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Abstract

In this paper, we propose numerical solutions for a two-dimensional pulsed plane jet in unsteady laminar regime. At
the exit of the nozzle, the pulsating flow is imposed with a uniform temperature 7, and a velocity u = uy(1 + 4 sin(wt)).
Two cases are considered: the free and the wall pulsed plane jet. For the wall jet case, the wall may either be considered
adiabatic or subjected to a uniform temperature. Equations are treated with an appropriate finite difference method.
The effect of the important governing parameters, such as the amplitude and the frequency of the pulsation, the
Reynolds and Grashof numbers on the flow behavior are also investigated in detail. The results obtained show that the
pulsation affects the flow in a vicinity region of the nozzle to reach the same asymptotic regime than the steady jet.
The results also indicate that the initial development of the jet is considerably accelerated and the entrainment in the

first diameters is enhanced.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Due to the fact of the diversity of their aspects and
their applications, typical jet flows present a constant
interest. Indeed, many applications are met in industry
such as, the pulverization, the cooling by film, aero-
nautic propellers, the welding, etc. [1].

Among the numerous works on this wide subject,
some have treated the influence of an initial perturbation
on the jet development. The motivations have been of
two orders:

e On the practical plan, it consists on accelerating the
jet expansion and increasing the exterior fluid en-
trainment.

* Corresponding author. Address: Laboratoire de Mécanique
des Fluides et Thermique, Ecole Nationale d’Ingénieurs de
Monastir, Route de Ouardanine, 5000 Monastir, Tunisie.

e On the fundamental plan: the superposition of the
periodic perturbation to the flow was proved to be
a very fruitful method of investigation in order to un-
derstand the transition to the turbulence.

Most of works dealing with pulsating plane and
axisymmetric jets are originally experimental, some of
them [2-13] put into evidence the effect of an external
perturbation in the appropriate kinematics of a free jet
by considering a cyclic pulsation of the flow upstream
the ejection, others used an acoustic emission generat-
ing a perturbation of the field of external static pres-
sure.

The experimental work carried out based on the first
approach showed that the pulsation accelerates consid-
erably the initial development of the jet and clearly im-
proves the diffusion and the entrainment in the first
diameters [2,13]. This phenomenon is even observed for
a low pulsation amplitude, since a value of 2% of the
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Nomenclature

A flow pulse amplitude

Cr friction coefficient, C = 7,/p(v/x)

e width of the nozzle (m)

f pulsation frequency (s7!)

Gr Grashof number based on the width of the
nozzle, Gr = gf(Ty — To)e®/v?

Nu local Nusselt number, Nu = hx/1

Nu average Nusselt number

Pr Prandtl number, Pr = v/a

Re Reynolds number, Re = upe/v

Fr Froude number, Fr = Re?/Gr = u} /pBATye

St Strouhal number, St = fe/u,

t time (s)

T temperature (K)

u, v dimensional axial and radial velocity (ms™")

u,v dimensionless axial and radial velocity

X,y dimensional axial and radial coordinate (m)

X,Y dimensionless axial and radial coordinate

Greek symbols

o thermal diffusivity of the fluid (m?s~!)

p thermal expansion coefficient (K™!)

0 dimensionless temperature, 0 = (T — T,)/
(TU - Too)

v kinematic viscosity of the fluid (m?s~!)

0 density of the fluid (Kgm™)

T dimensionless time

T shear stress (Pa)

® angular velocity, o = 2nf (rds™!)

Subscripts

c jet axis

m modified quantity

w wall

0 nozzle exit

00 ambient environment

latter generates an increase in the entrainment rate of
20% compared to the case of the nonpulsed jet [7].

The periodic disturbances are amplified at a distance
which is estimated at two to three times of the nozzle
diameter, then decrease to disappear, at a distance close
to 10 diameters beyond the degenerated vortex and are
accompanied by a very significant increase in the tur-
bulent intensity, so a transfer of energy thus takes place
of the jet periodic structure towards the turbulence.

