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INTRODUCTION

Axisymmetric free jet has been studied extensively over a period of many years
and from many perspectives. Visual observations made by Reynolds [1] and
others showed many different types of flow phenomena which depends
primarily on the jet Reynolds number. For a given set of initial boundary
conditions, the mean and turbulent characteristics of the initial boundary layer
as well as the Reynolds number determine the evolution of mixing layer of a free
jet. Lemieux and Oosthuizen [2] found from their measurements in a plane jet that
the spread rate of the jet affected slightly by the discharge Reynolds number, but
the turbulent stress level was strongly dependent upon the Reynolds number.
Hussain and Zedan [3] showed from their experimental results in an
axisymmetric jet that the spread rate, similarity parameter, peak turbulent
intensity in the self-preserving region were essentially independent of Reynolds
number, but depends on whether the initial boundary layer was laminar or
turbulent. They also found that the geometric virtual origin as well as the
distance required for attainment of self-preservation depends noticeably and
systematically on Reynolds number. The shifting of geometric virtual origin for
Reynolds number also investigated by Selim and Ali [4] and others [5,6]. Gama et
al. [6] also found that the achievement of self-preservation decreased with the
increase of Reynolds number. Ricou & Spalding [7] showed that for Reynolds
number greater than 3x10%, the entrainment rate (in the developed region) was
independent of Reynolds number and strongly dependent upon the axial distance
with non-linear relationship. Hill [8] found that the entrainment rate (in the
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near field) was independent on the exit Reynolds number for values greater than
6x10% and was strongly dependent upon the axial distance. Trabold et al. [9]
showed that this independent of Reynolds number in the initial region was
greater than 2x10%, but moderate Reynolds number effect was evidence in the
fully developed region for less than 2x10%. This effect of Reynolds number on
entrainment rate was also investigated by Hussain and Clark [10] and found that
less influence.

The objectives of this study were investigated the flow characteristics of an
axisymmetric jet in the near field for Reynolds number (based on nozzle diameter)
range 3.4x10% to 1x10°, which includes: measuring the axial mean velocity in the
" free shear layer at different axial downstream location from the nozzle exit.
Some other properties were calculated from the mean velocity profiles such as
entrainment rate, viscous and Reynolds shear stresses.

EXPERIMENTAL SET-UP AND METHODOLOGY

The experiment was carried out in a air jet facility (Fig.1la) consisted of two
settling chambers, fan unit, flow controller diffusers, an excitation chamber and
flow nozzle. The air supply in the system was provided by fan unit consists of two
wooden aerofoil axial flow fans one with fixed speed motor and other with
variable speed motor. The overall length of the set-up was 8.1 m.
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Fig. 1: a) Experiment Set-up; [1] Flow controller, [2] Fan section, [3] Vibration
Isolator, [4] Silencer box, [5] Diffuser-1, [6] Excitation and settling chamber-1, [7]
Diffuser-2, [8] Settling chamber-2, [9] Test nozzle, [10] Pitot static tube, [11]
Traversing mechanism, [12] Pressure transducer, [13] Microvoltmeter. b) Test
Nozzle. c¢) Co-ordinate system.
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Air enters to the fan unit through butterfly valve which controls the air flow. A
silencer was fitted at the discharge of the fan to reduce noise generated at the

fan discharge. Flow from the silencer enters to the settling chamber through a 6°
diffuser, in this chamber the flow straightener and wire screen nets were used to
straighten the flow as well as to breakdown large eddies generated at the fan
discharge. Flow then enters to the excitation chamber, here two loudspeakers

(200 watt each) were placed opposite to each other at an angle 45° with the
central axis (for future provision of upstream excitation measurements). Air from
this chamber flows to the second settling chamber through a nozzle and a second
diffuser, here also straightener and wire screen nets were used for ensuring axial
flow free of large eddies which may be generated in the upstream side of the
flow. Finally air then discharges through a circular convergent parabolic nozzle
(Fig.1b).

The experiment was done in the near field of the circular jet by the application of
United sensor pitot-static tube along with Furnace control pressure transducer and
Kiethly data logger for measuring velocity head. The pitot-static tube was
traversed with smallest division 0.01 mm with the help of a Mitutoyo three co-
ordinate (x,y & z) traversing mechanism. All raw data found from data logger in
milli volt, were converted to velocity (m/s) by the calibration equation

u=\16.618 (0.111 + 0.248 M)

The exit centerline of the nozzle in the direction of the flow was taken as
positive x-axis and radial distance pointing upward as positive y-axis (Fig.1c).
All differential form of equations were solved by finite-difference method and
integral form of equations by trapezoidal method. The exit condition was taken
at 0.5 mm downstream from the nozzle tip. The measurements were taken upto

Ymax i the initial mixing region and in the centerline upto x/d=8 downstream

distance from the nozzle exit.

RESULTS AND DISCUSSION
Exit boundary layer profiles at Reynolds number Red=3.4x104, 5.3x104, 7.6x104
and 1x10° are shown in Fig.2. The Blasius profile is also plotted in the same

figure to ascertain the initial boundary layer condition. The measurement shows
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that the initial boundary layer profiles at Red=3.4x104 and 5.3x10% lies on the
Blasius profile having shape factor 2.55 and 2.62 respectively. But at
Red=7.6x104 and 10x10% the shape factor are 1.73 and 1.5 which is closed to 1.4.
So it may be assumed that the initial boundary layer profile is laminar in the
range of Red=3.4x104 t0 5.3x10% and turbulent in the range Red=7.6x104 to 10x10%,
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Fig. 2: Initial Boundary Layer Profiles.

