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a) Surface mesh: original

b) Surface mesh: h re� ned

Fig. 4 Existing � nite element mesh h re� nement.

Conclusions
Methodologyandcomputersoftwarehavebeendevelopedandas-

sembled into a generalizedmeshing environmentfor computational
mechanics. It was shown that the generalizedtools can generate un-
structuredmeshes fromcommercialCAD databases,repair/improve
existing meshes, and locally remesh/re� ne meshes from commer-
cial � nite element codes. The conclusion is then reached that this
meshing environment is a very general tool with extensiveand valu-
able applications to computationalmechanics and is a step forward
in advancing the critical automation of meshing technology.
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Jets in Ground Effect with a Cross� ow
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Nomenclature
D = diameter of the jet
H = height of cross� ow channel
k = turbulent kinetic energy
p = pressure
Re = Reynolds number
U = horizontal velocity, NU C u 0

NU ; NV = mean velocities
u 0; v 0 = � uctuating velocities
V = vertical velocity, NV C v0

X = horizontal coordinate (positive in the direction
of cross� ow)

Y = vertical coordinate (positive in the direction
of jet � ow)

Z = transverse coordinate (positive on the right side
of the cross� ow duct looking upstream)

" = dissipation rate of k

Subscripts

j = jet exit
0 = cross� ow

Introduction

T URBULENT jets impinging on � at surfaces through a low-
velocity cross� ow are typical in impingement cooling applica-

tions in industry,aswell as in the � owbeneatha short/verticaltakeoff
aircraft that is lifting off or landing with zero or small forward mo-
mentum. In this latter application the lift jets interact strongly with
the groundplane, resultingin lift losses, enhancedentrainmentclose
to the ground(suckdown), enginethrust lossesfollowingreingestion
of the exhaust gases, and possible aerodynamic instabilities caused
by fountain impingement on the aircraft underside.
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Fig. 1 Sketch of � ow development for a jet impinging on a � at surface through a low-velocity cross� ow.

The present results include estimates of the convection and pro-
duction terms involved in the budget of turbulent kinetic energy
based on the laser Doppler velocimetry measurements of Barata
et al.1 The purpose is to assess the importanceof extra source terms
derived from the large � ow distortion in the impinging zone and to
examine the implications for calculation schemes.

The present analysis explains in detail the reasons for the failure
of the k–" turbulencemodel to predict the structureof the impinging
zone and the locationof the ground vortex reportedby Barata et al.1

In particular, large overpredictionsof the Reynolds shear stresses in
the impinging zone and signi� cant regions where the sign is wrong
were detected.Nevertheless,goodpredictionsof the mean � ow were
obtained. This surprising behavior of the computational method is
clearly explained in the next section.

Results and Discussion
Measurementsof the velocitycharacteristicsof normal impinging

jets on a � at plate have been reported using either probe or optical
techniquesas reviewed, for example,by Barata et al.1 Before the de-
tailed measurements, the visualizationstudies of Barata et al.1 have
identi� ed the formation of an impingement region characterizedby
considerablede� ection of the impinging jet. The � ow becomes al-
most parallel to the ground plate, and a recirculating� ow region far
upstream of the impinging jet is formed due to the interactionof the
backward wall jet with the cross� ow. The result is the formation of
a ground vortex wrapped aroundthe impinging jet in the way shown
in the sketch of Fig. 1, which resembles the horseshoevortex struc-
ture known to be generated by the de� ection of a boundary layer by
a solid obstacle; for example, see Ref. 2.

Errors incurred in the measurements are described in detail by
Barata et al.,1 and only a short description will be given here. The
errors in the velocities by displacement and distortion of the mea-
suring volume due to refraction on the duct walls and change in the
refractive index were found to be negligibly small and within the
accuracyof the measuringequipment.NonturbulentDopplerbroad-
ening errors due to gradientsof mean velocity across the measuring
volume may affect essentially the variance of the velocity � uctua-
tions but for the present experimental conditions are on the order of
10¡4V 2

j . The largest statistical(random)errorsderivedfrompopula-
tionsof at least10,000velocityvalueswere0.5and3%, respectively,
for the mean and the variance values. No correctionswere made for
sampling bias, but no correlations were found between Doppler
frequencies and the time interval between consecutive bursts even
in the zones of the � ow characterized by the lowest particle ar-
rival rates, suggesting that those effects are unimportant for the
present � ow conditions.Systematic errors incurred in the measure-
ments of Reynolds shear stresses are expected to be smaller than
¡2.5%.