The second approach based on the perturbation of
the external static pressure field was adopted by several
researchers, so for the jet axisymmetric case [7,8] used a
loudspeaker to create acoustic waves having a detectable
amplitude in the nozzle. They noticed that for the
Reynolds numbers about of 10*, instabilities occurred
closer to the nozzle. These instabilities develop in axi-
symmetric vortices-ring which very often meet at a close
distance from 2 to 3 nozzle diameters and give rise to
large structures which size has the bulk order of the jet
width. After 5 diameters, these structures become three-
dimensional and lose their axisymmetric character.

The influence of the pulsation on the heat transfer
was treated essentially for the case of a pulsed axisym-
metric jet impinging a horizontal plate [9,14-18]. It was
shown that, for very low amplitudes and Strouhal
numbers, the Nusselt number is independent of the
amplitude and the frequency of pulsation [15], on the
other hand, an increase in these last (St > 1072 and
A > 40%), strongly influences the thermal transfer [17].

To our knowledge the energy transfer in a wall plane
jet case subjected to a controlled perturbation was

treated experimentally by Zhou et al. [19]. These authors
considered a sinusoidal perturbation of the pressure,
they found that for an amplitude of pulsation of 5% and
for a Strouhal number equal to 9.5 x 1073, the friction
coefficient for the distances X ranging between 100 and
200 decreases approximately by 7% compared to the
nonpulsed case. They noticed also that for X less than
100, the intensity of the longitudinal velocity fluctuating
component increases in the vicinity of the wall compared
to that of the steady jet.

This brief review of the works carried out about the
pulsed jets shows that this type of flow was especially the
object of experimental studies; the complexity of present
phenomena gives back a purely difficult theoretical
analysis of the problem otherwise it can be presented
under a simplified form. The existence of such difficulty
opens an interesting field although it is delicate when
using numerical resolutions.

In this context, and in order to determine if a nu-
merical study would allow to find the main experimental
observations, we propose in this work numerical solu-
tions for the two-dimensional pulsed plane jet. Two
cases are examined in transient laminar regime: the free
pulsed jet (Fig. 1(a)) and the wall pulsed jet (Fig. 1(b)).
For the wall jet case, the wall may be considered either
adiabatic or subjected to a uniform temperature.

The numerical results describe the effect of several
parameters such as the amplitude and the frequency of
pulsation as well as the Reynolds and the Grashof
numbers on the dynamical and thermal characteristics of
the pulsed free and wall jet.
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Fig. 1. Coordinates system (a) free jet (b) wall jet.

2. Mathematical formulation
2.1. Assumptions

We consider vertical jet issues from a rectangular
plane nozzle with small dimensions in comparison to
enclosure, or the ambient environment in which emerges
the flow, the jet and the ambient environment are con-
stituted of the same fluid. For low values considered of
amplitude and frequency of pulsation, the flow is sup-
posed to be of boundary layer type.

We also assume that the width of the nozzle is very
large as compared to its thickness in order to neglect the
edge effects and to have a two-dimensional problem.

For the used range of the Grashof numbers, the fluid
density varies linearly with the temperature in the
term containing the buoyancy force, it is considered
constant elsewhere, according to the Boussinesq assum-
ptions.

The pressure is supposed constant in the jet. This
latter is submitted to a longitudinal and periodic per-
turbation to an unidirectional character of the ejection
velocity. The flow is supposed to be laminar and un-
steady.

2.2. Governing equations

With the above assumptions, in a Cartesian coordi-
nates system, the mass, momentum and energy equa-
tions, in properly dimensionless form, can be written as
follows:

Pour X >0
Y — o0;

Y=0; V(X,0,7)=0; U(X,0,7)=0 and { oY
Ux,Y,r)—0 0X,Y,1)—0

oU o

&ﬂtﬁ_o (1)
oU oU oU 1 d*U 1
%+U%+V%f—l &0 3
ot oX 0Y  RePr 0Y? )

The dimensionless parameters which appear in the
above equations are Re, Pr and Fr numbers defined as

2 2
Re u

— Upe R
Gr  pB(Ty — Tw)e

Re="¢. p-Y p[p-—
v o

The Egs. (1)-(3) are obtained by considering the
following dimensionless quantities:
. (UY) = M7

(X, Y) _ (xvy)
e Uy
T-T.

