate the � ow after the interaction and
affect the wall pressure � uctuations.This shear layer is expected to
be stronger at locations closer to the end wall, that is, far away from
the grid, because of the sharper bending of the re� ected shock.

Although the interpretationof the wall-pressure � uctuationsdata
is rather dif� cult, due to several simultaneouslycompetingphenom-
ena, that the rms of pressure� uctuationsafter the interactionand the
fact their ampli� cation decay with distance downstream of the grid
suggests that freestreamturbulenceappears to play a more dominant
role than the other mechanisms discussed.

VI. Conclusions
A nearly isotropic and homogeneous turbulent � ow� eld was set

up in a large-scale shock tube facility by using rectangular grids of
various sizes. The induced � ow behind the traveling shock, after its
passage through the turbulence-generatinggrid, interacts with the
shock wave, which has been re� ected off of the porous end wall
of the shock tube. This unsteady interaction has been investigated
extensively by measuring velocity, total pressure, and temperature
inside the � ow� eld, and static pressureat the wall of the shock tube,
with instrumentationof high temporal and spatial resolution.

The interactionbetweenthe freestreamturbulenceand themoving
shock wave appears to be mutual. The shock wave strength is atten-
uated by the interactiondue to considerableviscouseffects,whereas
length scales and the intensity of turbulence change substantially.

The major conclusion of the present study is that the attenuation
of the shock wave strength depends on the size of its mesh M or
its Reynolds number ReM , the � ow Mach number, and the Mach
number of the interacting shock wave. Finer grids produce turbu-
lence, which attenuates the shock wave more than coarse grids at a
constant Mach number. The nondimensionalparameter attenuation
1P=½2 P2 M2

2 .ReM /1=8, which characterizesthe losses, is reduced in
interaction with an increased Mach number of the shock wave.

It was also found that pressure � uctuations are ampli� ed and
that their ampli� cation after the passage of the shock wave depends
strongly on the grid size for a given shock strength.

The � ner grid produces higher-pressure � uctuations on the
� owlield. After the interaction of the induced � ow with the shock
wave, the higher-pressure� uctuationsare the ones that are ampli� ed
the most.

Spectral analysis of pressure � uctuations indicates different am-
pli� cation at variouswave numbers. Results indicated that the pres-
sure � uctuationsassociatedwith large eddiesare ampli� ed themost,
whereas the pressure � uctuationsassociatedwith smaller eddies are
not signi� cantly ampli� ed at locations closer to the grid. Far away
from the grid, pressure � uctuations associated with smaller eddies
are ampli� ed the most.
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