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INVESTIGATION OF FLOW CHARACTERISTICS OF
A TURBULENT ANNULAR IMPINGING JET
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ABSTRACT

The structure of a curved flow created by an annular jet impinging on a {lat plate has been
invesligated in the present experimental modef. As the curvature of the jef can be controlled by the
gap between the jet exit and the impingement plate, hence the flow can be siinply analyzed ia tenmns
of the internal pressure which is gencrated by the rate of change of moinentum due to e jet being
turmed through 90°. Measurements of the velocity profifes across the jet and the pressure distribution
along the impingement plaie have been conducted for differens jet curvature and infet velocity. The
velocity profiles across the jet and the turbulence parameters were measured using a Fiber Optics
back scattering Laser Doppler Ancmometer (LDA) system connecled to a Burst Spectrum Analyzer
(BSA) for data processing.

Examinalion of the velocity measurements and pressure distribution along Uie impingement plate
indicated a strong curvature of the jet and high turbulence circulation and swirl within various vortex
regions across the faw field. It is found Lhat the diffcrence in the jet entrained rate and the pressure
ficld in the outer and the inner annular rcgions are responsible for the differcnce in Wie displacement
of both the mean velocity and the turbulence intensity profiles oulward the ceutral axis of the jet.
The variation of the pressure field from siightly sub-atsiospheric 10 2 maxiniun at the stagnation
point and into the recirculation bubble is delected. The variation of the normalized stagnation
pressufe is corelated with the normalized ground heigint by a linear equation. within the range of the
present experimental data.

' Mech. Engg. Dept., Shoubra Faculty of Engg., 72gazig University
*Mech. Engg. Dept., Benha Higher Institute of Technology.
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1. INTRODUCTION

Impinging jets appear in various applications such as burning fluidic devices, and the
flow field around Vertical or Short Takeoff and Landing (V/STOL) aircraft etc. An
important consideration in the design of multiple jet for V/STOL -aircraft is the
aerodynamic interaction between airframe under surface and the ground in the
presence of the lift jets. Also the behavior of turbulent flow fields produced by the
interaction of multiple lift jets and a ground plane is strongly dependent on the liff jet *
nozzle geometry, nozzie exit spacing and orientation, jet exit conditions and nozzle
exit height above ground.

Many literature are dealt with the modeling of this kind of flow but they are only
concerned with the impingement of turbulent single jet emanating from circular or
rectangular nozzles, notably the work of Donaldson and Snedecker [1]. The early
experimental work of Miller [2] concerned the flow structure of dual free jets issuing
into stationary air showed the sub-atmospheric pressure region due 10 entrainment in
the central region of the jets. This region is also responsible for the convergence of
the dual jets towards the center axis. Associated with the sub-atmospheric pressure
region there is a recirculating vortex which recycled air in this region. But the annular
jet is one of the most complex shear flow situations, in which two axisymmetric shear
layers originating at the jet exit, one at the nozzle tip and the other at the center body.
They eventually meet downstream and interact with each other.

The measurements of a basic free annular jet by Chigier [3] were a part ol an
investigation into the flow structure of coaxial concentric jets, their mean velocity and
pressure measurements also established the formation of a sub-atmospheric region and
a vortex in the center of the annular cavity of the jet. In addition the flow
characteristics of the initial region of an annular jet discharging into stationary air have
been investigated previously by [3-6]. Chigier and Beer {3]. Williams et al [4] studied
them as 2 limiting case of a coaxial jet.

The configuration of the annular impinging jet adopted by the above workers does not
contain any afterbody or bullet at the nozzle exit, an internal recirculating region was
formed downstream of the interface [3-5] This internal region was the result of the
absence of any air supplies in the center and the entrainment of air from the main
stream of the annular jet. In this recirculating region sub-atmospheric pressure and
standing vortices were found. The extent of the standing vortices, the recirculating
mass flow rate and sub-atmospheric pressure depended on the blockage ratio (Dy/D,)".

The recent studies of annular jets concerned not only with the basic annular jet in
which there is no bullet or afterbody in the center of the jet but also with the presence
of such bullets [6-8]. Thus the flow issuing from the annular jet impinging on a flat
plate can be simply analyzed in terms of increase in the internal pressure which is
generated by the rate of change of momentum due to the jet turned through 90°.

The purpose of the present study is to investigate experimentally the effect of
impingement of the annular jet on the flow field structure and turbulence
characteristics in addition to the effect of the ground height on the pressure distribution
over the'impingement surface.
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2. EXPERIMENTAL TECHNIQUE AND SETUP

The experimental setup constructed for studying the configuration of the annular jet
impinging on a circular flat plate is shown in Fig.(1). Air is drawn into the reservoir
chamber by a three stage axial fan combination in which each stage is individually
controlled to allow a wide range of test conditions. Inside the reservoir a number of
honeycomb and wire screens were inserted to smooth the flow and reduce the
turbulence level, Air is supplied directly to the annular nozzle which had a 30°
straight inlet profile to create a uniform velocity profile at the nozzle exit. The annular
jet test section is formed as shown in Fig.(1). The exit jet nozzle diameter Dg is 120
mm, and the diameter of the center body, that was truncated at the jet exit plane, D; is
100 mm. The impingement plate had a radius of 150 mm and its height abave the jet
exit was variable over the range 10-300 mm. The impingement plate had a number of
static pressure taps in the surface to measure the static pressure on the plate surface.