0= , T=
To — T e

)

uy and T respectively being the velocity and the tem-
perature of the fluid at the nozzle exit.

y takes values 0 and 1, for y = 0 the first two equa-
tions formulate the isothermal plane jets. For the non-
isothermal case (y = 1), the + sign represents the case
of an ascending heated or descending cold jet, whereas
the — sign represents the case of a descending heated or
ascending cold jet. These equations are written in a
Cartesian coordinate system such as the axes origin (O)
is located in the middle of the exit section for a free jet,
and on the plate for a wall jet (Fig. 1).

The associated dimensionless boundary and ejection
conditions to the Egs. (1)—(3) are described as

e For free jet:

Y=0; V(X,0,71)=0;
X>0 oU(X,0,7) =0: 8()(;\’.01) -0 (5)
’ oY ) Y
Y—oo; U(X,Y,7)—0; 6—0
X=0, V(0,Y,1)=0
if 0<Y <0.5
U(0,Y,7) = 1 4+ 4sin(2nStr)
000,Y,7) =1
wa ) 00.79) "
if Y>05
U(0,Y,7) =0
0(0,Y,7)=0
e For wall jet:
X0 — adiabatic wall
0(X,0,7) =1 isothermal wall (7)
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X=0, V(0,Y,7)=0, U(,Y,7)=0

fo<Y<l1
U(0,Y,7) =1 + 4sin(2nStr)
0(X,Y,7)=1 (8)

and .

ifYy>1
U,Y,7)=0
0(0,Y,71)=0

In this work the temperature and the velocity fields of
a steady jet are used as initial conditions associated to
Egs. (2) and (3).

2.3. Numerical method

In this work, Egs. (1)—(3) associated to the conditions
Egs. (5) and (6) for a pulsed free jet, and Egs. (7) and (8)
for a pulsed wall jet, are solved numerically by a finite
difference method using a staggered grid, so that the
space discretization of the transport equations is carried
out at the node (i + 1/2,), i and j respectively referring
nodes along the X and Y axis (Fig. 2), whereas the
continuity equation is discretized at the node
(i+1/2,j41/2). The temporal discretization of the
equations is also carried out by a finite difference
scheme. The iterative method used is that of the non-
linear Gauss—Seidel method which is a successive ap-
proximation method [20].

The equation of continuity is discretized at the node
(i+1/2,j4+1/2) and at the time k+ 1 is written as
follows:

1 (U,ﬁﬁfj — U Ul = UG )

l Vzljijrl - Vlﬁlj n V;k/i'l _ [/;‘/»}_Jrl Y
2 AY AY
e |
\ | & AY
(6] Y pe
T’ EEFEEEE; * AX
Y v
2 i A * AXZ
X uy
¢ l | X3

v
A
T
| - \ |
I j-1 j+l

ili i+l

i-1

Fig. 2. Longitudinal X and transversal ¥ space steps definition.

The momentum and energy equations are discretized
at the node (i + 1/2,/) and at the time k£ + 1, and are
written as follows:

gk Kl ks
Uiy — Uiy Lk Uiy — Uy
At +1/2) AX

k1 gkl K+l prk+l
ke 1(U,~+l,j+1 Uil | Uit U)

/27 2AY 2AY

_ 1 :‘k++ll.,j+1 + Uik++11x,>1 - 2Ufk++1;
2Re AY?

ij+1 ij—1 ij k41
AY? + yﬁeH—l/ZJ

k+1 k 1 K+
0i+1/2~j - 0i+1/2.j 4 Ukt HHIJ - eid
AT i+1/2,j AX

k41 i+1 i+1 k+1
1/05 .., =057, 07, — 0
k+1 i+1,j+1 i+1,j—-1 ij+1 ij—1
+7 +

N U/c+1 + U~k+1 _ 2UA+1> 1

H1/27 ) 2AY 2AY

k+1 h+1 h+1
1 <9i+l,/'+l + 9i+l‘j—l - 26i+l‘f

~ 2RePr AY?
| et +1
+ Hi‘jJrI + Hij—l - 291}/
AY?
with B}, = (B}, + Bi}')/2, where B stands for U, 0

and V.

