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Department of Aerospace and Mechanical Engineering, Politecnico di Torino, Turin, Italy

Abstract

The fluidic thrust-vectoring modulation on a Bypass Dual-Throat Nozzle (BDTN) is studied numerically.  
The thrust vectoring modulation is obtained by varying the secondary mass flow, introducing different 
area contraction ratios of the bypass duct. The scope of present study is twofold: (i) to set up a model for  
the control of the secondary mass flow that is consistent with the resolution of the nozzle main flow and 
(ii)  to  derive  a  simplified  representation  of  a  valve  system  embedded  in  the  bypass  channel.  The 
simulations of the turbulent airflow inside the BDTN and its efflux in the external ambient have been 

simulated by using RANS approach with RNG k-𝛆 turbulence modeling. The numerical results have been 
validated with experimental and numerical data available in the open literature. The nozzle performance 
and thrust vector angle are computed for different values of the bypass area contraction ratio. The effects 
of different secondary mass flow rates on the system resultant thrust ratio and discharge coefficient of the  
bypass dual-throat nozzle have been investigated. By using the proposed approach to the secondary mass 
flow modulation, the thrust pitch angle has been controlled up to 27º.
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1. Introduction

Thrust Vectoring (TV) technologies aim to affect the aircraft (or rocket) dynamics by generating side 

forces in the nozzle flow. This effect can be achieved either by using deflector devices and movable  

nozzles [1],  or by manipulating and breaking the symmetry on nozzle of fixed geometry [2].  Lateral  

components of the thrust vector are used for controlling the aircraft dynamics. 
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Thrust vectoring greatly improves maneuverability, at high angles of attack or at low speeds, for instance, 

where conventional aerodynamic control surfaces lose effectiveness. Thrust Vector Control is currently 

achieved by complex arrays of mechanical actuators capable of modifying the geometry of the nozzle and  

thus enabling to deflect the flow. Different concepts have been developed in the last decade in order to  

redirect the thrust without mechanical actuators, by active manipulation of the nozzle flow-field. Fluidic  

Thrust  Vectoring  (FTV)  involves  the  nozzle  flow manipulation  by  secondary  flow injection.  AFTV 

system  has  the  advantage  of  being  lightweight,  simple,  inexpensive  and  free  from  movable  parts.  

Moreover, it can be implemented with the minimum penalty of the aircraft observability [3].  Because of 

these advantages, several approaches to fluidic thrust-vectoring have been proposed in the past years,  

including Coanda effect by use of co-flow blowing and counter-flow aspiration [4,5] shock vector control  

[6-10], throat-skewing [11] and Dual-Throat Nozzle (DTN) configuration [2, 12,13].

Among these, the DTN configuration has shown to achieve greater thrust vectoring efficiency, without  

compromising the axial component of thrust [2]. The DTN concept has been proposed at NASA LaRC 

and  investigated  both  computationally  and  experimentally  [2,14].  Both  two-dimensional  and 

axisymmetric configurations have been considered. Different area ratios between the first  and second 

throat have been analyzed in order to explore the system performance for different adaptation altitudes or 

nozzle operation conditions [15]. The effects of an external free stream on thrust vector angle and nozzle  

performance have been also investigated [16]. By using a numerical framework of the vectored nozzle  

based on the URANS equations, the dynamic response of the dual-throat nozzle has been investigated in 

open-loop and closed-loop control [12, 17]. Approaches which are not involved an external source of 

bleeding air have been also investigated. Active flow control strategies by using the synthetic jets [18] or  

plasma actuators [19] have been studied.

The simplest way of forcing the flow without any external air source is the use of a bypass duct for  

feeding the secondary mass flow. The bypass duct connects the nozzle inlet with the target section, e.g.  

the first throat for the DTN configuration [20], or at a section close to the nozzle outlet, for the shock  

vector control system [7]. In so doing, the nozzle system does not require any external flow or energy  

source  for  generating  the  secondary  flow.  A  bypass  is  set  from upstream of  convergent  section  to  

upstream of the first throat of the common DTN [20-22]. The bypass connects the nozzle inlet region, 

(before  the convergent  section),  with upstream region of  the first  throat,  as shown in Figure 2.  The  

experimental test has shown that the bypass-DTN performance is similar to the classical DTN [20, 22]. 