The velocity components and their fluctuating velocities across the jet at various
vertical heights were obtained using a one component Back-scatter fiber Optic Laser
Anemometer which was connected to a 25 mW He-Ne laser. The data acquisition
arrangement is shown in Fig.(2); the He-Ne laser {1} passes light to the fiber optic
head {2} which is connected to a photo-detector {3} which passes signals to the burst
spectrum  analyzer BSA {4} and the oscilloscope {5}, The data output from the BSA
is stored on the PC computer {6} using BURSTWARE sofiware; the PC is
subsequently used to process and display the resultant velocity data. The PC is also
used to control the automatic traversing mechaunism through a control box {7} and
tracking system {8} which carries the fiber optic head {9}. The two beams from the
fiber optic head pass through a fixed focus lens giving a half angle of 4.6° and the
resultant measurement volume had dimensions of 1.87 mm x 0.15 mm.

The two beams were focused at the required position in the test rig { 10}. An average
of approximately 5000 values was obtained at each measurement location and a mean
and standard deviation values were obtained at each point. The original and processed
data was stored on the PC computer.

The air was seeded with atomized Ondina oil using an atomizer which produced
particles of 5um diameter. Seeding was introduced to the air in the reservoir, the

central annular cavity and the external entrained air, in order to minimize seeding
biasing.

3. RESULTS AND DISCUSSION

The domain of investigation is mostly confined as shown in Fig (1). Measurements
have been carried for an axial jet velacity of 38 mvs and plate height of 0.05 and 0.1m.
Furthermore experimental'work has been carried for an axial jet velocity of $7m/s and
plate height of 0.1im to study the effect of jet velacity on the flow field turbuience
structure and the pressure distnibution along the impingement plate.
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3.1 Jet Velocity Field structure

The flow field structure of the circular single jet impinging to a flat surface, without
considering the cross effect, can be divided into three zones (9-13]. The first is the
free jet zone where the flow is the same as that of the jet issuing into an unbounded
medium. The second is the impingement zone in which the large pressure field
enhances the change of flow direction. The third is the wall jet zone, where the flow
moves over the impinging surface due to the formed stagnation pressure. Besides the
above description, it is known that the fluid surrounding the jet is entrained at the
boundaries of the three zones.

In case of the basic annular jet [14-18], the flow field is divided into the initial
merging zone, the intermediate and the fully merging zones. The nearest zone to the
nozzle exit plane until roughly the plane, where the potential core disappears is called
the initial merging zone. In this zone the internal recirculating vortex is found within
the annular potential core. As in the case of single and coaxial jets the mean velocity
within the annular potential core is the same as the jet velocity. Immediately
downstream of the initial merging zone is the intermediate zone. It is within the region
of the mixing flows from the annular potential core to the outer mixing region. Within
the intermediate zone the axis of the annular potential core and the high mean velocity
associated with the potential core merge at the central axis of the jet nozzle. The fully
merged zone is the one downstream of the intermediate zone. In this zone complete
merging of the flows from the initial merging zone has occurred. The fully merged
flow behaves like a combined jet and its characteristics are similar to those of a single
jet.

It is evident that in the case of the annular impinging jet the flow structure is quite
different, either from the single impinging jet orthe basic annular free jet discussed
above. Thus, the annular impinging jet seams to be a combination of both. Studying
the structure of the annular impinging jet obtained in the present work that it could be
divided into four zones. The initial merging zone, the free jet zone, the impinging and
the wall jet zones.

Though the above delineation of the four zones is approximate, it will be supported by
similanty of the velocity and turbulence intensity profiles observed through these
zones.

Figure (3) presents the lateral distribution of the axial mean velocity ratio (V/V,) at
different axial locations and Fig.(4) shows the contours of the axial mean velocity
within the different zones of the jet flow field for different ground plate heights;
namely 0.05 and 0.11 m. From these figures it is found that the entrainment in the
central zone ( initial merging ) and the outer region of the annular jet is responsible for
the generation of the recirculating vortex of toroidal form. This recirculating vortex is
mainly found within the inner and the outer regions of the annular jet. Because of
these vortices, the associated pressure difference from slightly sub-atmospheric
pressure in the inner region to the atmospheric pressure in the outer region, This
radial pressure gradient draws the annular potential core outwards of the central axis
causing a curvature to the jet streamlines.
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Figure (5)shows the radial distribution profiles of the axial turbulence intensity of the
jet (,/(w)l / Vo) at different axial locations of the flow domain.