This method used in previous works for the study of
steady free jets [21,22] or for a flow occurring in a
channel [23], was adopted for stability numerical reasons
compared to a non-staggered grid discretization. The
grid considered is rectangular (Fig. 2); indeed, the cal-
culation step is taken very thin in the nozzle vicinity
(AX, = 10* for 0 <X <3); Then, a little further, we
increase its value (AX, = 1073 for 3 < X <10) and fi-
nally we consider a larger step for higher longitudinal
coordinates (AX; = 1072 for X > 10) in order to be able
to go further in the jet. An iterative “line by line” scan
method is used according to direction X, in order to save
convergence time.

In the transversal direction, the used mesh is uniform,
the calculation step is constant (AY =0,01) and its
specified value ensures a sufficient number of points N in
this direction to take into account the jet “blooming”.
The distance Y, = (N — 1) x AY (Fig. 2) is of the order
of 18 for the free pulsed jet case while it is worth 35 for
the wall pulsed jet (which means that 1800 and 3500
points, respectively, are necessary along the direction Y).

The time resolution was as such one pulsating period
was divided by 120 time steps. The sensitivity of the
calculated results to the grid interval, time step and ac-
curacy level in the convergence criteria was verified by
repeating calculations. The computational parameters
that were selected in the present work were found to
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yield satisfactory results in the grid—and time step—
convergence tests.

After introducing the arbitrary fields, calculations are
executed by using first the algebraic momentum equa-
tion to determine the longitudinal velocity U for all the
mesh node. the algebraic continuity equation allows us
then to calculate the transversal velocity V. Thus the
temperature is finally determined from the algebraic
energy equation by using the obtained values of the
velocity. The resulting finite difference equations are
solved by the Gauss-Siedel elimination method associ-
ated with the successful over relaxation technique. The
iterative process is terminated when the following con-
vergence criterion |(¢™' — ¢™)/¢"| < 1073 is verified for
each grid node at every time step; m being the iteration
number and ¢ represents U and 7.

3. Results and discussion
3.1. Free pulsed jet in a mixed convection regime

In this part, we will examine in a laminar regime, the
influence of the pulsation on the dynamic and thermal
quantities of a free heated plane jet. Our results are
presented in the case of the air (P = 0.71) and the jet is
considered either an ascending heated or a descending
cold jet (y = 1). The results presented are obtained in a
mixed convection mode.

It would be interesting in a first stage to analyze the
disturbance influence on the temporal evolution of the
principal flow parameters.

Thus, we present on Fig. 3 the temporal evolution of
the centerline velocity at various sections and for various
pulsation amplitudes values, the Strouhal number is
fixed at a value equal to 0.3. In the vicinity of the nozzle
(X = 3), the velocity always keeps a sinusoidal profile of
identical period to that of the pulsation, then, and for
X = 6 the flow still consists of coherent puffs of periods
close to the pulsation period but having a non-periodic
part (flat) because of the distance already traversed from
the nozzle. For X =12, the sinusoidal profile disap-
peared, but a trace of the disturbance still persists in the
form of a velocity maximum.

For X = 30, the centerline velocity presents a flat
part which extends until # = 5T’; this latter is the time put
by the disturbance to traverse the distance X = 30. In
addition, the same figure puts in evidence the presence of
a sinusoidal oscillation of low amplitude which dimin-
ishes downstream from the nozzle with time.

Fig. 4 shows the temporal evolution of the centerline
velocity to various sections and for various Strouhal
numbers values. It is noticed that for a low Strouhal
number (St = 0.1) velocity keeps a sinusoidal profile on
very high distances to the nozzle.

For higher pulsation frequencies (high Strouhal
numbers), the sinusoidal structure of the flow is of a low
amplitude and quickly loses its identity by fusion under
the effect of molecular viscosity. This phenomenon was
already found by Acton [27] in the case of a disturbed
axisymmetric turbulent jet for the same Strouhal num-
bers and the pulsation amplitude considered in this
work.

For the temporal evolution of the centerline tem-
perature for various pulsation amplitudes (Fig. 5) and
for various Strouhal numbers (Fig. 6), we observed the
same phenomena as those noted for centerline velocity
on the jet axis.

In a second stage, we wanted to examine the distur-
bance influence on the instantaneous evolution (for a
fixed time) of characteristic quantities of the flow. All
results are presented for wz = 97/2 what corresponds to
t=9T/4.