Theoretically there are some penalties because of the mass flow spillage from the primary flow. Anyway, 

it  should be noted that the performance described in literature does not take into account the cost of  

generating the secondary mass flow, since the BDTN does not require any spillage from other engine 
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components. By a rough comparison we can observe that the BDTN has better performance than the other 

fluidic thrust vectoring concepts which reported in the literatures.

The works about the bypass dual-throat nozzle focus mainly on the potentiality of this nozzle concept. An 

analysis on the effect of varying the secondary mass flow has been carried out in Ref. [22] by changing 

the area section of the full bypass duct. Nevertheless, in actual applications, the typical actuators used for  

varying  the  secondary  mass  flow  are  based  on  the  valve  control  systems.  These  devices  introduce 

additional pressure losses and different flow behaviors of the subsonic and supersonic secondary flow 

regimes.

In the present work a simple model for the secondary mass flow modulation is presented. A bump with 

different area contractions is inserted in the middle of the bypass duct. According to the thermodynamic  

conditions at the bypass inlet and outlet regions, the different flow behaviors are then observed. Scope of  

the research is the analysis of the coupling of bypass and nozzle operating conditions at different bypass 

area contraction ratios. The numerical simulations predict both the actual mass flow and pressure losses in  

the bypass duct, as well as the thrust vectoring performances of the main nozzle. The former information 

is useful for modeling a bypass valve control system, whereas from the overall performance of the system 

we may deduce reduced order models of the full nozzle, for instance by system identification [12]. In the  

next section the nozzle system is described and an adaptation of the definition of the thrust vectoring 

parameters is discussed. Then the numerical and modeling approach are described. Finally, the numerical  

results for different bypass area contraction ratios are presented and discussed.

2. BDTN Geometry Description

The reference geometry of the bypass dual-throat nozzle which considered here has been proposed and  

studied by Gu et al. [20]. Experimental and numerical data are available for this nozzle configuration. A 

sketch  of  the  nozzle  geometry  is  shown in  Figure  1.  Some  geometrical  dimensions  and parameters 

adopted in the baseline of the bypass dual-throat nozzle are given in Table 1. The reader is referred to  

Ref. [20] for more details. Fine details (e.g. some radius of curvature and the actual throat geometry) was 

not fully disclosed in Refs. [20, 21, 23] and have been deduced in present work with some approximation 

by using a plot digitizer. Therefore we expect that some discrepancies may arise in the CFD results.

[Figure 1 about here.]

[Table 1 about here.]

Going further, a modification of the baseline bypass duct has been introduced in order to modulate the  

secondary mass flow. A portion of the constant duct is replaced by a converging-diverging channel by 
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introducing a contraction ratio as depicted in Figure 2. The generic point (x,y) on the modified lower wall 

contour of the bypass channel is expressed as

x (ξ )=(1− ξ ) xa+ξxb     0<ξ<1      

(1)

y (ξ )= ya+0 .5 ( hc − ht ) [1−cos (2 πξ ) ]

[Figure 2 about here.]

Where ξ is a normalized axial coordinate with [x(0),y(0)]=[xa,ya] and [x(1),y(1)]=[xb,yb]. The parameters 

hc and ht are the channel and throat height, respectively.

The value of the height hc is fixed, whereas ht may vary in order to obtain different area contraction ratios 

AR = ht/hc. Some bypass wall shapes obtained for different values of the parameter AR are presented in  

Figure 3.

[Figure 3 about here.]

In a wide sense,  the  contraction parameter  AR represents the amount  of opening of a generic  valve  

regulating the bypass flow, with AR = 0 and AR= 1 being the fully-closed and fully-open statuses,  

respectively. To illustration of the effect of the AR on the nozzle internal flow behavior, the numerical  

schlieren of the steady flow field at NPR=3 and AR=0.4 has been shown in Figure 4. 

[Figure 4 about here.]

3. BDTN Performance Parameters

Thrust-vectoring performance of fluidic vectored nozzle are measured and compared by means specific  

parameters [1]. These parameters were defined initially by thinking the secondary injection as provided  

by an external source of bleeding air. In the present case, the secondary flow is extracted from the main 

nozzle itself by means of the bypass channel. As a consequence, some initial assumptions on what the 

costs will be and about the concept of primary and secondary flow must be reconsidered. Therefore, we 

resume the modified typical performance parameters of fluidic thrust vectoring for the BDTN technology.

