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Suctioxl Pressure around a Moving 

Two-Dimensional Nozzle 

Ryuichi HAYASHI', Teruhiko KIDA " and Zensaburo YASUTOMI" ' 

Abstruct: This paper presents some results obtained from the simulation of a two-

dimensional impulsively started jet with the nozzle moving in the' direction of jet. The 

simulation is executed with a discrete vortex method. The vortex patterns obtained 

show that the vortices of jet flow are captured by means of movin~~the nozzle and a large 

stationary concentrated vortex is formed near the nozzle exit. The concentrated vortex 

generates high suction pressure around the nozzle exit, so that we may expect the 

reduction of parasite aerodynamic forces by using this suction pir~ssure 

Introduction 

The flow behavior of a jet issuing from a fixed nozzle into stationary flow has been studied 

in some details both experimentally and numerically : it has been generally accepted that the 

jet boundary forms the strong shear layer, rolls up into vortices, and these vortices are swept 

downstream at approximately constant convection velocity, while growing by amalgamatiori 

with neighbouring ones. On the basis of these observations, we may predict, when a nozzle 

is moved in the direction of jet with the velocity approximately equal to the convection 

velocity of the vortices, that a large concentrated vortex would be formed near the nozzle 

exit ; hence, generating a suction pressure around the nozzle exit 

If the above phenomenon is confirmed, it might be applicable to the moving vehicles such 

as a hovercraft, track, train, and so on, in order to reduce the drag force. In fact, the 

experiments on a hovercraft by Otagiri et al. C I ) suggest that the thrust is generated from 

the negative pressure due to the concentrated vortex occurring in the front of the hovercraft 

(This rs termed <'the mterference thrust" by Ando and Mryashita C 2 ) ) . In such vehicles, the 

jet flow issuing from a nQzzle seems to be approximately two dimensional as far as the flow 

near the nozzle exit is concerned. From the engineering points of views, it is important to 

analyze the two dimensional jet flow from a moving nozzle 

The aim of the present study is to demonstrate that the vortices of jet flow can be stably 

captured into a large concentrated vortex near the nozzle exit by means of moving the 
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nozzle ; the concentrated vortex can generate high suction pressure around the nozzle exit, 

and we predict the appropriate moving velocity of the nozzle 

Considering a coordinate system fixed on the nozzle moving with constant velocity, this 

problem is reduced to the jet flow in a constant opposing stream. It is difficult to analyze 

theoretically the behavior of vortices accompanied with the interaction of a jet and an 

opposmg stream even if the flow is two dimensional. The discrete vortex methods, which 

approxnnate the shear layers with an array of discrete vortices by assuming its thickness to 

be quite thin, have been used with moderate success for the analyses of unsteady flow fields 

at high Reynolds numbers C 3 - 5 ) . The starting jet flow using a discrete vortex method 

has been analyzed by Acton C 6 ) , and Edwards and Morfey C 7 ) . They have dealt with the 

unsteady impulsively jet issuing from a fixed nozzle into stationary flow. In the jet flow with 

an opposmg stream, a highly turbulent recirculation zone results from the interaction of the 

two flow ; however, the thickness of the jet shear layer near the nozzle exit, which issues from 

the moving nozzle into stationary flow, is still sufficiently thin for high Reynolds flow 

Although a closer examination is needed to apply a discrete vortex method to the present 

problem, this method might be applied providing the investigations are confined to be the 

relatively early stages of motion 

The aim of this paper is, as already mentioned, to demonstrate existence of a suction force 

Hence, the discrete vortex method is applied to the present problem, and we present here the 

vortex patterns, the streamlines and the generated pressure distributions for several 

velocities of a moving nozzle, and investigate the stability of the concentrated vortex due to 

external disturbance 

Formulation of the Problem 

Let us consider a two dimensional impulsively starting jet with the nozzle whose moving 

velocity is U ( = constant) , width 2 R, and 'length semi-infinite. It is assumed that the flow 

field is incompressible and potential and that the jet is supplied with the uniform flow velocity 

V at infinite upstream inside the nozzle slit. The nozzle walls are parallel plates of 

negligible thickness whose ends are two sharp edges of zero internal angle, as shown in Fig 

1 . Assuming the flow to be symmetric, we consider only the lower plane. Symmetry 

implies that the centerline of the nozzle' is a streamline. Thus, if the central plane is replaced 

by a wall, the problem is reduced to one where only a single sharp edge is present. The flow 

is considered in a coordinate system fixed to the moving nozzle, then the problem is further 

reduced to one where a jet is issued from the fixed nozzle into an opposing constant stream 