In order to compare our results in a mixed convec-
tion mode (Fr = 20) with those obtained by Yu et al. [26]
and Mhiri et al. [21] for the case of a steady plane jet, we
present on Fig. 7, the longitudinal distributions of the
modified centerline velocity given by the relation
Unm = UC(Fr/Re)O'25 (Fig. 7(a)) and the modified cen-
terline temperature expressed as 0o, = 0.(Fr/Re)">
(Fig. 7(b)), according to the modified distance X, de-
fined by X, = X(1/F*Re)**”. We notice that the ob-
tained results coincide with those of [21] and [26] only in
the plume region (far from the nozzle). A significant
difference between our results and those established by
Yu et al. [26] is observed in the jet region (in the vicinity
of the nozzle) and intermediate region. Indeed, these
authors have associated to Egs. (1)—(3), two integration
constraints which express the conservation of momen-
tum and energy, these constraints replace the dynamic
(Eq. (5)) and the thermal (Eq. (6)) ejection conditions for
the equations resolution. It was then shown in a previ-
ous work [21], that these constraints can be verified for
any emission profiles (uniform, parabolic, etc.). The
approach considered by Yu et al. [26] which consists in
ignoring the dynamic and thermal conditions at the exit
of the nozzle, thus explains the observed variation be-
tween their results and ours in the jet region and the
intermediate zone.

This same figure enables us to notice that the modi-
fied centerline velocity and temperature of the pulsed jet
presents fluctuations in the jet zone and in the interme-
diate region, the amplitude of these fluctuations is higher
for small Reynolds numbers, which enables us to deduce
that the impact of the pulsation is more significant when
the flow is in a slow movement. This was already ob-
served by Siegl in the case of a pulsating channel flow
[24,25]. Tt is also noticed that the fluctuations created
by the pulsation persist at larger distances for small
Reynolds numbers and that the pulsation does not affect
the flow in the plume zone, in the latter our results
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Fig. 3. Temporal evolution of the centerline velocity for Re = 100; Frr = 20; St =0.3; --- 4 =3%; — A =T7%; —-——-— A = 15%.

coincide well with those of Mhiri et al. [21] and Yu et al.
[26].

To analyze the influence of the pulsation (amplitude
of pulsation and Strouhal number) on the characteristic
quantities of the flow, we have respectively fixed the
Reynolds number and that of Froude at values equal to
100 and 20 that corresponds to a mixed convection
mode.

Fig. 8 shows the longitudinal distribution of the jet
centerline velocity for various amplitudes of pulsation
(Fig. 8(a)) and for various Strouhal numbers (Fig. 8(b)).
We notice that the introduction of a disturbance to the
flow involves the appearance of oscillations which am-
plitudes increase with that of the pulsation (Fig. 8(a)).

These oscillations disappear completely at the same
distance equal to 14 times of the nozzle width for the
various pulsation amplitudes, beyond this distance the
obtained centerline velocity for a pulsed jet is the same
one as that established by a permanent jet (nonpulsed)
for all the considered pulsation amplitudes.

When we increase the pulsation frequency (Strouhal
number), the oscillations appear in distances more closer
to the nozzle (Fig. 8(b)). On the other hand, the evolu-
tion towards the asymptotic mode of the permanent jet
is reached more quickly. Indeed, these oscillations dis-
appear more quickly for high Strouhal numbers whereas
they persist at larger distances for lower pulsation fre-
quencies (for St = 0.1, these oscillations disappear at a
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Fig. 4. Temporal evolution of the centerline velocity for Re = 100; Fr = 20; 4 = 10%; --- St =0.1;, — St =0.7;, — —-—— St =2.

distance closer to X = 40). This result was already put
into in evidence by Mladin and Zumbrunnen [9] in the
region closer to the nozzle in the case of a pulsed jet
impacting a heated plate.

To analyze the effect of the heating on the evolution
of the disturbance in the flow, we traced on Fig. 9 the
longitudinal distribution of the centerline velocity (Fig.
9(a)) and the centerline temperature (Fig. 9(b)) for var-
ious Froude numbers. According to this figure, we no-
tice that the influence of Froude number on the
evolution of these greatnesses is observed only for values
of X lower than 20. We notice that for the pulsed jet, the

centerline velocity and temperature present fluctuations
with regard to those of the permanent jet. On this same
figure we deduce that the increase of thermal gradient
between the jet and the ambient environment (low
Froude numbers) involve oscillations of higher ampli-
tudes accompanied by a widening of the dissipation re-
gion of these fluctuations. The heating is thus a
significant factor for the study of the behavior of a
pulsed jet.

