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Experimenial Study of the
Behavior ot Confined Variable
ensity Jets in a Time Varying
Crossfilo

An experimensal work arnd a physical analysis dedicated 1o the study of a fow density
Jer subjected to g time varying crossflow with high aceeleration/deceleration levels
are presented in this paper. Relevant nondimensional mumbers are derived and show
that unsteady effects associated with the presence of the jet in the acceleration field
have noticeable conseguences on the fapping of the jer, The Schiicren technique is
applied in the test section of a square duct 1o obrain time resolved images of the jet.
Analysis of the resulis is focused on the influence of the unsteady effects on the global
dynamic behaviour of the jet in the near field. The interaciion between the jer and
the crossflowe is analysed in three contrasted situations corresponding fo different
vatues of ihe jer owtiet velocity Uy, We predicr and observe an increase of the
jet deflection during the acceleration phase and a competition between drag and
acceleration during the deceleration. This competition Is particularly clear for the
two lowest ejection velocities of the jet and we have shown that the jer is initinlly
deflected upstream the nozzle. The influence of exit jer injection angle is finally
considered. We show thot upstream or downstream injections induce a very strong

+ 17 Introduction
Y The flow associated with the turbulent mixing of a jet ex-
‘hausting at large angles in a crossflow is an example of complex
three-dimensional shear flgws. This situation is widely used in
many technical applications where efficient mixing of the jot
~ Auid with the surrounding is of primary importance ( Broadwell
 and Breidenthal, 1984: Smith and Mungal, 1998). Applications
“include such contrasted practical problems as discharge of waste
gases from chimney stacks, control of missiles or aircraft, gas
trbine combustor cooling, or fuel injection. One can refer to
she review of Margason (1993) for a complate Hterature survey
concerning jets in crossflow. The crossflow modifies the direc-
© tion of the initial momentum flux of the jet and three-dimen-
" sional effects are important. For ponconfined situations, the
" structure of the fow is known 1o range from a free jet like

" behavior in the near field to a counter-rotating vortex pair in

the far field (Kamotani and Greber, 1972; Keffer and Baines,
1963}, Typical vortex systems associated with the crossflow
interaction are now well-identificd (Kelso, Lim, and Perry,
1996}, Moreover, the instantaneous structure of the How bears
only a little resemblance to ensemble averaged velocity fields
( Smoith, Lozano, Mungal, and Hanson, 1993).

In the far field of the jet, Broadwell and Breidenthal (1984)
have considered the jet as a point source of normal momeniam
and have shown that the only global length scale 5 rDy. 1 is
the square rool of the momentum flux ralio » =
{pall3t UV, Here, 1 is velocity, p is density, and subscript
0 and 1 refer io jet properties and crossflow properties, respec-
tively. In the near field, Smith and Mungal (1998) have recently
shown that the vortex interaction region displays & D scaling
which allows for structural effects that depend on the ratio r.
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modification of the mixing process of the jel fluid with the ptised crossflow.

Finally. a third length scale 72D, can be used to collapse the
data in the first diameter from the jet exit and to locate the
branch peint of the counter-rotating vorlex palr {Smith and
Mungal, 1998).

Turbulert jets in confined crossflow are relevant configura-
tions for a lot of engineering situations but have received consid-
erably less attention than turbulent jets in unbounded crossfiows
{Catalano et al., 1989; Kamatani and Greber, 1974; Stoy and
Ben-hatm, 1973). Catalano et al. { 198%) have shown that the
existence of impingement on the opposite wall is strongly de-
sendant on the jet to crossflow velocity ratio r. Stoy and Ben-
hatm (1973) have used a classical one-dimensional analysis
and concluded that the jet trajectory and impingement point can
be fairly well predicted using correlations derived in unbounded
flows. However, ne systematic study of the effect of confine-
ment seems available in the literature.

To the authors' knowledge, no studies are reported concern-
ing the effects of a puised crossflow on a jet. Practicel applica-
tions corresponding to this situation are, however, guite com-
mon. For example, the present work is directly linked with the
development of natural gas vehicles (NGV ) which have a bigh
potential 1o reduce urban air pollution (Stephenson, 1997). In
such spark ignition engines, the guseous fuel, significaatly
lighter than the swrounding air (po/g; = 0.5), is injected in
intake ports and submitted to a pulsed air low where aceelera-
tion can reach values of 3000 g { Bates. 1989) ~ g is the gravity
acceleration field. A knowledge of the mixing process of the
jet in this particular unsteady situation is clearly useful to apti-
mise the combustion.