Fundamentally, within the inner and the outer mixing regions, two turbulence intensity
peaks are observed and as expected the lowest intensity is found across the annuiar
core of the jet, these observations are detected for all axial locations. From the same
figure the outer peak reduces while the other one increases, both with the increase of
the axial position. In addition the peak locations in the outer mixing regions are
displaced outward from the center line of the jet geometry due to the jet curvature,
over the whole axial distance 1.15< %/d¢ <1.5. This observation has not been found in
the free annular jet studied by [17] or the single impinging jet [9].

3.2 Pressure Distribution on the impinging Plate

At the same time during the velocity measurement data collection, the pressure
distribution over the impinging plate is measured, Fig.(6-12), for different operating
conditions. It is evident that the variation of pressure from slightly sub-atmospheric to
a maximum at the stagnation point and into the recirculation bubble is well presented.
Fig.(6) represents the effect of the ground height on the maximum pressure at the
impingement point and aiso the position of this maximum value, But Fig.(7-12) show
the effect of the initial exit velocity of the jet on the variation of the maximum
pressure and its position with respect to the center line of the annular core of the jet.
it is clear that the maximum pressure of the impinging surface is greatly affected by
the ground height variation rather than the variation of'the exit jet velocity. From
these figures similarity of the pressure distributions at various jet velocities are well
presented at different heights of the impingement surface.

Figure (13) shows the distribution of the stagnation pressure normalized by the inlet jet
dynamic pressure (yzp v %) for six different impinging plate heights. It is noticed that

the higher values of the stagnation pressure occurred at lower values of the ground
height. This might be attributed to small radii of flow curvature. It is evident that the
annular jet curvature tends to infinity for very large ground heights. As indicated from

Fig.(13), the variation of the normalized stagnation pressure with normalized ground
heights can be correlated as :

This correlation is presented in Fig. (13) compared with the measured data for three
values of inlet velocity. The correlation gave a liner relation between the normalized
stagnation pressure and the impinging height, which is in 2 good agreement with the
measured data within the range of measurement. However, for very small values of h/t,
tending to zero, the expected value of P* tends ta infinity but in reality there will be
no jet in this case. On the other hand for large values of Wt the jet is changed into a
free jet, which Ys not our case.
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3.3. Entrained Air

The entrained air was calculated from the measured data for the two cases of
impinging heights h=50 mm and 100 mm. The obtained results are plotted as

normalized entrained air (rhg ) versus normalized axial Jocation Z. The entrained air is
. L. , n
normalized as: m¢ = me/ g (—H) 1)

Where rh, is the inlet mass flow rate

h is the normalized impinging height = h/d, where d the hydraulic annular
diameter. .
n  anexponent is found equal to 1.2 from correlation.

While z is normalized by the height (h) itself.

The result depicted in Fig.(14) expresses the increase of the normalized entrained air
with the increase of the axial location for different heights. This feature may be
attributed to the increase of the annular jet curvature, and thus the increase of its cross
section, with the increase of axial location as mentioned and shown in Fig.(3&4).

The data is correlated and gave the following formula
2
_mt=A(l_Ez} (2)
where A is a constant equals 3.0474

The comparison, shown in Fig.(14), between the obtained correlation and the
measured data shows a good agreement.

4. CONCLUSIONS

In annular jet, the formation of the internal recirculating region and the inner mixing
region has been detected. This is perhaps because of the surrounding effect of the
annular potential core. From the mean velocity and turbulence intensity measurements
the flow field can be divided into the initial merging (inner region of the annulus) free
jet zone just downstream of the annular core of the jet, the impinging and the wall jet
zones.

The difference in the jet entrainment rate and the pressure field in the inner and the
outer recirculation regions are responsibie for the difference in the displacement of
both the mean velocity and the turbulence intensity outward the central axis of the jet
geometry.

The ground height has a serious effect on the impinging pressure distribution on the
impingement surface compared to the change of the exit velocity at the same
impingement plane height. Similarity of the pressure distribution along the impinging

plate at different exit velocities is found. An experimental correlation is developed in
the range of the present data.



Mansoura Engineering Journal (MEJ) Vol. 20, Na.2, June 1993 M54

The entrained air estimated from experimental data is correlated in terms of axial
location in a generalized formula.

NOMENCLATURE

D; Annular inner diameter |m}
D. Annular outer diamcler |m]
d  Hydraulic annular dianerer fm]

h  Inpinging plate height above the exit planc of the get [m}
h  Normalized height = ld SR
m; Normalized entrained atr mass (Jow rate 11}
m, lnlet mass flow rate (kgss)
n  Expoaent in equation (1} =1.2.

P,  Stagnation pressure [Pa}
P*  Ps /0.5 pVo® Static pressure {1]
t  Aonnular jet thickness {mi
V  Jet velocity at {ateral position [ovs
V, Axiat velocity at the jet exit plane [nvs)
v Fluctuated axial velocity at lateral pasition {nVs)
x  Lateral distance L]
z  Axiai distance from the jet exit plane {m}
Z  Normalized axial location = 2/h, {1}
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