Fig. 10 presents the evolution of the limit value of the
transverse component velocity V¢ (for ¥+ oco). We no-
tice on Fig. 10(a) that the variation of the pulsation
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amplitude generates a contribution of maximum air in
the immediate vicinity of the nozzle (at a distance close
to X = 1.5), for the all considered amplitudes. This en-
trainment is higher since the amplitude of pulsation is
large. We notice also that the pulsation amplitude does
not affect the length of the region where the fluctuations
of the limit transverse velocity appear.

Fig. 10(b) shows that when we vary the pulsation
frequency, the maximum of the entrainment is observed
at a distance which depends on a Strouhal number. In-
deed for the great values of this latter (St =2), the

maximum air contribution is observed in the immediate
vicinity of the ejection nozzle (X =~ 0.2), on the other
hand for a low value of the pulsation frequency
(St =0.1), the maximum air contribution while being
lower, is situated at a distance far from the nozzle
X =4).

Fig. 10 also shows that for the permanent jet, the
driving velocity is always negative, whereas for the
pulsed jet it oscillates between negative and positive
values which allows us to think that the pulsation favors
the creation of vortices on the jet edges, the latter are
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present in the flow in a region located between the nozzle
and X = 14 when we vary the pulsation amplitude (Fig.
10(a)), this result was already indicated for the low
values of the Strouhal number by Crow and Champagne
[7]. When the pulsation frequency is increased, these
vortices appear in the immediate vicinity of the nozzle,
on the other hand for the low Strouhal numbers they
appear further and persist on distances far away from
the ejection nozzle (Fig. 10(b)).

The influence of the pulsation on the centerline
temperature of the jet is given in Fig. 11, we notice
that the disturbance of the ejection velocity affects also

the thermal field since the temperature presents oscil-
lations in the first jet (Fig. 11). The identical estab-
lishment to those expressed for longitudinal centerline
velocity can be carried out for the evolution of this
quantity. Indeed, we notice that the variation of the
pulsation amplitude has no effect on the distance from
which the oscillations disappear (Fig. 11(a)). On the
other hand, the increase of the Strouhal number (Fig.
11(b)) generates a faster appearance of these oscilla-
tions in the nozzle vicinity and accelerates the evolu-
tion towards a permanent regime. It is however
necessary to say that the pulsation tends to cool the
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jet in the first diameters, indeed, Fig. 10 shows us that 3.2. Pulsed parietal jet in a mixed convection regime

in this region, the introduction of a disturbance in-

creases the drive of the surrounding air and conse- 3.2.1. Adiabatic wall

quently the thermal exchange with the ambient In this part, we present an analysis on the behavior of

conditions. a pulsed parietal plane jet which develops tangentially
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with an adiabatic wall. The results obtained are pre- cending heated jet or descending cold jet) and in a mixed
sented in the case of the air (Pr=0.71) for y =1 (as- convection regime. We are interested particularly in the
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pulsation amplitude and the Strouhal number influence
on the shear stress and on the thermal quantities of the
flow.
The dimensionless shear stress t* is defined as
T ou

Tt = ¥ = Re—
p(v/e)’ oY |y

©)

In order to compare our results with those of Yu
et al. [26] and of Mhiri et al. [21] in the case of a parietal
plane jet tangentially developing with an adiabatic wall,
we present in Fig. 12 the modified shear stress defined by
= v (F°/Re?)"" according to the modified longitu-
dinal distance given by X, = X/(F*Re®)""; the same
results are obtained with those proposed by Yu et al. [26]
and Mhiri et al. [21]. As for the free jet case, it is ob-
served only in the region of the thermally established
regime (plume zone), in this zone the pulsation has no
more influence on the flow.