I this paper, we will focus on the description of the global
behavior of a confined variable density jet in a periodic cross-
wind. A first physical analysis will show that the unsteady ef-
fects assnciated with the presence of the jet in the acceleration
field are expected to have noticeable consequences on the flap-
ping of the jet which are of course enhanced in the case of
jets significantly lighter than the ambient finid. Time resolved
images of the near field of a light heated jet (po/p, = (.5) have
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Fig. 1 Jet configuration
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been obtained by Schlieren techrigue in a mode! experiment
setup. In the case of a jet directed normally 1o the crossflow,
contrasted situations corresponding to different values of the
ratio of the unsteady effects to the jet initial momenwum fux
will be presented and discussed. A comparison of the relevant
time scales in this situation provides an understanding of the
umportant physical mechanisms,

The behavior of non-normal jets will be described in the last
part. We will specifically show that a slight counterflow injec-
tion induces dramatic changes and a better dispersion of the
ijected fluid in the crossAow even during the acceleration
phases. Such configurations could have interesting applications
in practical situations.

2 Physical Analysis and Derivation of Relevant Non-
dimensional Numbers

We consider the situafion presented in Fig. I. The jet fluid
has an ejection velocity U, and an initial density p; eventually
very different from the ambiear density p,. In this first part, we
assume that the jet flows perpendicularly to the time varying
crossflow L (r). We will focus on the dynamical behavior of
the flow in the first diameters of the jet. The initial momentum:
flux of the jet can be affected by gravity effects and by the
uniform transversal flow of speed U, varying with time (/| =
dUyidry. The time scale of the pulsasion classically defined as
Ty, = min (U/U)) is an important quantity that has o be
compared with the other relevant time scales. The effect of the
gravity field g is neglected in all the cases presented in this
paper. First, it can be zasily checked that the Jjet Froude number
defined by F; = poli3/glpo ~ .| Dy {Chen and Radi, 1980) is
significantly large. The initial development of the jetis therefore
inertial and is not affected by gravity (Chassaing et al., 1994;
Panchapakesan and Lumley, 1993). Second, we deal with con-
trasted situations with | U,] & g and 7, < r, where 7, is the
characteristic time scale of the movement induced by gravity
over the channel height H (Tritton, 1988).

A large amplitude pulsation of the crossflow is expected 1o
have a significant effect on the jet behavior, An integral mode]
describing the time and space evolution of the far field of the
unsteady jet submitted to a time varying crosswind has besn
established in (Raud, 1997). A simplified analysis is presented
here in order 1o focus on the flow behavior at the jet outler and
to derive relevant nondimensional numbers. Let us consider the
control volume V, of thickness As < D, and limited by the jet
contour drawn in Fig. 1 at the exit of the fixed Jet nozzle of
surface S;. We can easily show (Raud, 1997} that the inentia
effects due to the movement of the control volume are negligi-
ble. We further assume that the velocity profile is uniform of
velocity ¥ = U/t where the vector ¢ is the local tangent to the

Jet axis. Finally, we neglect the entrainment of the extemnal p;;
by the early developing annular mixing layers. The medniu;d
¥ is therefore constant and equal to the ejection velocity g7
The mass fux Q and the momentum flux J are respectively f)
= pploSot = ot and J = pol/iSt = Jit. The momentum
balance writes:

2Q A _ 4 da
o gy Dy or*

e o
+8\9*:| n= (¥ Fin (1)

« is the local angle of the jet axis and a s the local normal to
the jet axis. 7* and 5* are nondimensional time and length based |
on the jet scales with % = 11/, /Dy and s* = 5/D,. S F represents.
the sum of the normal forces by unit length applied on the fluid -
contained in V, by the external flow. Near the et outdet, we

have therefore:
o Aa ] Dy E
Proluaip iy
[3!"" 6.5'*J E ( J() )

In Eq. (2), nondimensional numbers ¥ = DyF1d, represens
the spatio-temporal change of o, ¥ = Dy L, compares the steady, !
Jet length scale 1o the characteristic length L = Jo/ F associated: .
with the force F. If N < 1, force F has only a little effect on .
the exhaust flow, On the contrary, if ¥ & 1, the exhaust flow is. -
significantly influenced by the external unsteadiness. Neglecting - *
possible history effects, F is classically decomposed into three
terms with 2F = Fj, + F; + F,. F, denotes the guasi-steady .
drag, F; represents the pressure force appiied by the outer fHow -
to accelerate the equivalent volume V, of external 8uid and Fy -
is the added mass force due to the presence of the jet in the
dcceleration field. :

The following expressions are easily obtained:

(2) -

Fp = Céﬂ@ﬂ;ﬂ?; Fr= SUPIUI; FM = SEICMPJUI {3)

Fpis positive as the crossflow is always in the positive direction
in the present work, o
C, is the equivalent aerodynamic drag coefficient between .
crossflow and jet. We assume that the value of Cy is of the'™-
same order of magnitude as the value of the drag coefficient of
a rigid cylinder (Adler and Baron, 1979; Goms, 1977). The.
mean value of the equivalent Reynolds number R, = ({7, Dy/
v} is of order 2. 10*, we therefore choose Ca = [. Note that .
assuming a constant value for C, removes the effect of the
crossfiow unsteadiness from the drag force term and that no ™
history forces are considered here, The added mass coefficient’
€., s fixed at C, = I equal to the coefficient of a rigid cylinder.
The final expressions of Ny (drag effect) and N, {accelera- g
tion effects) are:

Np = DoFyy o _%E_c_r P!Uf

Jo T pell
Nncc“M=(l +G”)£i£i’.?.i (4y -
Jy palls

The expression of N, is classical, V., compares the jet mo-’
mentum flux to the unsteady pressure effects. Note that these -
unsteady effects are expected to play a role even if the density.
gy is equal to the ambient density p, because the location of -
the jet exhaust is fixed in the acceleration field. Both drag and -
uasteady effects are, howsaver, inversely proportional (o the den-
sity ratio po/ g, and are therefore enhanced for light jets, :

During an acceleration phase, ¥; and N, have the same sign’
and the acceleration is expected to increase the Jet deflection.
On the contrary, during a deceleration phase, unsteady effects.”
are opposed to drag effects and can eventually dominate. To
illustrate these statemnents, the rato Moo Np is computed below.



cross flow phase {radians)

Fig 2 ﬁvoh}ﬁon 0f Moo/ Np over a crossflow paried far incressing vakles
of parameter § = Dol

fd'r'h:.pcﬁodically time varying crossflow of velocity Uh(r) =
(UL /23[E — cos (wr}]. One gets:

Ny ol + Co) Doty (s)
Ny 2C; Ui

s 1+ Cy
2" ! [

sin (wi) } Dof
Cd

I —cos {wty |

“f 18 the frequency of the pulsation with [ = w/2r. Ny /Np
‘compares the advective time scale Do/ U 1o 7y, The evolution
“of Nieed Mp I8 drawn in Fig. 2 for increasing values of the non-
“dimensional number § = Do £/ U,,. Hatched part of Fig. 2 corte-
sponds to the region of drag effects domination. An increase of
‘5 from § = 0.1 to § = | enhances significantty the region of
acceleration domination white drag effects are always signifi-
‘gant for wt = m corresponding to the maximum crosswind
velocity and negligible acceleration, Noe./Np becomes negative
“during the deceleration phase. For N/ Np < —1, the resultant
normal force at the jet exhapst is opposed to the fow direction.
Comesponding effects will be observed in the following,

“ Volumes of jer fluid propeiled into the pipe flow entrain
external air. The resulting mixture experiences the significant
“velocity and acceleration of the incident flow. Some signatures
of the acceleration effects will be observed in the following and
“# qualitative understanding will be obtained by considering the
ynamics of a coherent finite fluid volume in the incident pulsed
_flow (Hunt, 1987).

3. Experimental Arrangement
31 Tlows Generation and Main Characteristies

_ 3.1.1 Crossflow. Experiments are performed ina H = 60
mMm square ¢ross section air tunnel (Fig. 3). The test section is
equipped with large windows for the optical access. A fan gen-

't nompsessad sic & - injostion mba 11 = somic nozzle
s priendte valve F : blower with a tegulation vakve

: prossure probe 8 : test section with optical access

: heattng unit 8 : rotating butterfly valve

: Howeycomb element 10 extermal irhuger sipwal . i

Fin. 3 Experimental satup

acesleration Velorily

noraalized values

gross {low phase {*)

Fig. 4 Evolution of mean velosity and aceslaration of the crossfiow on
the axis of the duct below the jel nozzle (as a function of the phase of
the crossflow)

erates the main crossfiow. For the maximum value of the steady
crossfow velocity (max (U)) = 40 ms™' (=] ms D], the
Reynolds number based on the hydrautic diameter is equal o
115,000 and ihe ratio between the length of the duct L and the
half width of the test section is equal to 58. This ensures that
the flow is reasonably established at the observation zone
(Schiichting, 1979}, Velocity measurements have been per-
formed using a hot wire probe (Raud, 1997}, Profiles of mean
and rms axial velocity are typical of steady fuily develeped
turbulent pipe flow. An integral fime scale of the rbulence,
T,, can be estimated by the ratio i1/u*, where the friction veloc-
ity, u*, is derived from the Blasius relation (1* = 0.96 ms™’).
The value of 7, is approximately 30 ms.