The advection and production terms in the transport equation
for turbulent kinetic energy have been calculated from the re-
sults obtained in the vertical plane of symmetry and are shown
in Figs. 2 and 3, normalized by V 3

j . The spatial derivatives in the
k equation were obtained by second-order-accurate interpolation
from 11 vertical pro� les and 14 horizontal pro� les covering more

Fig.2 Horizontalpro� les of the productionand convectionterms in the
conservation equation for turbulent kinetic energy for Rej = 6 £ 104,
H/D = 5, and Vj/U0 = 30: , advection, ÅU@k/@X + ÅV@k/@Y; ,
production by normal stresses, u02@ ÅU/@X + v02@ ÅV/@Y; 4 , production
by shear stresses, u 0 v 0 (@ ÅU/@Y + @ ÅV/@X); and ———, imbalance (diffu-
sion plus dissipation).
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Fig. 3 Vertical pro� les of the production and convection terms in the conservation equation for turbulent kinetic energy for Rej = 6 £ 104, H/D = 5,
and Vj/U0 = 30. Symbols as in Fig. 2.

than 400 measurement stations in the region ¡15 < X=D < 10 and
0:75 < Y=D < 4:9. The advection term was evaluatedassuming that
k D 3=4.u 02 C v02/ and is plotted so that negative values represent
a gain of turbulent kinetic energy. The production terms by normal
and shear stressesare exact becausew02.@ NU=@ Z/, u0w0, and u 0v 0 are
equal to zero at this plane, and the positive values represent a gain
of kinetic energy.The diffusiveand dissipationterms were obtained
by differencebecausethey could not be measured directly, and their
sign has the same meaning of the production terms.

Along the impinging jet, and particularly for Y=D < 3:5, the dis-
tributions of Fig. 2 resemble those for a turbulent free jet (for exam-
ple, see Ref. 3) with production by shear stress as the largest term
in the outer edge of the jet and likely to be balanced by turbulent
dissipation.Along the center of the jet, advection is the largest term,
is associated with the spread of the jet, and represents a loss of tur-
bulent energy,which is likely to be balanced by turbulentdiffusion.
With the approach of the impinging zone, turbulence production is
large and comparativelyhigher than the largest rate of productionby
shear stress in the impinging jet but is now predominantly through
the interaction of normal stresses with normal strain and is compa-
rable with the advection term, which represents a gain of turbulent
energy. Turbulent diffusion and dissipationare expected to be large
and to balance these terms. This is not surprisinggiven the large dis-
tortion of the mean � ow in the impingement zone and con� rms the
likely dominance of extra source terms in the balance of turbulent
energy due to streamline curvature. Note that the present analysis
has been referred to � xed horizontal and vertical directions similar
to those used in any simple calculation scheme aimed to simulate
the present � ow and that a more convenientdiscussionmay have to
consider a coordinate system following a curved line as chosen by
Castro and Bradshaw.4 However, for the purpose of this Note the
conclusions presented here are valid and can be used to assess the
extent up to which calculation methods for thin shear layers can be
extended to simulate complex impinging � ows.

The relevance of the present results to the development of en-
gineering calculation methods is that many of the principles used
in current schemes for well-behaved shear layers are undermined,
such as the estimation of a length scale from the shear layer thick-
ness or the gradient-diffusion hypothesis for turbulent transport.

Based on the detailed results of Castro and Bradshaw4 for a mixing
layer bounding a normally impinging plate jet with an irrotational
core, one is forced toward the discussion that a further level of al-
lowance for history effects on the distortion of turbulent � ow in
the impingement zone is necessary, for instance through transport
equations for one or more of the empirical constants in engineering
models of turbulence. This requires analysis of quantities that are
not directly measurable and should involve a more detailed study of
length scales in complex � ows than we have been able to make in
the present case.

The results of Fig. 3 show that these features of the � ow are
limited to the impingement zone and that the budgets of turbulent
energy across the radial wall jet resemble those for a conventional
wall jet (for example, see Ref. 3), with productionby shear stress as
the largest term and balanced by turbulent diffusion and dissipation
(see, for example, the pro� les at X=D D §1:5/. The decelerationof
the radial jet is associated with an increase in the advection term,
which represents a gain of turbulent energy and becomes compa-
rable to the rate of production by shear stress at the same vertical
station at X=D D §4. This deceleration process is particularly im-
portant upstream of the impinging jet due to the interaction of the
backwardradial jet with the cross� ow, andat X=D D ¡5 production
of turbulent energy across the � ow is almost zero and advection is
the dominant term, as within other recirculating� ows (for example,
see Ref. 5). At X=D D ¡7:5 the approachof the stagnationpoint as-
sociated with the formation of the ground vortex that wraps around
the impinging jet is characterized by a fast increase in the produc-
tion of turbulent energy through the interaction of normal stresses
with normal strains. Advection becomes small, and the distribution
of Fig. 3 resembles that for wake � ows. Again, the observation has
important implications for the development of calculation methods
because the turbulent structure of the � ow in this zone is in� uenced
by the similarity of the shear strains @ NV =@ X and @ NU=@Y , which
precludes the use of the gradient-diffusionhypothesis for turbulent
transport if the length of the ground vortex is to be predicted.

