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Abstract 

Mixing ok.:two dimensional ventilated twin jets .is analysed 
in this paper. An integral method approach is employed to 
solve this problem. The aim is to provide information on the 
interaction process of low speed jets and the dependence of 
this process upon the spacing between the two jet nozzles. 
the width of each nozzle as well as the angle between the 
two axes of nozzles. The effect of secondary flow generated 
between the two jets is also provided. The effect of the 
above mentioned, parameters is shown to play an important 
role in the interaction process of the jets. 

Nomenclature 

A : area ratio 1 : nozzld length 

m : .mass flow rate p : static pressure ' /  
S : nozzle spacing t : nozzle width , . . . 

P -. 
u : x component of velocity U : secondary flow velocity 

s .  , 

h : velocity ratio : gross thrust augmentation , 

p : density of the fluid i3 : angle defined in Fig. 1 

J : momentum flux at nozzle exit plane 
P 

J : momentum flux for downstream stations 
X 

R : initial radius of curvature of jet trajectory 

U : the primary velocity of the fluid at the nozzle exit 
P 
x : fictitious merging point 

P 
* Lecturer 



x : stream wise coordinate along centerline of the system 

y : coordinate normal to centerline of the system 

1,2: upstream and downstream stations 

a : coefficient related to merging point 

6 : angle between nozzle axes and system centerline 

r ,  cr, , a : jet spreading parameters 
C 

, : ratios of spreading parameters 

Introduction 

The mixing of jet flows is one of the important 
problems of shear flow -aria is used in a wide variety of 
engineering applications, such as thrust augmenting.ejectors 
for V/STOL aircraft or the development of burners and 
fluidics. Thus, the interaction of twin incompressible plane 
jet has been the subject of experimental research for over 
thirty yeais. Early investigations reported distr.ibutions of 
mean properties such as velocity and pressure. Later, the 
availability of hot-wire anemometry led to the time resolved 
measurements performed by many researchers. Miller and 
Comings (1960) carried out experiments for a dual jet flow. 
The mean velocity and velocity fluctuation were measured by 
Tanaka (1970, 1974). Krothapalli 'et a1 (1980) used X-wire 
probes to measure the mean velocity and turbulent 
intensities for the central nozzle with the five nozz'les 
blowing. ~esearch was done on the interaction of two 
axisymmetric parallel subsonic and supersonic free jets 
(Gamal, 1993). Because of the entrainment of surrounding 
air, the two jets (either subsonic or supersonic) attracted 
each other, merged, and eventually combined to resemble a 
single jet. Thus, the flow f ieid could be' defined by three \. 

distinct regions: the converging, merging and combined :. / 
regions. 
In fact, there are two types of the twin jet: twin jet 7 

issuing from two nozzles or slots placed on a common end . ,  

wall (unventilated jets) and the ventilated jets; jets ' 
issuing from free standing nozzles or slots. In the first 
case, reattaching jets result in recirculating flow in a low 
pressure region between the nozzle exit plane. In the second 
one, secondary flow entrains between the two jets.which 
affects the mixing process. The unventilated jets were 
skudied by Lin and sheu (1991) and Gamal (1993). while 
ventilated jets were investigated by Marsters (1977) and 
Elbanna and Gahin (1983). 
The characteristics of the twin jet flow field depend upon 

the aspect ratio of the nozzle, inlet geometry of the 



nozzle, the magnitude of the turbulence intensity at the 
exit plane of the nozzle, the Reynolds number at the nozzle 
exit, the angle between the two nozzle axes, and conditions 
of the ambient medium into which the jet is issuing. Sawyer 
(1963) and Marsters (1977) made their investigations at one 
value of the spacing between the nozzles and at zero 
divergence angle. The aim of the present study is to find 
out the effect of the spacing between the nozzles and the 
angle between the two nozzle axes on the interaction 
process. Therefore, in this study, analysis of ventilated 
incompressible twin plane jets based on integral methods was 
made. Since the ilow field associated with the interaction 
of the two jets is very complex, the intgral method is easy 
of handle this problem. Comparison was made between the 
present results and those of ventilated jets given by 
earlier investigators, Elbanna and Gahin (1983). 

