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ABSTRACT 

TIle structure of a curved' flow created by an annular jet impinging on a flat plate has been 
invesLigated in the present e".-perimenlal model. As the curvarure of Ihe jet can be controJied b~ the 
gap between the jet exit and tlte impingement pla(~ hence Ule flow can be simply analyzed ill (enns 
of tile imerna! pres.iure which is generated by Ule rate of cltange of mOlnenllnn due to the jet being 
turned through. 90°. Measurements of Ihe velociry profiles Reross I~ jet and tile pressure distribution 
along the impingement plate have been conducted for diJfelenl jet curvaturc and inlet velocity. The 
velocity profiles al:fOSS l.he jer and the turbulence parameters were measured using ~ Fiber Oplil:s 
back scauering Laser Doppler Anei)lOmctc:r (LDA) system colU1CClcd 10 a Burst SpeClrum Almlyzer 
(BSA) [or data processing. 

Examination of (he velocity measuremenLS and pressure disrribution along Ute impingement plate 
indicated a strong curvature of the jet and "igh tUlbulenc;c circuilllion and swirl within various vortex 
regions acro.ss the flow field. It is found that lbe diJfccence in lhejet cn\f(llned rnle and t.he pressurc 

• Clcld in the outer and the inner annular regions are responsible for the diJTCfCllCO lLl l.he displacc1\1cnt 
of both the mean velocity and the turbulence intensity profiles outward Llle ccntrell a~is of the jet. 
The variation of the pressure field from slightly sub-atmospheric 10 a ma.crlllulll at tbe slagll:ttioll 
point and into the recirculation bubble is detecled. The variation of the norm:~lized slilgnalion 
pressure is correlated with thc normalized ground llciglu by a linear equaLion. wiU\in the range of lhc 
present experimental data. 
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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. A1so the behavior of turbulent flow fields produced by the 
interaction of multiple lift jets and a ground plane is strongly dependent on the lift jet' 
nome geometry, nouie eKit spacing and orientation, jet exit conditions and nozzle 
exit height above ground. 

Many literature are dealt with the modeling of this kind offlow but they are only 
concerned with the impingement of turbulent single jet emanating from circurar or 
rectangular nozzles t 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 to 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 noz.z1e 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 Chigicr [3] were a part or 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 previQusly by (3.6]. Chigier and Beer [3]. Williams et at [4J studied 
them as a 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 wr supplies in the center and the entrainment of air froftl 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 {D/Do)2. 

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 904

• 

The purpose of the present study is to investigate experimentaJly the effect of 
impingement of the annular jet on the flow fieJd 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.(l). Air is drawn into the reservoir 
chamber by a. three stage axial fan combination in which eacn stage is individually 
controlled to aHow 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 300 

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 Do is 120 
mm. and the diameter orthe center body, that was truncated at the jet exit plane, Di is 
100 mm. The impingement plate had a radius of 1 SO mrn and its l~eight above 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 sunace. 

The velocity components and their fluctuating velocities across the jet at various 
vertical heights were obtained lIsing a one component Back-scatter fiber Optic Laser 
Anemometer which was connected to a 2S m W He-Ne laser. The data acquisition 
arrangement is shown in Fig. (2); the He-Ne laser {I} passes light to the fiber optic 
head {2} which is connected to a photo-detector {)} which passes signals to the bllfst 
spectrum analyzer BSA {4} and the oscilloscope {S}. The data output from the BSA 
is stored on the PC computer {6} using BURSTW ARE software; the PC is 
subsequently used to process and display the resultant velocity data. The PC is also 
used to control the automatic traversing mcch<tnism through a control box I 7) lind 
tracking system {8} which carries the fiber oplic head (9}. The two beams from the 
fiber optic head pass through a fixed focus lens giving a half angle of 4,60 and the 
resultant measurement volume had dimensions of 1.87 mm x 0.1 S mm. 

The two beams were focused at the required position in the test rig t 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 5J..1.m diameter. Seeding was introduced to the air in the reservoir, the 
central annular cavity and the external entrained air, in order to minimize seedil1S 
biasing. 

3. RESULTS AND DISCUSSION 

The domain of investigation is mostly confined as shown in Fig.(J). Measurements 
have been carried for an axial jet velocity of38 mls and plate height ofO.OS and O.lm, 
Furthermore experimental work has been carried for an axial jet velocity of 57m1s and 
plate height of 0.11 m to study the effect of jet velocity on the flow field turbulence 
structure and the pressure distribution 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 tirst 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 fonned stagnation pressure. Besides the 
a.bove 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 intennediate and the fully merging zones. The nearest zone to the 
nozzle exit plane until roughly the plane, where the potential core disappears is L:alled 
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 
witrun lhe 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 or -the 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 
similarity of the velocity and turbulence intensity profiles observed through these 
zones. 

Figure (3) presents the lateraJ distribution of the axial mean velocity ratio (VIVo) at 
different axial locations and Fig.(4) shows the contours of the axial mean velocity 
within the different zones of the jet flow fieJd 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 witrun 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 'ntens't~ of the 

jet ( ~(v,)l I Y Q) 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 annular 
core of the jet, these observations are detected for aU axial locations. From the same 
figure the outer peak reduces whiJe 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~ x:ldc ~l. 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) ~epresents the effect of the ground height on the maximum pressure at the 
impingement point and also 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 surfhce 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' veloci~ies are well 
presented at different heights of the impingement surface. 

Figure (13) shows the distribution of the stagnation pressure nonnalized 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.(I3), 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 nonnalized 
stagnation pressure and the impinging height, which is in a good agrp.ement with the 
measured data within the range of measurement. However, for very small values of hit, 
tending to zero, the expected value of p. tends to infmity but in reality there wiH be 
no jet in this case. On the other hand for huge values of hit the jet is changed into a 
treejet, W'nlCn.)5 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 obt:!.ined results are plotted as 

normalized entrained air (rit:) versus normalized axial location z. The entrained air is 

normalized as: m: = ml m. (li)" (I) 

Where rh 0 is the inlet mass flow rate 

h is the normalized impinging height = hid, where d the hydraulic annular 
diameter. 

n an exponent 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 

. .• A(l _1:)2 m = -e (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 ofthe 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 responsible 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 
impingeme.nt plane ~eight. ~~mi~arity of the pressure distribution aJong the impinging 
plate at dIfferent exit velOCIties IS found. An experimental correlation is developed in 
the range of the present data. 
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The entrained air estimated froln experimental data is correlated in terms of axial 
location in a generalized formula. 

NOMENCLATURE 

Di AnnJllar iruler diameter \ml 
Do Annular outer diameler 1m] 
d Hydraulic annular dianJe{er (m\ 
b Impinging plate lleight above: the e.xH plane of Ole Jet (mJ 
h Normalized height ~ hId () 1 

. '" Normalized entrained air mass flow rate , 11 me 
m., Inlet mass flow rate (kg/sl 
fl Expooent in equation (l) = 1.2. 
p. Stagnation pressure [Pal 
p. Ps 10.5 pVol Static pressure PI 
l Annular jet thickness {ml 
V Jet velocity at lateral position {m/s) 
V~ Axial velocily at the jet exit plane 1m/51 
v' Fluctuated axial ve:IOCll:Y at latenl position !nvsl 
x Lateral distance lOll 
z A.'dai distance from the jet e.x.it plane 1m} 
z Normalized ilXiallocation - uh. I 1 J 
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