We assume a Cartesian coordinate system (x, y) with the origin at the lower edge of the 

nozzle and the x-axis coincident with the nozzle wall as shown in Fig. 2 . The mapping 

function F that transforms the physical z-plane onto the upper half of the transformed ~-
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al (z=-"+iR) a2 (z-+iR) 
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<=U 
-->~ Fig. I . Flow configuration and nozzle A (~=0) A A' (~=1) A (~) A (~=-") 

3 2'2 l geometry, 

Fig. 2 . Schwarz-Christoffel transformation of 
the physical z-plane to the upper-half of 

transformed ~-pl ane 

plane is given by 

z=F(~) = -RC~+ 2 n(~- I ) y~+zR (1) 
where i = ( - I ) 1/2. In particular, the nozzle edge is mapped onto the origin of the transfor-

med ~-plane and the infinite upstream inside the nozzle slit onto ( I , O ) 

The sharp edge in the physical z-plane is a separation point and a vortex sheet is shed from 

there. This vortex sheet is replaced by the point vortices introduced near the sharp edge in 

a short time interval A T . In the transformed ~-plane, the complex velocity potential W ( ~) 

due to the shedding point vortices, their images, an opposing stream, and a jet is given by 

i N _ UR ~ + ~; rj (~-~j)/(~-~~) (2) VR 2n(~ l) + W (~) - 27z 7t 

where ~ j is the position of the j-th shedding point vortex, ~ ~ the complex conjugate, r j the 

circulation, and N the total number of the shedding point vortices. If it is the purpose to 

simulate over a long time until the jet flow has reached a sufficient steady state, the 

circulation reduction, which corresponds to the decay of vorticity caused by the effects of 

viscosity and turbulent mixing, must be taken into consideration C 8 ) . Here, P is held 

constant in time, as we consider the relatively early stages of motion 

Nulnerical Procedure 

A variety of numerical procedures for discrete vortex method have been described in 

details C 3 - 5 ) . Here, only the essential points of procedure employed are given 

The position of introduction of each point vortex is fixed at a point ( - (~, O ) on the 
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extension of the nozzle wall in the physical z-plane. Its strength is determined by the Kutta 

condition 

dW (~)Id~= O for ~= O (3) 

In the physical z-plane, the convection velocity of the n-th shedding point vortex is calcu-

lated by the following expression at a given time t 

dW^(~) d~ _ dF 2 ir~ d2F 
at ~=~^ 

"~ d~ dz d~ 2 ,z: d~2 

where 

W (~) W(~) zr 127t ~n(~-~~) (5) 

Therefore, at time ( t + A t) the new position of the n-th shedding point vortex is approxi-

mately obtained using (4) 

z^(t+At) z^(t) + (u,,+w^)At (6) 

One of the difficulties in the discrete vortex method stems from the proximity of vortices 

to each other and to the solid boundary (i. e. to their image) . The proximity of two point 

vortices results in a large mutually induced velocity and hence the motion of point vortices 

is rapidly away from the real flow field. Also, the unrealistic local velocities or pressures 

are caused by the proximity of point vortices to the positions where they are calculated 

According to Chorin C 9 ) , we introduce a cut-off distance from the center of each vortex 

beyond which the vortices are to behave like point vortices. For radial distance smaller than 

the cut-off distance the vortices are assumed to exhibit a solid body rotation, namely the 

circurnferential velocity Vo induced by a shedding point vortex is expressed as 

r/ 2 7tr f
 

v6 r/ 2 iz:~ 
(r ~ ~) 

(r < 6) 
(7) 

where r is the radius from a shedding point vortex and d the cut-off distance 

The pressur~ at any position can be obtained using the Bernoulli equation for the moving 

coordinate system 

P-P~ = -p Cac + I (ac)2 ~ ; (aacv)2) + ;pV2 (8) 
at 2 ax 
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where p is the density of the fluid, P~ the pressure at infinite downstream in the absolute 

coordinate system (Fig. I ) , and c the velocity potential given by (2). At. moment when a 

vortex sheet crosses a calculated point, the pressure at its point shows a violent variation due 

to the jump of the value of c in the discrete vortex method. In the real fluid flow, the 

vorticity is distributed continuously in the cluster of point vortices, hence, ac/at is calcu-