The evolution of the modified shear stress is given in
Fig. 12(a) according to the modified longitudinal dis-
tance X, for various amplitudes of pulsation and by
maintaining the other fixed parameters (St=0.3;
Re = 100; Fr = 20), this figure shows that for a low
amplitude (4 = 3%), the pulsation does not influence
this greatness and the results obtained for a parietal
pulsed jet are practically similar to those established for
the permanent parietal jet. On the other hand, an in-
crease in the pulsation amplitude causes an increase of

the shear stress in the jet region (in the nozzle vicinity).
This is completely predictable since a higher pulsation
amplitude involves a more important longitudinal ve-
locity gradient at the wall, indeed the ejection velocity
being a sinusoidal function, for wt = 97/2, this velocity
is higher than that of a permanent jet.

The longitudinal distribution of the modified shear
stress is presented for various Strouhal number values in
Fig. 12(b). The results are obtained for Re = 100,
Fr =20 and 4 = 10%. This figure shows that this pul-
sation frequency does not affect the evolution of this
greatness in the immediate vicinity of the nozzle
(Xm < 1073 which corresponds to X 22 0.1), this being
predictable since the ejection velocity is constant for
wt =9n/2 and for various Strouhal numbers values.
The effect of the periodic disturbance on the shear stress
is observed only in one region ranging between
X =2 0.001 and X, =2 0.1 that corresponds to a zone
located between X =2 (0.1 and X = 8.

The longitudinal distribution of the wall temperature
0, of the pulsed parietal jet is presented in mixed con-
vection regime for various pulsation amplitudes (Fig.
13(a)) and for various Strouhal numbers (Fig. 13(b)).

The pulsation amplitude influences the wall temper-
ature in a region ranging between X = 3 and X = 10, in
this zone this quantity presents a small reduction com-
pared to its permanent homologue, this is due to an
increase in the entrainment of the surrounding air on the
jet edges which increases the heat exchange between the
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jet and the ambient conditions. On the other hand a
variation, of the pulsation frequency acts little on the
wall temperature since a light jet cooling is observed
only for one Strouhal number equal to 0.7 (Fig. 13(b)).

In addition to that and compared with the pulsed free jet
case and for the same parameters, it is noticed that the
fluctuations of the temperature (Fig. 11) are more im-
portant, this makes us to think that the wall tends to
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reduce the effect of the ejection velocity oscillations on
the flow.

3.2.2. Wall subjected to a constant temperature

We have also studied numerically, the parietal pulsed
jet case in a laminar regime, tangentially developing to a
wall subjected to a constant temperature which is equal
to the one at the exit nozzle jet.

The influence of the parameters related to the pul-
sation (amplitude of pulsation and a Strouhal number)
on the heat transfer between the heated wall and the
pulsed plane jet is also analyzed. The physical parameter
which characterizes the heat transfer is the dimensionless
local Nusselt number defined by

00

Nu=7="%%

(10)

We present thus on Fig. 14(a), the longitudinal
variation of local Nusselt number for various pulsation
amplitudes. The results found for Re = 100, Fr = 20 and
St = 0.3 are compared with those established for the
permanent jet. It is also noticed that the Nusselt number
increases with the pulsation amplitude. The increase in
the heat transfer between the wall and the pulsed jet is
observed in a region located between the nozzle and
X = 7. Indeed in this zone located in the nozzle vicinity,
the increase in the pulsation amplitude produces for
wt = 91/2 more important ejection velocity than that of
the permanent jet, this acceleration associated with a
higher entrainment of the surrounding air makes an
increase on the heat exchange between the wall and the

102
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10‘“|||l|, T T T T T T rrrrn
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()

jet. This result was already announced by Farrington
and Claunch [13] in a pulsed plane air jet case. From
X = 7 the pulsation does not effect the heat transfer in
the wall.

We present on Fig. 14(b), the effect of the Strouhal
number on the Nusselt number for Re = 100, Fr = 20
and 4 = 10%. The effect of the pulsation on the parietal
jet with great Strouhal numbers bring a contribution to
the increase in the heat exchange at the wall on a region
which extends to X ~ 1.3 for St =2 and to X ~ 2 for
St = 1. On the other hand, for the low pulsation fre-
quencies, the heat exchanges are more important than
those relative to the permanent jet on a wider zone
which reaches X ~ 7 for St = 0.3. Beyond this distance,
the evolutions of the Nusselt number for the pulsed jet
are merged with that established for the permanent jet,
thus we reach an equivalent exchange regime as the
permanent jet for the various Strouhal numbers values.