Thrust vectoring techniques are evaluated with some common parameters such as the nozzle discharge  

coefficient Cd, system resultant thrust ratio Cf, thrust vector angle δ and thrust vectoring efficiency η [2].

Assuming the primary mass flow  wp as the mass flow entering the main nozzle,  wp is then split at the 

bypass inlet station into two parts, namely ws and wn. The fraction of ws, represent the mass flow which 

passes inside the bypass  channel,  and it  is  also known as  'secondary'  mass flow.  The fraction of  wn 

remains inside the main nozzle.
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At the bypass exit  section,  near the first  throat  of  the main nozzle,  the  two contributions are mixed 

together. Therefore we have again

w p=wn+w s           (2)

We may also introduce the bypass ratio as

BPR=
w s

wn

           (3)

The nozzle discharge coefficient  Cd is the ratio of the actual nozzle outlet mass flow to the ideal mass 

flow. In the BDTN case, this coefficient is determined by   

Cd=
wn+w s

wip

=
w p

wip

           (4)

The ideal mass flow rate wip is composed by two contributions as wip = win + wis.

These contributions are computed according to the one-dimensional isentropic flow theory as 

w in=
P0 A t

√RT0
√γ ( 2

γ+1 )
γ+1
2 (γ −1)            

(5)

w is=
P0 A t,s

√RT0
√γ ( 2

γ+1 )
γ+1
2( γ − 1)

As usual, the parameter of γ is the specific heat ratio and R is the gas constant. The parameter of At is the 

nozzle throat area of R. Gu et al. [20] experimentally tested geometry and  At,s is the throat area of the 

bypass duct.  The discharge coefficient has been defined by dividing the actual mass flow rate to the ideal 

mass flow rate which can be passed from the experimentally tested geometry. 

In a similar fashion, a bypass discharge coefficient Cdb can be introduced as

Cdb=
w s

wis

           (6)

Which is a measure of the actual mass flow evolving in the bypass duct with respect to the ideal one wis. 

The wis, can be computed exactly. The throat area of the bypass duct and the total conditions P0 and T0 of 

the bypass entry are known. In a lower order model  of the bypass device,  the parameter  Cdb can be 

interpreted as the correction factor required for deriving a reliable estimation of the actual mass flow from 

the analytical isentropic solution. 

The nozzle we are dealing with is very uncommon and the classical findings for standard nozzle are more  

difficult to be applied.  For this reason some parameters have sense and can be analytically computed 
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under some assumptions or flow regime only. For win, the only assumption we can made is Amin=At (and this 

has been done also by the experimentalists who tested the nozzle) and to consider the choked case only. It did  

not make sense for  wis a different definition,  so that  Cdb has been normalized with respect to  the choked 

condition too. Without loss of generality, by using Cdb, the working conditions of the bypass duct have been 

modelled with details both in the choked and un-chocked case and an analytical model have been formulated in 

section. For this  reason,  we computed the discharge coefficient  Cdb as  a  function of  the  bypass  duct 

working conditions and contraction ratio AR.

The system resultant thrust ratio Cf is defined as the ratio between the modulus of the thrust obtained and 

the ideal thrust that the primary and secondary mass flow can generate at the same discharge pressure Pe. 

According to the BDTN system, we set

C f =
√ FA 2+FN2

F in+F is

           (7)

Where  FA and  FN represent  the  axial  and  normal  force  components,  respectively.  The  ideal  thrust  

contributions are computed as

F in=w n √ 2 γRT0
γ −1 [1−(

Pe

P0
)

γ −1
γ ]           

(8)

F is=w s √ 2 γRT0
γ −1 [1−(

Pe

P0
)

γ −1
γ ]

The thrust deflection angle is then

δ= tan−1(
FN

F A
) (9)

Finally, remembering that the conventional cost of the FTV is the percentage of secondary air mass flow 

spent in actively controlling the flow instead of producing thrust, we introduce the mass flow ratio MFR 

as

MFR=
w s

wn+w s

=
w s

wp

=
BPR
BPR+1

(10)

The thrust-vectoring efficiency is then deduced

η=
δ

100MFR
=

δ (BPR+1 )

100 (BPR )

(11)

Where δ is conventionally measured in degrees.
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4. Numerical Method

4.1. Flow Governing Equations

The fluid flow is governed by the compressible Reynolds Averaged Navier-Stokes equations (RANS) 

coupled to the RNG  k-𝛆 turbulence model.  The simulations have been carried out by using the CFD 

package Ansys Fluent  R19.2,  which is based on a finite-volume discretization of the flow governing 

equations.