Analysis 

Fig. 1 shows the nozzle geometry and flow field 
configuration of thetwin plane jets. Incompressible air flow 
is assumed to issue from the two nozzles with no common end 
wall between them. Thus, the secondary flow velocity, 
denoted U , is assumed to be uniform across the plane 

between the nozzles and the velocity profiles of the primary 
nozzles (U ) are assumed to be flat. S is the distance 

D 

between the two nozzles. The jets are assumed to merge at 
some finite downstream location X beyond which the static 

rn 

pressure is uniform; the combined jet behaves as a single 
jet. The angle between the two nozzles is assumed to be 5 

30'; (i.e. to make sure the two jet get mergeing). The 
transverse momentum of each jet is neglected. 
The continuity and X-momentum equations are written for 

the flow between sections 1 and 2 F i g 1  Assuming that the 
entrainment on the outer surface of the jet is m (XI, thus : 

pl(S + tpcos (31-p2(S + t cos (3)= p dy - pu2(s-t cos (31 - 
P P 

2 p u2 t COS (3 
P P 

(2) 



The static pressure at station 1, outside the nozzle 
boundaries, is assumed to be ambient (p 1. Therefore, at 

a 

station 1, the static pressure between the nozzles and over 
the nozzle exit is 

- 
PI - pa - 1/2 p u2 + A p (3) 

where A p represents the pressure losses of the secondary 
flow upstream of station 1. 
Note that station 2 is taken to be sufficiently far 
downstream to insure that the static pressure is uniform 
everywhere and equal to p . Combining equations (2) and (3)  

a 

with A p = 0 yields 

A - 2 cos p 1 
2 cos p + - - -  1: dy 

2 A2 u2 t 
P P 

where 

and A 

The 
value 

S - t cos p 
A is the area ratio (A = 7 P 1 

P 

is the velocity ratio ( A = U /U 1 
P S 

integral is to be evaluated at some sufficiently large 
of x where the merged jets behave like a single free 

jet, and so according to Bourque and Newman (1960) the 
velocity distribution may express as : 

where J is the momentum flux of the merged jet evaluated at 
X 

x > x and is constant. Also, cr is the spreading rate and 
m 

u2t = J / p ;  where J is the momentum flux of one of the 
P P P P 
primary jets. Thus, the integral becomes 

= Y 
Where 7 = - . One then obtains the momentum equation in 

X 
the following form : 



Proceeding with the continuity equation, we examine the 
total flow into the jet over the external (outside and 
inside) jet surfaces. Up to the point x on the outer 

m 

surfaces, entrainment takes place at a rate determined by 
the curvature; beyond this point, the entrainment parameter 
is assumed to be D . Thus, for the outer surfaces, 

For stations downstream of x , 
m 

dm 0 Y D 
e - 2 - - [ sech -- 

d x  d x  X I ]  
Thus, 

For stations upstream of x , a value of D = 13.2 is assumed 
m C 

(Sawyer, 1963). Then the entrainment rate is given by 

Theref ore, 

Equation (1) then becomes 



On evaluating the integral and dividing by J , the result is 
P 

On the inner surfaces of the jets, it is clear that all 
the secondary flow must be entrained in a distance of, at 
most, a xm, where 0 < a < 1. On these surfaces, the ... 
spreading parameter is denoted cI ; the value of oi is taken 

to be 18.5 (Sawyer, 1960). Assuming a uniform entrainment 
rate on the inner surface of both primary jets, 

This must be just equal to the secondary flow p Us t A, 
P 

hence we find 

A -/T - 
A 0 - t  

1 P 

Eliminating x from equation (6) and combining with equation 
m 

(5) yields 

-1 
A A - 2 cos p 
- = [d cos p +' - 5 - q -11 (8, 

2 A  2 A2 a 

where < = a / a and 5 = 0- / a . Equation (8) may be 
i I I' 1 C 

solved for h,  provided that the value of a is fixed. 
Unfortunately, the distance x and axm are not determined 

m 

easily, and little guidance is available for establishing a. 
To assist in estimating a, we make use of the pressure 
difference across the jets and denote as x the location of 

D 

circular arcs drawn tangent to the centerlines of each jet 



at the nozzle exit plane. The initial radius of curvature R 
is estimated on the basis of the jet momentum and the 
pressure difference across the jets. With reference to 
Fig. 1, we can write 

S = 2 R (1 - cos 0 )  (10) 

x = R sin 13 
P  

(11) 

Approximating dp/dr by Ap/t and recalling that ~p=1/2p~' , 
P 

one obtains 

x A t cos p 
P 2 
t 
- = 2 A sin cos -I [ I  - 

P  4 h2 1 
It seems clear that x is a lower limit for the distance 

P  
for merging of the jets, and that the merging point lies 
some where between x and x . 