The present analysis explains in detail the reasons for the failure
of the k–" turbulencemodel to predict the structureof the impinging
zone and the locationof the ground vortex reportedby Barata et al.1

In particular, large overpredictionsof the Reynolds shear stresses in
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NU momentum equation

NV momentum equation

Fig. 4 Horizontal pro� les of the convection ( ), diffusion ( ), and pres-
sure (———) terms in the ÅU and ÅV momentum equations at Y/D = 4:7.

the impinging zone and signi� cant regions where the sign is wrong
were detected.

In spite of the failure of the k–" turbulence model to predict the
structure of the impinging zone, Barata et al.1 also point out that the
mean � ow is reasonably well predicted because this type of � ow
is dominated by large pressure gradients. This can be explained
with the help of Fig. 4, which presents the terms in the momen-
tum equationsobtained from the measurements. It shows that in the
impingement region the diffusion term is negligibleand the convec-
tion term is balancedby the pressuregradient term, as also observed
for a low-Reynolds-number impinging jet without a cross� ow (for
example, see Ref. 6).

Conclusions
Budgets of turbulent kinetic energy are presented in the vicinity

of the stagnationzone created by the impingementof a turbulent jet
on a � at plate through a low-velocity cross� ow.

Inspectionof the terms in the conservationequation of the turbu-
lent kinetic energy con� rms that the turbulent structure of the � ow
in the ground vortex and impingement zones is associated with the
interaction between normal stresses and normal strains. However,
the mean � ow can be reasonablywell predictedusing the k–" turbu-
lence model because the pressure gradient term in the momentum
equations is dominant and is balanced by the convection term.
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Nomenclature
C p = coef� cient of pressure, .p ¡ p1/=0:5½U 2

m
p = wall static pressure
p1 = wall static pressure at the � rst station
r = radial coordinate
ro = inner radius of the test section
Um = mass-averagedvelocity
u = streamwise mean velocity at a point
u 0 = rms value of streamwise velocity � uctuation
w0 = rms value of transverse velocity � uctuation
x = axial (streamwise) coordinate
¯ = area ratio (outer to inner)
¸ = velocity ratio (outer to inner)
½ = air density
¿ = nondimensional turbulence energy

Introduction

T URBULENT mixing of con� ned coaxial jets is a complex dy-
namic process that deserves a comprehensive investigationfor

deeper insightbecauseit has many engineeringapplications.Several
parameters contribute to this complexity, such as the diameter ratio
of the jets, length-to-diameterratio of the mixing duct, velocity ra-
tio, density ratio, turbulence levels, etc. Unfortunately, information
on the in� uence of each of theseparametersstill appears to be rather
inadequate despite several prominent investigations that have been
carried out to address the problem of the mixing of con� ned coax-
ial jets with varying conditions.1¡4 Although certain studies have
contributed to the understandingof the mixing problems speci� c to
gas turbine combustor applications with a sudden expansion3;5 and
introduction of swirl,5¡7 they have also added to the variety of the
� ow situation. Thus, a further widening of the scope for system-
atic research on the subject matter seems inevitable in view of the
growing number of variables.

The present investigation deals with a particular case of mixing
of coaxial jets in a nonseparating con� nement with low annular-
to-core-area ratio. The effect of two velocity ratios on mixing is
examined for nearly a constant net mass � ow rate.

Experimental Method
The experiments were carried out in a closed-circuit, all-steel

wind tunnel consisting of two concentric contractions discharging
airstreams with different velocities into the test section (a constant-
diameter mixing duct) as shown in the inset to Fig. 1. The air� ow
was generated by two separate identical centrifugal blowers driven
by two ac motors, each with 30-kW power. The return leg of the
test rig opened into a plenum chamber that provided connections
to the blower inlets. The air� ow for the core stream was supplied
through a settling chamber housing a perforated cone and a pair of
stainless-steel wire screens serving as � ow-straightening devices.
Because no � ow correctiondevice was used for the annular stream,
a relatively higher contraction ratio of 13.3 was employed for it
against the contraction ratio of 7.4 for the core stream. The two
coaxial airstreams were allowed to mix freely in the mixing duct
having a length of 1000 mm and the same diameter as that of the
outer jet of 380 mm. The inner jet diameter of 330 mm and its
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