Several numerical  investigations about nozzle flows have pointed out  that turbulence modeling has a 

strong impact in the correct capture of the shock-boundary layer interactions [12, 24, 26]. In particular,  

the use of wall-functions can lead to an incorrect prediction of the unsteady separation points. The full  

resolution of the boundary layers, without using wall-functions, even with a simpler one-equation model  

of turbulence must be preferred. Anyway, in many simulations of the dual-throat nozzle [2, 20, 23, 27 and 

28] the RNG k-𝛆 turbulence model with standard wall functions has been adopted. The obtained results 

were in good agreement with the related experimental data. Therefore, we adopted the same approach to  

turbulence modeling and checked some of the solutions by using the Spalart-Allmaras turbulence model 

without wall functions [12].

Briefly, the system of the governing equations can be described as follows

∂ ρ
∂t

+
∂

∂ x i
( ρui )=0 (12)

∂
∂ t

( ρui )+
∂

∂ x j
( ρuiu j )=

− ∂ p
∂ x i

+
∂

∂ x j [ μ(
∂ ui

∂ x j

+
∂ u j

∂ x i

−
2
3

δ ij
∂ uk

∂ xk
)]+ ∂

∂ x j
(− ρui

' u j
'
) (13)

∂
∂ t

( ρE )+
∂

∂ x i
[ui ( ρE+p ) ]=

∂
∂ x j [(k+

C p μt

Prt
)+ui (− ρui

' u j
'
) ] (14)

Which express mass, momentum and energy balance, respectively. As usual, ρ is density, p is pressure, µ 

is viscosity. Terms as u denote mean quantities, whereas u´ is a fluctuating quantity. The terms (− ρ ´úi ú j ) 

are the Reynolds stress tensor. This set of equations require a turbulence closure model, i.e. the RNG k-𝛆 
model [29] in our case.

The transport equations of the above mentioned model are

∂
∂ t

( ρk )+
∂

∂ x i
( ρku i )=

∂
∂ xi

(α k μ
∂ k
∂ x j

)+Gk+Gb −ρε−Υ M +Sk (15)

And

∂
∂ t

(ρε )+
∂

∂ x i
(ρεu i )=

∂
∂ xi

(α ε μ
∂ ε
∂ x j

)+C1e
ε
k

( Gk+C3 ε Gb ) −C2 ε ρ
ε2

k
− R ε+Sε (16)
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Where Gk and Gb represent the generation of turbulence kinetic energy due to the mean velocity gradients  

and to buoyancy, respectively. YM is the contribution of the fluctuating dilatation to the overall dissipation 

rate. The quantities αk and α𝛆 are the inverse effective Prandtl numbers for k and 𝛆, respectively. Sk and S𝛆 
are user-defined source terms. Turbulent viscosity is defined as

μt=ρC μ
k 2

ε
(17)

With Cµ = 0.0845.

4.2. Boundary conditions

The adopted boundary conditions are dependent on the solver, but in all cases they are an expression of  

the hyperbolic system of the compressible RANS equations [30]. The adopted boundary conditions are 

resumed in Figure 5 at each edge of the computational domain.

[Figure 5 about here.]

 Briefly, from the general numerical treatment of the boundary conditions for hyperbolic systems, the 

total temperature, total pressure and the flow direction are imposed at the nozzle inlet. The nozzle flow is 

discharging in an ambient with calm air. For this condition, an adequate choice is the enforcement of the  

ambient static pressure at the domain outlet, if the flow is subsonic, whereas no boundary conditions are 

needed if the flow is supersonic. In latter case, the flow state at boundary is extrapolated from the domain 

interior.  Another  suitable,  and  more  stable  choice  is  the  enforcement  of  a  non-reflecting  boundary  

condition. Following ANSYS Fluent nomenclature, the Pressure Outlet is set to the downstream boundary 

condition, whereas the boundaries which discharge to ambient region are simulated by using the Pressure  

Far-filed condition, as shown in Figure 5. The ambient pressure level is selected according to the nozzle  

pressure  ratios  of  the  testing  conditions  in  Ref.  [20].  Finally,  the  walls  are  considered  as  adiabatic,  

coupled to a no-slip condition for the velocity.