P  m 
The gross thrust augmentation q5 is the ratio of momentum 

flux at the exit plane of the device to the momentum flux of 
the primary stream, assuming that the primary stream expands 
to ambient pressure p and the primary mass flux remains the 

a 

same. With the primary flow stagnation pressure denoted p . 
t '  

thus the thrust augmentation available with a pair of plane 
jets becomes 

* 
where m = p U t and U* = d 2 (pt - pa)/p 

p *  P P  
(where U is the nozzle exit plane velocity, expansion to 

D r 

freestream static pressure) 

Because V = d 2 (p - pT )/p , we find 
a t 



with this result, equations (13) and ( 5 )  yield 

0.5 h r A -2cos.p , 
4 = I 2 cos 13 + J (141 

h - 1  
2 h2 

Results and Discussion 

Fig.2 shows the effect of centerline spacing on the 
velocity ratio for different values of p. It is clear that 
the value of h increases as the centerline spacing is 
increased. The increasing rate is almost linear for all 
tested values of p. The effect of divergent angle on the 
velocity ratio is also evident in this figure. The velocity 
ratio decreases with increasing the divergent angle. This 
means that the secondary flow velocity becomes higher for 
higher values of divergent angle. 
The two jets merge together to form a single jet near the 

nozzle exit when the spacing between the nozzles is small 
and the merging occurs far down stream when the divergent 
angle becomes large. This can be seen in Fig.3. This means 
that the curvature radius of the jet boundaries is large for 
the large value of 13 so that the jets take a longer distance 
to merge together. For zero degree divergence angle, the two 
jets merge at a distance between x /t = 30 and x /t = 40, 

m P m P 
for small values of nozzle spacing. This is in accordance 
with the results obtained by Elbanna and Gahin (1983). 
Fig.4 shows the variation of the jet gross thrust with 

centerline spacing. The effect of p is also given. It is 
seen that the jet gross thrust is higher for small values of 
centerline spacing and decreases as the distance between the 
two jets is increased. This is due to the decrease in the 
momentum flux at the exit plane of the device compared to 
that of the primary streams. The gross thrust is large for 
small divergent angle and also decreases with increasing the 
divergent angle. This is also because the two jets take 
longer distance to merge. 
Fig.5 shows the effect of the divergence angle on the 

merging point represented by x /tp, gross thrust, 4, and 
m 

velocity ratio, h, for two values of nozzle width t = 2.5 
P 

and 5 mm, respectively. The location of merging point comes 
closer to the nozzle exit plane for the larger values of 
nozzle width. However, the velocity ratio decreases. This 
means that the spreading rate of the jet increases with 
increasing the jet width. Therefore, the two inner 
boundaries of the jets merge at the closed distance from the 
nozzle exit plane. Also, the gross thrust increases as the 
nozzle width is increased. This shows that the momentum flux 
becomes higher as the nozzle width is increased. 



Conclusion 

Analysis of the flow field of incompressible two 
dimensional ventilated twin jets has been described based on 
the integral method. The analysis shows that the interaction 
of low speed jets depends upon different parameters such as 
centerline spacing, divergence angle between the nozzles and 
the shape of nozzle exit. The secondary flow velocity 
increases as the divergence angle is increased. Whereas, the 
gross thrust decreases with increasing the divergent angle 
and centerline spacing. The two jets merge closer to the 
nozzle exit as the width of the nozzle exit is increased. 
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t--------4 
Fig.1. Nozzle geometry of the , twin plane jet. 



Figj. 2 .  Effect of center line spacing on the 
vdocity ratio. 



Fig. 3. variation of merging location with 
center line spacing. 

Fig.4. Variation of gross thrust with center 
line spacing. 



Fig. 5 .  Effect of jet divergence angle on the 
velocity ratio, mekging point and gmss 
thrust, l 
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