A rotating butterfly valve located two melers upstream of the
test section produces velocity modulations of the main air flow.
Previous studies have shown thai rowating butterfly valves can
be used to generate quasi-sinusoidal modulations of the velocity
in a square duct (Charnay and Mathieu, 1976). A periodic time
varation of ¥/, is obtained in the present duct for a frequency
F = 66 Hz (=05 Hz). Figure 4 shows the evolution of the
mean velocity on the axis of the test section {averaged from
one hundred cyeles), as a function of the angle of the rotating
value. The velocity amplitode varies from Uy = 1.2 ms™ 10 2
maximum value of U/, = 42 ms "', The quasi-sinusoidal acceler-
ation curve obtained by time derivation of the measured velocity
evolution is superimposed in Fig. 4. The unsteadiness in the
duct can lead to strong values of acceleration up to 306 g with
g = 9.81 ms™2 Four patticular phases (PO, P90, Pi8l, and
P270) will be studied in this work and have been added on the
graph. These vbservation phases, regelarly spaced over a period
of pulsation, cover a wide range of acceleration values {(see
Table 1) where the unsteady effects can be clear]y identified
and analysed.

The characteristic time, Ty, # min (41U, of the variation

of velocity is equal to jnf for a sinuscidal evolution (i.e.. 7y,
= 2.4 ms). 7y, is much smaller than the integral characteristic
time of the twbulence (7, = 30 ms estimated under steady
conditions}. The turbufence is therefore not established under
unsteady conditions.

312 Jet. The heated air jet [Ty = 350 K (22 X)), 5o/ 0
= (.51 is injected through a cylindrical tube (Do = 14 mun)
into the main crossflow with an angle of 90 deg (except in
Section 4.3 where the influence of the jet angle is presented).
The confinement of the jet is important in this study with i =~
4Dy, (see Fig. 1), Jet impingzment can therefore ocour during
the unsteady fapping of the jet and will be analysed in the
following section.

The vse of a sonic nozzle ensures 4 jet of constant mass Aux,
This sonic nozzie is located just before the convergent section



Table 1 Crossflow velosities and accelerations vaiues at the four se-
lacied phases, Exprassions of P, N, and Np for the thres exit jot velocl-
ifes cases. {Uncerlainty of M: 10%.}
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of the injection device (see Fig. 3). The volume within the
convergent and the tube damps any acoustic perturbation in-
duced by the sonic aperture. It has been chosen smal enough
so 1hat the pressure and related density time variations in the
duct, induced by the pulsed crossflow, have no significant infiv-
ence on the jet exit velocity (small variations less than 1 percent
have been estimated (Borée, 1990)).

The exit jet velocity can be set from Uy = 10ms™ ' to Uy =
60 ms™! for Reynolds numbers contained between $900 and
53.500. The uncertainty of the velocity Uy is 3 percent. Velocity
measurements have ensured that the velocity profile at the outlet
of the nozzle is nearly uniform for the different operating condi-
tions (Raud, 1997). The maximum turbulence intensity on the
axis of the jet is 2 percent.

3.2 Imaging System. In order to observe the jet as it
mteracts with the main flow, the Schileren lechnique was used
and adapted o unsteady conditions. The density gradients due
to the presence of the heated jet are detected with a gated CCD
camera. The integration dme of the camera is chosen short
enough (40 us) compared to the period of the crossflow velocity
(27/w = 15 rns) n order to obtain time-resolved images of the
heated jet at a given phase wi, An external signal provided by
the rotating butterfly valve {with an accuracy of | deg) is used
to synchronize the imaging system. The video signal is digitized
by a frame grabber board (Magic MATROX, 768 X 572 pixels,
& bits) connected to a PC. A specific image processing was
developed to extract the instantaneous jet boundary in a selectad
window that corresponds to a field of view of 60 mm height
by 85 mm length.

The Schlieren techrique is snitable to analyze the location
and the global structure of the jet as it interacts with the pulsed
crossflow, but no information will be obtained concerning the
well known 3D effects and the vortex structures that appear in
the present configuration ( Kamotani and Greber, 1972).