4.3. Grid Sensitivity Study

The independence of the computed flow-fields from the grid size has been checked by comparing the  

obtained solutions using different meshes. Three different grids have been generated: a coarse mesh (grid  

A) with a core block mesh of 160×60 quadrilateral cells; a medium mesh (grid B) with 240×120 core  

block and a finer mesh (grid C) with 360×180 core block, with total number of about 25,000 , 50,000 and 

100,000 cells, respectively. The computational mesh B with finer details near the nozzle throat is shown 
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in Figure 6. Grid stretching has been introduced in order to reach a minimum y + = 5 along the nozzle to 

meet the requirements of the RNG k-𝛆 turbulence model and standard wall function.

[Figure 6 about here.]

In order to obtain independent domain, the downstream of the nozzle exit was extended by 40 times the 

outlet height along x-direction and 16 times along the y-direction.

Figure 7 shows the predicted pressure distributions at NPR=3 on the top and bottom walls of the nozzle  

(starting  from the  first  throat  section)  by  using  the  three  different  grids.  It  can  be  seen  that  a  grid  

independent  solution is  obtained by Grid B that  has been therefore selected as reference grid in  the  

computations of the nozzle performances throughout the work. Different values of the contraction ratio  

AR modify the grid locally, in the bypass duct.

[Figure 7 about here.]

4.4. Numerical Validation

Alongside the grid sensitivity study, the computational results of the original BDTN configuration have 

been compared with the numerical and experimental data available in Gu et al. [20]. This configuration 

corresponds to our case with AR=1.

The pressure distributions on the upper and lower wall of the nozzle at NPR=3 are shown in Figure 8. The 

agreement between present numerical results and results of Ref. [20] is very good. The main differences  

rely on the shock position in the bottom wall. In other parts of the nozzle, present numerical simulation  

are even closer than [20] to the experimental data [20]. With the aim of checking if the mismatch is  

related to the discretization schemes, we computed the solution by using two different solver available in 

Ansys Fluent for compressible flow, namely solver A and solver B. The first is a pressure-based solver 

with energy coupling [31], whereas the latter is a density based solver.

[Figure 8 about here.]

The RNG k-𝛆 turbulence model has been used in both cases, as mentioned in previous sections. The two 

solutions, plotted in Figure 8, are almost identical.

The experimental data does not give any further insight, since they are matched more or less with the 

same accuracy  by  all  three  numerical  solutions.  Moreover,  the  use  of  other  turbulence  models,  e.g. 

Spalart-Allmaras one equation model,  did not  improve the solution. We concluded that  this behavior  
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depends on a possible mismatch between the geometry we deduced by using a plot digitizer from the  

original Ref. [20] in the first throat region.

A  second  analysis  has  been  carried  out  by  comparing  the  nozzle  performances  at  different  NPRs  

computed by present method with the results in [20]. The plots for the thrust angle δ and system resultant 

thrust ratio Cf are shown in Figure 9.

[Figure 9 about here.]

The results  show that  the present work predictions underestimate  δ and  Cf of about  3.7% and 2.2%, 

respectively. But the value of these differences is the same and is in the reasonable range.  By increasing 

the nozzle pressure ratio from NPR=3 to NPR=5 the maximum thrust angle reduces from δ= 27o to 21o.

5. Secondary Mass Flow Modulation

In  this  section  the  effects  of  the  secondary  mass  flow  modulation  on  the  BDTN  performance  are  

discussed. The mass flow modulation is obtained here by modifying the area distribution of a portion only 

of  the  bypass  duct.  The  effects  of  the  secondary  mass  flow  on  the  thrust  vectoring  performance  

parameters of dual throat nozzles have been addressed in many experimental and numerical investigations 

[2, 27]. Also experimental data about the nozzle dynamics for the BDTN configuration are available [21]. 

The mass flow modulation has been obtained by changing the bypass channel height hc for axisymmetric 

BDTN geometry [22]. In the present approach, we control the bypass mass flow rate by a local variation 

of the bypass geometry by using a contraction duct with minimal height ht. Therefore, the main purpose 

of this study is to determine the relationship between the bleeding mass flow rate and the bypass outlet 

condition by using the prescribed area contraction ratio AR.