For better quantifying the influence of the distur-
bance on thermal exchange with the wall, we have to
analyze the effect of the pulsation on the average Nusselt
number defined by

L L L
Wiy [ M= [Hao ) [
LJo

- —=| xdx
L), % L), oY

- (11)

Since Fig. 15 shows us that the thermal exchange
with the wall are affected by the pulsation only in one
region located between the nozzle and X = 7, the dis-
tance L is fixed at this already mentioned value.
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Fig. 14. Longitudinal distribution of the local Nusselt number: (a) influence of pulse amplitude, (b) influence of Strouhal number; - - -

steady jet.
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Fig. 15. Average Nusselt number according to the: (a) pulsation amplitude, (b) Strouhal number.

The average Nusselt number is presented according
to the pulsation amplitude for a fixed Strouhal number
St = 0.3 (Fig. 15(a)) and according to Strouhal numbers
for a pulsation amplitude of 4 = 10% (Fig. 15(b)). Fig.
15(a) enables us to confirm that an increase in the pul-
sation amplitude involves an increase in the heat ex-
change at the wall, indeed an amplitude of pulsation of
10% involves an increase in the thermal transfer of 8%
compared to the permanent jet. On the other hand, we
notice on Fig. 15(b) an abrupt increase in the thermal
transfer for St = 0.3 and beyond a pulsation frequency
corresponding to a Strouhal number of 0.6, the pulsa-
tion does not influence any more the thermal exchange
at the wall and the increase of the average Nusselt
number is about 9% for the all considered Strouhal
numbers.

4. Conclusion

In this work, we have studied an unsteady and in a
laminar regime the momentum and the heat transfer in a
free and parietal vertical plane jet subjected to a sinu-
soidal disturbance. The numerical resolution of the
equations was carried out by a numerical method with
the finite differences using a staggered grid.

The carried discussion is essentially about the validity
of our calculation code elaborated to describe the dy-
namic and the thermal quantities of this flow type, and
the influence of the parameters which describe the pul-
sation, in particular the amplitude of pulsation and the
Strouhal number, on the characteristics of the pulsed jet.

The temporal evolution of the principal flow pa-
rameters for various pulsation amplitudes enabled us to
notice that there is a non-periodic part (flat) which de-
pends on the distance to the nozzle, and a periodic part
which attenuated according to time and space. For the
low Strouhal numbers, the centerlines velocity and the
temperature keep a sinusoidal profile on very high dis-
tances to the nozzle. On the other hand, for the high
pulsation frequencies the sinusoidal structure of the flow
is of low amplitude and quickly loses its identity under
the effect of the molecular viscosity.

The spatial evolution of the characteristic quantities
of the flow at a fixed instant enables us to notice the
rapidity with which the pulsation develops the jet in the
region close to the nozzle. On the other hand, the vari-
ation of the amplitude or the frequency of the pulsation
does not affect in any case the characteristics of the flow
in the plume region. This phenomenon was observed
already by Acton [27] and Chan [28] in the case of a
disturbed axisymmetric jet.

The development of the pulsed jet thus depends at the
same time on both the pulsation amplitude and on the
Strouhal number and it is difficult to separate their re-
spective influences, but in all cases, the pulsed jet reaches
the same equilibrium regime as the permanent jet in the
plume region. In this latter our results agree very well
with the results established by Mhiri et al. [21] and Yu
et al. [26].

For a parietal pulsed jet, two thermal conditions at
the wall are considered: first adiabatic wall, second the
wall subjected to a constant temperature. We have no-
ticed a good agreement between our results and those
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obtained by Yu et al. [26] and Mhiri et al. [21] in the
plume region (far from the nozzle), the effect of the
pulsation being observed only on the jet and interme-
diary regions.

The increase in the average Nusselt number was es-
timated at 8% for a pulsation amplitude of 10% and for
Strouhal number equal to 0.3. In addition, for all the
high pulsation frequencies (= 6%) the increase in the
thermal transfer is estimated at 9%.

To close this work it is important to say that the
pulsation does not modify the flow parameters in the
region of the established regime (plume region), but it
does accelerate the initial development of the jet and
improve the diffusion and the entrainment in the first
diameters.
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