3.3 Post-Precessing. Some Schileren images dedicated to
a pure descriptive approach will be presented in the next section
without post-treatment. On the other hand, a more precise and
objective analysis of the jet structure for gifferent operating
conditions requires a particular post-processing to extract the
jet boundary, Images obtained from the Schiieren technigue
cannot be directly interpreted in terms of pixel value. Moreover,
a local pixel value in the jet can be the same than in the back-
ground, so that a systematic threshold on the grey Jevels cannot
be easily applied to extract the jet from the backgrovnd of the
imnage. :

The algorithm of the processing is based on the following
cbservation: considering a zoom on a small test window {in the
background or in the jet), it appears that the background is
locally homogeneous contrary to the heated jet where the den-
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Fig.5 (a) Typical instantaneous Schiisren image of the jet in ihe pulsed
srossfiow {&) Typical histogram of all the BMS pixets valuas computed .
inn the test window {11 X 41 pixels) when moving on the whole image.
&* is a threshold betwoen the jet and the background contribulions:
{¢} Birarization of the jet image (5.a) after the post-processing. {d) Jet
boundary exiracted after application of a sobel gradiont an 3.c.

sity gradients lead to a strong dispersion of the pixel values.
The post-processing can be described in two steps. First, over.
a small test window (11 X 11 pixels) the root mwean square’
of the pixel values is calculated and provides the information-
concerning the Jocal homogeneity of the image. A small value
of this rms, is obiained when the processing window is located.
in the backgronnd whereas high values are expected in the jot,
Figure 3(a) shows & typical histogram of all the s, pixels
values obtained when the test window is moved { pixel by pixel} :
over the whole image. A cut-off level, ¥, can be objectively.
determined at the dip between the contribution of the homoge-
neous background (rms pixel values smaller than %) and the’.
contribution of the jet (rms pixel values higher than 3%}, When
the test window contains jet and background contributions, there
is some overlap of the histograms; but the number of calculated.

values corresponding to this particular case remains negligible .

and the dip at S$* is still marked. In a second step, when S* is"
known, the processing window is moved again over the whole -
Image and its central pixel is replaced by 0 if $* is not reached
{background). Then a simple threshold of the grey levels can
extract easily the jet boundary (Fig. 5(&/c/d)). !

4  Resnits and Discussion

Topologic information will be extracted from instanianeocus.
images ai & given phase and agalysed in terms of global behavior
of the jet and mixing between the hot air and the pulsed cross-
flow. A limited set of images were acquired during the study
in sach configuration considered. This set is not large enough
to perform a precise phase averaging but ensures that the images
presented here are fully reprasentative of the periodic avolntion’
of the flow and adapted to the following discussion focused on’
three points. First, the interaction between the jet and the pulsed
fiow is analysed for a jet with high ejection velocity correspond-
11g t0 an important efection motentum flux and fow values of
the non-dimensional numbers N. Then the influsnce of the jet
ejection velocity is considered, Lower gjection velocities corre-
spond 10 2 more pronounced interaction with the pulsed cross--
flow. Finally, results with a variable ejection angle are presented.
and discussed in terms of influence of the injection concept ot
the mixing process. Y




. ng. 6 Time resolvad jmages of tha jet {high veloclty case: I, = 56
. 5") at the sslected phases of the pulsed crossfiow

4,1 Amnalysis of the Dypamic Bebavior of the Jet. In-
" stantancous images of the heated jet (ejection velocity: 56
ms~') are presented in Fig. 6 at the different observation phases
defined in Section 3. This sequence shows how the acceleration
field of the pulsed crossfiow perturbs the jet. The jet varies from
astraight jet at PO to 4 completely deflected jet at P1B0. The
flapping of the jet is a time-continuous periodic phenomenon
‘and the distribution of hot air observed at a given phase inherits
| the events that occur at the previous phases. These history ef-
fects are clearly visible in Figs. 6{a~d). At PO (Fig. 6(a)},
both the crossflow veioc;tz_ and acceleration are small, the jet
peneirates across the main flow and behaves kke a starting jet
. in & quiescent surrounding (Witze, 1930). In pamcuiar, the
ransient voriex region heading the jet is well detected in Fig.
6{a). A hot mixture is also detected at PO downsiream of the
starting jet but along the upper half of the channe} only. This
mixing configuration is the signature of the previous phases.
Large pockets of uamixed incident fluid therefore flow down-
stream of the injection point along the channel lower wall.