5.1. About the coupling of main nozzle and bypass duct

Focusing on the dynamics of the system as a whole, we need to understand how the main nozzle and the  

bypass duct interact with each other. The main nozzle is a converging-diverging-converging nozzle where  

the  flow  is  accelerated  up  to  supersonic  conditions.  The  flow  reaches  the  sonic  conditions  in  the  

neighborhood of the first throat, which is also the region where the bypass outlet is located. Basically, the 

flow path inside the main nozzle is very similar to the pure dual-throat nozzle [2, 27]. Experimental and 

numerical  investigations  have  revealed  that  the  flow field  inside  the  DTN is  dominated  by  the  two 

standing vortices trapped in the upper and lower cavities between the two throats. The unsteady flow field  

is dominated by dynamics of these vortex structures, which is also able to modify the shock pattern and 
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position. At the steady state, the vortex location is triggered by the fixed separations generated by the 

secondary air injection [12, 32].

The BDTN concept  just replaces the external  source of bleeding air  by the bypass flow. Although a  

stronger  coupling between the two components  is  expected,  the  flow perturbations  generated by  the 

bypass flow inside the main nozzle remain qualitatively comparable to that generated by the secondary air 

in the pure DTN case [23].

The involved physical scenario is illustrated in Figure 10, where the flow fields are represented different  

AR values in terms of the Mach number contour maps.

[Figure 10 about here.]

The interaction zone between the bypass duct and the main nozzle can be identified clearly in the region 

of the nozzle first throat. As visible in Figure10, this region remains close to sonic conditions in every  

case. Qualitatively, we can observe that the higher AR leads to the higher the secondary mass flow. This 

fact leads in turn to a higher shift of the sonic line towards the main nozzle outlet when AR is increasing.  

As a consequence, the static pressure at the bypass outlet remains a little bit higher than the critical one  

every time. The higher secondary mass flow (the higher sonic line shift in the main nozzle) leads to the  

higher pressure at the interaction zone between the two devices. At the bypass inlet, instead, the flow 

conditions are very close to that at the main nozzle inlet, if we neglect the effects of the boundary layer  

developing on the upper wall of the main nozzle. 

This assumption is also supported by the distribution of the losses inside the flow field. Contour maps of 

the total pressure loss ∆Po/Po for different area contraction ratios AR of the bypass duct are illustrated in 

Figure 11. This figure also gives useful insights on the regions where the major part of the losses is  

generated.

[Figure 11 about here.]

5.2. Bypass duct performances

Thought  the  general  system dynamics  being  driven  by  the  main  nozzle  flow  field,  as  discussed  in  

previous section, we now analyze the operating conditions of the bypass duct for different contraction 

area ratios AR. The results of working conditions are deduced from the CFD simulation of the complete 

flow field inside and outside the BDTN.  Theoretical  considerations  about  the  bypass  duct  operating 

conditions are based on the isentropic nozzle flow theory.
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As a first step, in order to define the bypass duct working conditions, the area averaged value of the static 

pressure at the bypass outlet has been extracted from the CFD computations. The obtained pressure levels 

for different values of AR and NPR are summarized in Figure 12(a). 

[Figure 12 about here.]

The theoretical value of the pressure level  Pl1  that generates choked conditions at the bypass throat is 

displayed in the same plot. As well known, in a nozzle, for a given AR it is possible to identify two exit  

pressure levels, namely Pl1 and Pl2 that allow for an isentropic solution up to a subsonic and supersonic 

exit  flow,  respectively.  These values  are  computed by imposing isentropic  conditions  and continuity  

ṁe=ṁt between the exit section 'e' and the throat section 't' of the bypass duct. It follows

F ( M e )=
A t

Ae

F (1 )=AR.√γ ( 2
γ+1 )

γ+1
2 (γ −1) (18)

Being also At/Ae = ht/hc and with

F ( M )=
√γ M

(1+ γ −1
2

M 2)
γ+1
2( γ − 1)

(19)

For a given value of AR, by inverting eq. (17) we lead to two solutions Me1 < 1 and Me2 > 1 and then to 