Iso-velocity lines of the mixing layer are shown in Fig.3, it is seen that the effect
of Reynolds number on outer edge (U/ Ue=0.1 line) is significant and the shear

layer increased with increasing Reynolds number but for half-width mixing
layer (U/U,.=0.5 line) have negligible effect. Further the intersection of inner

edge shear layer (U/U,.=0.95 line) with central axis is different for different

Reynolds number, which indicates that the length of potential core is increased

with the increase of Reynolds number. The conclusion also drawn by Gama et
al.[6].
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Fig. 3: Iso-velocity Lines.

The distribution of shear layer momentum thickness is presented in the Fig.4, it
is seen that 0y ; varied linearly with the downstream distance. According to the
equation, 90'1 /d=k(x/d+c) [11], (where, k is the slope of the profile and c is the
geometric virtual origin) the geometric virtual origins are found at x/d=+0.016,
+0.007, -0.151 and -0.266 for Rey=3.4x10%, 5.3x10%, 7.6x10% and 10x10%
respectively. From these results it may be said that the geometric virtual origin
is at downstream of the nozzle tip for initial laminar boundary layer and for
turbulent it is at upstream. The similar conclusion also drawn by Crow and
Champagne [12]. It is also seen that due to the increase of Reynolds number the
location of virtual origin moves from downstream to upstream. This significant

effect of Reynolds number on shifting of geometric virtual origin was also found
by others [3,13].
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Fig. 4: Shear Layer Momentum Thickness.

Partial self-preservation profiles of mean velocity are presented in Fig.5a,b,c.
The self-preservation variables (y-y(5)/6 1 is considered in this present

measurements. The profiles are found close agreement with Hussain and Clark
[14]. The self-preserving zone are extended from x/d=2to 4,1 to5and 1 to 5.5 at

Red=5.3x104, 7.6x10% and 1x10° respectively, after that the jet losses its self-

preservation due to the transition or absence of the potential core. It may be
concluded that the self-preservation zone is increased due to increase of the
Reynolds number. Similar results also found by Bradshaw [5].
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Fig. 5a : Partial Self-preservation Profiles.
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Fig. 5b : Partial Self-preservation Profiles.
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Fig. 5c : Partial Self-preservation Profiles.
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Fig. 5d : Partial Self-preservation Profiles.
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The calculated entrainment rates from mean velocity profiles are plotted in Fig.6
and is found significant reduction of entrainment rate with the decrease of
Reynolds number but for Reynolds number greater than 5.3x10% the effect is found
negligible. Similar negligible effect of Reynolds number on the entrainment rate
also found by Hill [8]. The variation of entrainment with axial distance is not
found linearly, this nonlinear variation of entrainment rate also found by Ho and
Gutmark [15] and Hill [8]. At Red=3.4x104 the profile is found close agreement

with Ho and Gutmark [15].
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Fig. 6 : Entrainment Rate Along Axial Distance.

The viscous and Reynolds shear stresses calculated from the mean velocity
profiles are plotted in Fig.7 and compared with the results of Launder and
Spalding [18] and Prandtl [19]. The profiles are found close agreement with their
results [18,19] (for Reynolds stress). It is observed that, while viscous shear stress
decreases corresponding Reynolds shear stress is increased. This may happen by
continuous transfer of energy from the mean flow field to the generation of
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turbulence. Due to the change of Reynolds number the shear stress profiles are
affected, which is pronounced for viscous shear stress. The decay rate of viscous
shear stress is decreased with the increase of Reynolds number.
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Fig. 7 : Shear Stress Profiles.
CONCLUSIONS

The major conclusions of the present experimental results are summarized below.

1. The exit boundary layer profile was changed from laminar to turbulent
with the increase of Reynolds number.

2. The potential core length and the self-preserving zone were increased
with the increase of Reynolds number.

3. The geometric virtual origin of the shear layer was shifted upstream

with the increase of Reynolds number.
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4. The effect of Reynolds number was remarkable on viscous shear stress and
the entrainment rate has negligible effect when the Reynolds number is

greater than 5.3x10%.

NOMENCLATURE

= Exit diameter of the nozzle

= Prandtl's mixing length

= Milli volt

= Physical origin

= Exit mass flux

= Reynolds number(based ond and U,.)

= Axial mean velocity

CEL oA
ey

U, &8 = Exit and local centerline mean velocity
u&v = Axial and radial turbulent intensity
x&y = Co-ordinate system
¥0.1.Y0 5 & Y0.95 = Transverse distance,where U/U,=.1, .5, .95
Yo = Maximum transverse distance, where U/ Uec=0
A% = Kinematic viscosity
p = Air density’
d/2
/ 1- s )d = Exit displacement thickness,d
6 P e
Uec
J'y‘” (1 - )dy = Shear layer momentum thickness, 6 1
ec
déj < = Length scale, b,1/b=0.10625 [16]
('&;)yO.S
Dd—U = Viscous shear stress
dy {
182 L ) = Reynolds shear stress, Guv
dy| dy

max U
21U oc Bl U—y dy =Massflux,q/p
ec
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