= The jet impacis on the chanpel lower wall between phases
PO and P90. To analyze this point, tet us introduce a characteris-
tic time defined as: 7) = H/Us. v; represents the time needed
for the jet fluid to cross the height of the duct with velocity .
With & = 4,, note that ¥, is a correct velocity scale in the
potential core of the jet. Considering 7, , the characteristic time
of variation of velocity (74, = Juf}, the ratio £ = 7,1y, can
be used to estimate the relative distance covered by the jet fluid
through the duct. In other wards a value of £ < 1 comesponds
10 @ jet that can reach and impact the lower wall. This is consis-
_tent with the present case where r; = [ ms, 7y, = 2.4 ms and
P = 0.4, Hot air pockets, witness of this impact, are convected
and accelerated downstreara along the lower wall ai P90 (Fig.
&6(b}). Al the phase P90, the exiernal velocity Uy increases and
‘the acceleration is maximal. The core of the jet is strongly
‘deflected. An objective way to isolate the unsteady effects is to
compare Fig. 6(F) to the steady situation corresponding o the
same vc:lomy of the crossflow. Boundaries of the steady jet (4,
22 ms~t; U, = Og) and of the unsteady Je{ (P90: U, = 22
cmsct T = 5003) are presented respectively in Figs. 7{a) and
-7{b). Compared to the steady case, the spreading of the jet is
strongly affected by the pulsed crossflow, The non-dimensional
numbers N and M, derived in Section 2 are both positive at
P90 and are respectively Np = 020 and N, = 0.09 {see Table
1), Acceleration effects are therefore expected to be significant

and to increase the initial deflection of the jet. A zoom of the

jet boundary near the nozzle outlet is drawn in Fig. 7{¢). The

deflection of the unsteady jet is more pronounced and the contri-
bution of the acceleration effects compared to the drag effects
is ¢learly visible on the boundary extractions.

The unsteady jet fluid is swrongly defiected and confined near
the upper wall at P180 (Fig. 6({c)). With Np = (.68, this
strong deflection in the first jet diameter was expected from
dimensional analysis, The deceleration is nearly maximum at
P270 (Fig. 6(d}). Drag and acceleration effects at the jet outlet
are moderate (Np = 0.04, Ny &= ~0.07) and compete with
each other, This may explain why the jet exits perpendicularly
in the first diameter and penetrates easier in the fAlow. One sees
that the hot mixture is confined in the upper half of the channel
a1 P270. A precise understanding of the dynamic of the turbulent
interface is difficult. Indeed, deceleration induces a strong posi-
tive bareclinic torque, which competes with the shear induced
by the jet flow. More work is preseatly dedicated to this aspect
which is expected to have a strong influence on mixing.

In the case analyzed in this part, only the penetration of the
starting jet type How a1 abont PO and the related impact on the
lower wall ensures an initial mixing throughout all the channel
while large volumes of unmixed incident fluid flow in the chan-
nel lower half during the flapping of the j&t.

4.2 iInfluence of the Exit Jet Velocity, The influence of
a decrease of the jel ejection velocity is now discussed. Three
contrasted cases corresponding respectively to Uy = 56 ms ™!,
= 39 ms™’, and U/, = 14 ms™' have been studied. The
first case has been discussed previously. Images obtained by
Schlieren technique at phases PO, P90, P180, and P270 in the
two last cases are presented in Figs. 8 and 9. Changing the jet
exit velocity is expected to have significant effects on the behay-
ior of the jet. First, existence of a jet impact is dependent of
the ratio 2, which is inversely proportional to Up. As the exit
iet velocity decreases, the penetration of the jet into the duct
becomes less important. One sces that the impact of the jet on
the lower wall never occurs for the two lowest gjection veloci-
ties. In particular, the jet ﬁuid never crosses the lower part of
the duct for U, = 14 ms™' which is unfavourable in terms of
mixing. Second, the jet initial momentum flux Jo = pUES,
decreases strongly with Uy, Drag and acceleration effects are
therefore expected to be enhanced.
A comparison of the Jet boundaries in steady and unsteady
crossflow for Up = 39 ms™' (respectively, Uy = 14 ms™') at
P90 is presented in Fig. 10{a) (respectively, 10()). The jet
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Fig.7 Jetboundarles {1 = 58 m.s ™"} axtracted respactively for a steady
{2) and an unsiesdy (b} conditions at a phase which sorresponds fo the
sama crosstlow velooity (4, = 22 m.s ™). {c) Comparison of jet bound-
aries in the first diameters of the jet,
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Fig. 8 Time rescived images of the et (U4 = 389 ms ™'} at the four phasas
of the ptised crossfiow

is swongly deflected in both cases and the fow of hot mixture
develops zlong the upper wall. The thickness of this layer is,
however, significantly reduced in the unsteady sitvation. This
observation is a result of the swong imposed acceleration.