lated without consideration of the jump of c 

Numerical Results and Discussions 

In all the results presented, Iengths are normalized with the nozzle semi-width R and 

velocities with the jet mean velocity V upstream of the nozzle slit. Thus time is also 

normalized with R/ V 

Computational parameters are set as follows 

VA T/R = O . 2. At = A T/ 2 . (~/R = O . 05. (1/'R = O . 05 

These parameters are determined by comparing the results in some preparatory computa-

tions with the previous ones. The simulation has been carried on up to Vt/R=60 : the 

maximum number of the shedding point vortices is 300 

The simulated jet flow in UIV=0.0 develops as follows : the shear layer rolls up and 

forms a initial vortex, the initial vortex grows gradually by gathering the shear layer, the 

instabilities grow on the shear layer near the nozzle exit and the small clusters of shedding 

pomt vortrces are formed ; thereafter, the initial vortex and the small clusters grow by 

amalgamation with neighbouring ones as they are swept downstream. These qualitative 

features agree quite well with the previous observations C 6 , 7 , 10] 

Fig. 3 shows the vortex pattern and the streamline in the velocity of moving nozzle, Ul 

V = O . 4. This velocity is a little small to the x-component of convection velocity of the 

initial vortex in U/ V = O . O (see Fig. 6 ) . It is clear from this figure that, as expected, a 

large concentrated vortex can be found near the nozzle exit by means of capturing both the 
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Fig. 5 . Trajectories of the initial or concentrated vortex ; 

A Vt/R=20 ; [] VtlR=40 ; o vt/R=60. 

clusters and the initial vortex appeared in U/ V = O . O. The case of U/ V = I . 5 is shown in 

Fig. 4 . The large concentrated vortex is formed on the nozzle wall. In order to investigate 

the development of vortices in more details, the trajectories of initial or concentrated vortex 

for several values of U/ V are shown in Fig. 5 . For U/ V ~ O . 1, the clusters appear and 

the concentrated vortex is not formed. When U/ V = O . 2, the concentrated vortex is 

formed and swept downstream. In both U/ V = O . O and O . 2, the trajectories of the first 

shedding point vortex are plotted. (It seems to be approximately the center of the initial or 

concentrated vortex) . For U/ V ;~ O . 25, the positions of center of gravity calculated from 

all shedding point vortices are plotted because the concentrated vortex is formed near the 

nozzle exit. The position of center of gravity is determined by 
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N 
g J~1rjzj/j ~1 Pj 10 20 30 40 50 60 (9) 

0.0 ' 
-O . 4 

where z j is the position of the j-th shedding 
Ulv=0 . o 

-O . 8 
point vortex. Fig. 6 shows the time histories 

v lv 
for the x-component of convection velocity of cx O . O 

initial or concentrated vortex, Vcx/ V, -O . 4 

obtained from the trajectories in Fig. 5 
0.4 

When U/V=0.0, the value of Vcx/V 
0.0 

approaches about O . 5 and agree with the 
Ulv=0 . 4 

previous experimental results CIO]. From 
0.4 

the Figs. 5 ~nd 6 , it can be seen that the 
0.0 

concentrated vortex remains stationary near 
U/v=1 . o 

0.8 the nozzle exit when U/ V ~ O . 35 : the mov-

ing nozzle can completely capture the vor- 0.4 

tices of jet flow near the nozzle exit at its 0.0 

velocity slQwer than the x-component of Ulv=1 . 5 

convection velocity of the initial vortex, Fig. 6 . Time histories for the x-component of 

convection velocity of the initial or con-Vcx/V~0.5, in U/V=0.0. 
centrated vortex 

In Fig. 7 , the contour of the pressure co-

efficient calculated by (8) is plotted. As expected, suction pressure is generated by the 

concentrated vortex. It seems that the suction pressure due to the concentrated vortex is the 

main cause for <'the interference thrust" on a hovercraft mentioned previously. Intending to 

apply the suction pressure to the vehicles with a moving nozzle, the suction pressure around 

the nozzle exit is important. Figs. 8 and 9 show the pressure coefficient on the jet centerline 