Pl1 and  Pl2 by imposing that  the  total  pressure is  preserved along the duct.  Theoretically,  if  the  exit  

pressure is below Pe < Pl1, the flow inside the duct should become choked. In the real case the pressure 

losses along the bypass duct may modify this condition. Another source of approximation is due to the  

pressure averaging process. The static pressure in the interaction zone between bypass and main nozzle  

varies very rapidly in space, ranging from values as (Pw/Po) = 0.8 to (Pw/Po) = 0.45, as visible in Figure 

8(b), so that an averaged value can become poorly representative of the actual flow conditions. The actual 

cases in which the duct flow is choked have been reported with filled symbols in Figure 12(a). They 

correspond to the lower computed ARs values. Alternatively, the chocked flow condition of the bypass  

could be also deduced from the Mach number iso-contours in Figure 10.

The graphical correlation between the area ratio AR and the secondary mass flow is presented in Figure  

12(b). As usual  the secondary mass flow is expressed as a fraction of the nozzle mass flow, that  is,  

MFR=w s/ (w s+w p ). By changing AR in the range of 0.1-1, the secondary mass flow rises from the 1% 

up to 9%. The behavior is almost linear up to AR = 0.4. In fact close to the choking conditions we have

w s≃ (P0/√RT0 ) F (1 ) A e .AR (20)

By considering that w p≫w s this results also in a linear relationship between MFR and AR.
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In view of  the  development  of  an analytical  model  [33]  for  the  bypass  duct,  it  could be useful  the  

derivation of a parameter similar to the discharge coefficient of the main nozzle. That parameter has been 

defined as  Cdb in eq. (5).  The graphical representation of the parameter is shown in Figure 12(c).  Its 

knowledge allow us to derive an estimation of the actual flow in the bypass duct from the theoretical  

value. Moreover, realistic valve-based systems could be modeled by recalibrating this basic function in 

order to better match actual bypass performances.

5.3. Overall thrust-vectoring performances

Finally,  in this section the overall  performance of the  nozzle  system under  different  thrust-vectoring 

settings is discussed. The diagrams in Figure 13 illustrate the nozzle system performance in terms of the  

usual thrust-vectoring parameters Cd, Cf, δ, η. Although the bypass dual-throat nozzle is a variant of the 

dual-throat nozzle, the operating conditions have different ranges of variation.

[Figure 13 about here.]

For instance, in the present case the MFR varies up to the 9%, which is twice that of the DTN tested at  

NASA LaRC [27] but similar, anyway, to the values of other BDTNs [22].

Unfortunately we are unable to make comparison with experimental data, since data available in literature 

for present configuration refers mainly to wall pressure distribution under the steady state or unsteady  

response. The global performance parameters are not reported [20, 21]. Nevertheless, such parameters are 

a direct expression of the pressure distributions and of the primary/secondary mass flow that we have  

compared already.

As a common behavior of all diagrams in Figure 13 (except the thrust vectoring efficiency  η) a linear 

trend with MFR can be observed for MFR > 3% .The secondary mass flow ratio MFR = 3% is reached at  

AR≅0.2.

As show in Figure 13(a), the discharge coefficient Cd is ranging from 0.91 to 0.98 and it is almost linear 

with MFR. The NPR seems to have a weak influence, since the two curves are very close.

In the same range of MFR, the system resultant thrust ratio Cf is nearly constant. The value is very close 

to that obtained by a DTN at similar conditions and nozzle pressure ratios [27].

A remarkable feature of the BDTN tested, either numerically or experimentally, is reached the high thrust  

angle. We obtained values up to δmax = 20º-30º. Moreover, by comparing the available data [14] at similar 

values of MFR and NPR, the obtained thrust vectoring efficiency η remains in the same range of the DTN 

case, (at about 4-5 degrees/%MFR)
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Alongside the usual parameters for evaluating the nozzle vectoring performance, we present the diagrams 

of the axial FA and normal FN nozzle force components, respectively. These parameters, normalized with 

the ideal force Fip, are shown in Figure 13 (e and f). These curves are all monotonic and increasing with 

MFR, as shown in Figures 13(e and f). Therefore we can argue that the higher thrust angles are actually  

due to a relative increase of FN rather than caused by a decrease of the axial thrust component FA. 

Finally, note that the diagrams of Figure 13 do not only resume the performance parameters of the system  

under study, but also they may express a self-contained reduced order model of the whole nozzle system.  

Once the value of MFR is deduced from Figure 12(b), all the other information obtains from the plots in 

Figure 13. This approach is supposed to be general enough to still hold when the bypass performance  

parameters MFR(AR) and  Cdb(AR) are replaced by empirical formulations extracted from other valve 

models.
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8. Conclusions

In the present work the controllability of the bypass dual-throat nozzle has been investigated numerically.  

The flow inside the BDTN as well  as the evolution of nozzle jet  flow in the discharge ambient  are  

simulated by CFD. The analysis focused on the interactions between the flow inside the main dual-throat 

nozzle and in the bypass duct. The latter is providing the secondary mass flow injection required for  

fluidic thrust vectoring. A simple mechanism of secondary mass flow modulation has been introduced by 

varying the area distribution in a fixed portion of the bypass duct. The model retains the fundamental  

aspects of fluid dynamic modeling of a valve. The results can be calibrated on experimental data of a 

specific valve configuration.

The study of the interaction between the bypass duct and the main nozzle has been divided into two parts. 

First the effect of the bypass area contraction ratio AR was studied on the flow rate ws and on the losses. 

The operating conditions of the bypass duct  were also highlighted in relation with the upstream and 
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downstream averaged pressures.  The  latter  is  however  a  result  of  the  mutual  interaction  of  the  two 

devices.

In the second stage, the effect of secondary mass flow on the thrust vectoring performance of the BDTN  

was analyzed for different bypass settings and nozzle pressure ratios. A discharge coefficient Cdb for the 

bypass duct has been introduced in order to correlate the ideal and the effective mass flow rates in the 

bypass duct. This parameter should be useful in the modeling a control system embedded in the bypass  

duct, as well as in the derivation of models of bypass blowing based on user defined boundary conditions  

or analytical models.

Nomenclature

AR Area contraction ratio of the bypass duct, ht/hc

At Throat area of primary nozzle
At,s Throat area of bypass duct
BPR bypass ratio, ws/wn

Cd Nozzle discharge coefficient
Cdb Bypass discharge coefficient
Cf System resultant thrust ratio
FA Axial force
Fi Ideal force
FN Normal force
hc Bypass channel height
ht Bypass channel throat height
MFR Mass Flow Ratio, ws/wp

NPR Nozzle Pressure Ratio,
wi Ideal mass flow
wn Nozzle internal mass flow
wp Primary mass flow
ws Secondary mass flow
δ Thrust vector angle, tan-1(FN/FA)
η Thrust vectoring efficiency
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Figure 1. Bypass Dual Throat Nozzle geometry and parameters 
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Figure 2. Geometric parameters of the bypass passage contraction 
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Figure 3. Bypass contour for different values of the area contraction ratio AR 
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Figure 4. Numerical schlieren of the steady flow field (NPR=3, AR=0.4) 
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Figure 5. Sketch of the boundary conditions imposed on the computational domain 
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Figure 6. Sketch of the computational grid B with details of the main nozzle and the bypass duct with area 
contraction 
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Figure 7. Computed pressure distributions along the nozzle walls on different grids 
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Figure 8. Pressure distribution along the nozzle walls. Comparison between numerical results and 
experimental measurements 
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Figure 9. Predicted results of thrust angle δ and system resultant thrust ratio Cf versus nozzle pressure ratio 
NPR 
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Figure 10. Iso-Mach contour maps of the nozzle flow field for different area contraction ratios AR of the 
bypass duct 
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Figure 11. Contour maps of the total pressure loss ΔPo/Po for different area contraction ratios AR of the 
bypass duct. Field values outside the nozzle must be excluded (regions in red) 
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Figure 12. Averaged static pressure at bypass outlet, mas flow ratio MFR and bypass discharge coefficient 
Cdb as a function of the area contraction ratio. Green symbols refer to choked bypass conditions 
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Figure 13. Thrust-vectoring performance parameters as a function of the secondary mass flow ratio %MFR 
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Table 1. Bypass dual-throat nozzle dimensions

Parameter Value

Nozzle throat height Ht 20 mm

Nozzle outlet height He 1.2Ht

Length of the cavity 3.34Ht

Bypass Channel height hc 0.185Ht

Angle θ1 30º

Angle θ2 14.8º

Angle θ3 50º

Angle θ4 44.8º
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