In Figs. 8 and 9, we see that low velocity jets are very
sensitive to deceleration. For the sake of clarity, we will focus
on phase P270. Table | shows that drag and acceleration effects
at the jet outlet are significant, opposed and that deceleration
effects should dominate. In fact, Figs. 8{d) and 9(d} show that
the jet flow is initialy deflected upstream the nozzie against
the incident flow. One may rnotice that volumes of jet fluid
injected in the channel Wre moving against the crossflow. This
behaviour is believed to be a siriking signature of the decelera-
tion effects. A qualitative undersianding can be obtained if one
considers the dynamics of a coherent finite fluid volume in the
incident pulsed flow. Several authors have discussed the motion
of such *‘gas bubbles™ in order 10 investigate either inertia
effects in constant density flows (Hunt, 1287) or buoyancy and
relative acceleration effects in variable density flows (Chomiak
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Fig. 9 ﬁme resoived imagas of the jat {low veiocaty case: Uy = 14 ms™)
at tha four phases of the puised erossiiow

Fig. 10(a}

Fig. 10{h)

Fig. 10 Comparison of jet boundaries in steady {---} and unsieadg.r.
{—}conditions for{al U = 38 mas and (b1 iy = 14 ms ' at Peg -

and Nisbet, 1995; Veynante and Peinsot, 1897). The simple
equations govering the movement of a spherical gas volume:
submitted to a time varying spalially uniform velocity are re- "
called in Appendix A and show qualitatively that the unsteady

effects due to the external mean pressure gradient and to the’

added mass force are responsible for such observations. We:
could proceed in this way by extending the work of (Escudier
and Maxworthy, 1973) to take into account entrainment of ¢x- i
ternal air in the gas volume. Any quantitative use of the results -
would however be very difficult as the particular interaction of |
the fluid hwmps with the time varying external flow depends
critically on their unknown initial internal organisations (Chom- .2~
iak and Nisbet, 1995, Escudier and Maxworthy, 1973). :

4.3 Influence of Exit Jet Injection Angle. In thissection, - ¢
we illustrate and compare the behavior of the jet for different
injection angles. Varying the jet injection angle can be a sensi-
tive parameler if one wants to optimise the mixing with the -
crossflow, For example, recent studies (Krothapalli and Shih,
1993; Strykowski et al,, 1993} explore the problem of counter :
current mixing in flows with this goal. Three exic jet angles -
have been experimented here for an exit jet velocity Uy = 39
ms ™. Time resolved images at the four phases are presented
in Fig. 11 for the downstream injection case (# = 45 deg) and .
in Fig. 12 for the upstream injection case (6 = 135 deg). The -
correspanding phases for a perpendicular jet (8 = 90 deg) were ©;
displayed in Fig. 8 For these three cases, the dynamic condi-
tions of the crossflow are similar and equal to the conditions
met in the precedent section, :

In the downstrean injection case (Fig. 11), we again notice
a significant deflection of the flow at the jet outlet at phase P90
corresponding to the maximum acceleration. Moreover, the hot -




Fig. 11, instantensous imeges of the jet {Up = 38 ms ~13 at the four
phases of the pulsed crogsiiow for a Jet ejection angle of 45 dag {down-
stfagm injection)

sture is clearly deflected upstream during the deceleration
:('phése P270). No organized motion i1s however detected and
‘the nuchulent scales involved in this counter-fluw are relatively
small. By comparing the downsiream injection to the perpendic-
“ulat injection, one may also note that the flapping amplimde of
the jet is reduced for the downstream injection,

‘ The structure of the jet is significantly different for upstream
injection (Fig. 12). In particular, the jet penetrates completely
the duct and impacts on the lower wall about phase PO. As
aceeleration ffects increasg, the jet is deflected downstream
{phase P0). A large scale turbuleat fluid lump of organised
‘nature {5 clearly seen at phase P180. One sees that this structure
flows upstream the jet nozzle during the deceleration phase. In
“fact, this injection mode is expected to increase the coherence
“of the large-scale jet fnid Jump by increasing the initial vorticity
of the structures { Escudier and Maxworthy, 1973}, Compared
with the two other cases and especially for phases P90 and P180,
the major difference is here that the mixture is not confined near
the upper wali but expands on the whole height of the duct. This
haracteristic can be very interesting in terms of homogeneity of

.Conclusion

An experimental work and a physical analysis dedicated to
‘the study of a low density jet subjected to a time varying ¢rogs-
flow with high acceleration/deceleration levels has been pre-
-sented in this paper. The crossflow configuration is widely used
i many technical applications where efficient mixing of the jet
fluid with the serrounding is of primary importance.