(or walD and the nozzle wall, respectively 

In practice, to estimate the momentum force of the jet is also important. The momentum 

force calculated from the velocity distribution u , at the cross section of nozzle exit is shown 

in Fig.lO. It is almost constant over all the values of U/ V. This implies that the high 

intensification of suction pressure has the significant effect of the reduction of parasite 

aerodynamic forces 

The behavior of jet flow subjected to external disturbance is now investigated to confirm 

the global stability of the concentrated vortex. For disturbance, harmonically oscillating 

velocity is sl;perimposed on the flow configuration in Fig. I : at infinite upstream inside the 

nozzle slit (termed oscillating jet flow) ; at infinite downstream (oscillating uniform flow ; 

note that the nozzle moves uniformly but ambient outer flow is disturbed). The har-

monically oscillating velocity Vd/ V is given by 
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Vd/V = A/V sin C 2 7z:1St ( Vt/R)) (lO) 

where A is the amplitude and S t Strouhal number. The Strouhal nurriber S t is defined as 

the non-dimensional value of the frequency f, 

The distutbance is introduced from time Vt/R = O and the contributions to the pressure 
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from disturbance are time-averaged over Fig. 9 . Pressure coefficient on the nozzle 

one cycle in order to compare with the wall (y/R = o . O) at Vt/R=60. 

pressure distributions without distur- I . 5 
bance. Figs.11 and 12 show the vortex 

l.O pattern and the contour of pressure co- f~ (ue/ v)'dylR 

efficient for the oscillating uniform flow ' 0.5-
with A/V=0.25 and S t =0.25 at Vt/ 

R=60 in U/V=0.4 and 1.5, respec-
0.0 0.5 1.0 1.5 tively. In U/ V =0.4, the vortex pat-

U/v 
tern shows the sinuous roll-up at the 

Fig.10. Mornentum force due to jet at Vt/R=60 
downstream side compared with Fig. 3 

(a) , but a concentrated vortex is retained still ; the pressure distribution is almost the same 

tendency as that shown in Fig. 7 (b) . In U/ V = I . 5, about 10 percent of the shedding point 

vortices are swept far upstream without forming the concentrated vortex ; the concentrated 

vortex has a tendency to be disunited and the region of high suction pressure slightly moves 

upstream. The oscillating jet flow in U/ V = O . 4 and I . 5 deviates Very little from the case 

of the oscillating uniform flow and the jet flow without disturbance, respectively. From 

these oipservations, it may be considered that the vortices of jet flow are captured even when 

the jet flow or the outer flow i~ disturbed 
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Conclusions 

The jet flows around a moving nozzle have been simulated using a discrete vortex method 

The main results obtained in the present paper are summarized as follows 

(1) A moving nozzle may capture the vortices of the jet flow and form a large concentrated 

vortex 

(2) The velocity of moving nozzle, in the case where the vortices of jet flow can be complete-

ly captured into a concentrated vortex near the nozzle exit, is slower than the x-component 

of convection velocity of the initial vortex in U/ V = O . O 

(3) The concentrated vortex generates high suction pressure around the nozzle exit 

(4) These phenomena seem to be considerably stable, so that we may expect the reduction 
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(b) Contour of pressure coefficient 

The jet flow subjected to disturbance in the ambient outer flow 

in U/V=1.5, A/V=0.25 ; St =0.25 ; Vt/R=60. 

of parasite aerodynamic forces by using these phenomena 

Nomenclature 

A
 

Cp 

F 
f
 

P 
P* 

= amplitude of oscillating velocity 

= pressure coefficient, C p = 2 (P- P*) /p V2 

= mapping function 

= frequency of oscillating velocity 

= (- I )v2 

= pressure 

= pressure at infinite downstream in the absolute coordinate system 
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= nozzle semi-width 

= radial distance from the shedding point vortex 

= Strouhal number 

= time 

= time interval of introduction of the shedding point vortex 

= time interval of movement of the shedding point vortex 

= velocity of the moving nozzle 

= x-component of the jet velocity at the cross section of nozzle exit 

= x- and y-component of convection velocity of the shedding point vortex in the 

physical plane 

=jet velocity at infinite upstream inside the nozzle slit 

= x-component of convection velocity of the initial or concentrated vortex 

= harmonically oscillating velocity 

= circumferential velocity induced by the shedding point vortex 

= complex velocity potential 

= Cartesian coordinate in the physical plane 

= complex variable in the physical plane 

= circulation 

= distance between the origin and the fixed position on x-axis of introduction of the 

point vortex 

= complex variable in tlpe transformed plane 

= fluid density 

= cut-off distance 

= velocity potential 

Superscri pts 

*
 

= time-averaged value 

= complex conjugate 
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