A simplified momentum balance was writien at the jet exit
to derive relevant nondimensional nusnbers used to esiimate the
relative importance of the drag and of the acceleration. We have
-showa that unsteady effects associated with the presence of the
Jet in the acceleration field are expected to have noticeable
‘consaquences on the fapping of the jet which are of course
-enhanced in the case of jets significantly lighter than the ambient
fuid. It was possible to predict an increase of the jet deflection
Auring the acceleration phase and a competition between drag
‘and acceleration during the deceleration; during this phase the
unsteady effects can eventually dominate,

- The Schlieren technique has been applied in the test section
of a square duct 1o obtain time resolved images of the jet.
‘Analysis of the results was focused on the influence of the

unsteady effects on the global dynamic behavior of the jet in
the near field and image processing was applied to extract the
jet boundary, The modification of the mixing process induced
by the unsteadiness was also discussed. The interaction between
the jet and the crossflow was analyzed in three contrasted situa-
tions corresponding to different values of the jet outlet velocity
{/y. The penetration of the hot mixture across the channel is
significanty reduced as Uy decreases. A comparison between
jet and pulsation thme scales is shown 1o characterise the possi-
bility of impact of the bot mixture on the lower wall of the
channel.

At the phase of maximum acceleration PO0 { U, = 500 g}, the
influence of the unsteady effects has been isolated by comparing
unsteady images to the steady situation corresponding to the
same velocity of the crossflow. Compared to the steady case,
the spreading of the jet fow submitted to such a strong accelera-
tion is significantly reduced. Conversely, drag and acceleration
effects compete with each other at the phase of maximum decel-
eration P2790. This competition is particutarly clear for the two
lowest ejection velocities of the jet and we have shown that the
jet is initially deflected upstream the nozzie as predicled by
physical analysis. Mereover, figures display clearly velumes of
hot mixture moving against the crossflow in the chanrel. A
qualifative explanation has been proposed.

For the three cases presensed hers, large volumes of unmixed
incident fluid flow in the channei lower haif during the flapping
of the jet. The influence of exit jet injection angle on the mixing
process has been considered. Compared to the perpendicular
injection the flapping amplitude is reduced in the downstream
injection and the influence of unsieady effects remaing quite
similar, The most interesting case is the upsiream injection
where the interaction of the light jet with the crossfiow is consid-
erably modified. In particular, over a fBapping period, the struc-
fure expands on the whole height of the duct and is not confined
near the vpper wall. Therefore this injection concept provides
initial conditions that could be more favourable for the mixing
process in terms of spatial homogeneity.

The further evolution of the twrbulent mixture carried by
the pipe flow should keep a strong memory of the unsteady
tridimensional effects observed in the jet near field. Moreover,
baroclinic effects and buoyancy driven turbulent scales in the
acceleration field are expected to play a significant role in the
evalution of this variable density flow,
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Fig. 12 Instanianeous images of the jet ((k = 39 m.s'} at the four

phases of the pulsed crossfiow for & Jet ojection angle of 135° {upsiream
injection)
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APPENDIX A

We consider here the movement of a spherical ffuid lump of
density 2, volume ¥ and velocity 17, submitted to a spatially
uniform incident flow of velocity 1,{r) periodically varying
with time with 0 = {1} = U,. The density of the ambient
fluid is g, )

In a viscous flow, the drag force Ty non-detailed here is due
to the diffusion of voricity away from the gas volume (Hunt, ©
1987). A second force is caused by the mean pressure gradient
=V = pU (¢} associated with the acceleration of the external
fluid and acting over the volume V. A third force or added mass -
force s due to the acceleration of the fuid aronnd the spherical
kody {Batchelor, 1967). :

The momentum balance reads:

Uy _ [+ G
dt P+ Cmp;

, Fo '
DI ) T L N |
] oo (g + Cao)¥Y (A1)

In the nor-galilean referencial linked to the external fuid maove:
ment, the evolation of the relative velocity U, = U, ~ U, is:.

4y, o~ p : Fp :
Rl e B ) el A-2)
ar l:p + C,,,p,} 10 (o + Cop)V { .)

In the jet near field, jet fluid velumes propelled in the pipe are
partially mixed with the extemal air and eventually experience a
significant initial negative relative velocity with the external
flow. In the constant density case (p = p,), the unsteady pres:
sure effects tend to keep constant this initial relative velocity
and a counterflowing fluid lump can clearly be observed during
the deceleration phase. Equation { A-2) shows that these effects
are enhanced for light fluid {p < p,) and reduced for heavy
fluid (2 > py) by buoyancy effects induced by the acceleration:




