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Abstract Conventional conical nozzles consist of a circular-arc throat profile with
tangentially attached conical section. This configuration leads to formation of a
weak shock as reported in several earlier works. This article presents a method that
eliminates the weak shock by incorporating slight modifications in the throat profile.
The modified throat profile is analysed using method of characteristics (MOC) and
validated by inviscid computational fluid dynamics (CFD) simulation.
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1 Introduction

Conventional conical nozzles have a circular-arc throat section along with tangen-
tially attached conical divergent section. As reported in the literature [1–4], there
is formation of weak oblique shocks originating from the region just downstream
of the junction of circular-arc and conical divergent section and coalescing near the
axis of symmetry. Darwell and Badham [1], Migdal and Kosson [2] have analytically
predicted the formation of weak oblique shocks using MOC and Back and Cuffel [3]
have experimentally verified the same.

Theweak oblique shock formation is due to the fact that at the junction of circular-
arc and conical section the conical section acts as an obstruction to the flowwhich has
been expanded by the circular arc [1–4]. The solution to this problem as outlined in
various earlier works entails incorporation of a MOC determined transition contour
between circular-arc and conical section [1, 2, 5]. This transition contour has an
inflexion point.

In the present work, the oblique shocks are eliminated by introducing a buffer
profile after circular arc. The conical divergent section is attached tangentially to this
buffer profile. Contrary to transition contour, the buffer profile has no inflexion point.
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The novelty of this study is hence the elimination of inflexion points in the design of
shock-free conical nozzles.

2 Mathematical Formulation

For steady, supersonic, inviscid, irrotational and axisymmetric flow, MOC equations
are given as [6]:
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where x and r are axial and radial coordinates, respectively,M is Mach number and
θ is flow inclination angle (see Fig. 1). The Eqs. (1) and (2) hold along right running
characteristic (C-), whereas Eqs. (3) and (4) hold along left running characteristic
(C+). The above four equations are solved numerically for calculating the flow field

Fig. 1 Left (C+) and right (C-) running characteristic lines



Design of Shock-Free Conical Nozzles 29

parametersM and θ at locations given by coordinates x and r. The methodology for
solving these equations is adopted from Ref. [6].

3 Methodology

Asmentioned earlier, the conventional conical nozzles consist of a circular-arc throat
section and a tangentially attached conical section (see Fig. 2). The nozzle wall angle
variation along the length of nozzle (nozzle throat lies at x = 0) is shown in Fig. 3
(orange line). The junction of circular arc and cone can be identified from the figure
as to be the point after which wall angle remains constant. It can be observed that
the wall angle variation through this point is not smooth.

In the proposed shock-free nozzle design, the wall angle variation is smoothened
out (see Fig. 3, blue line), resulting in a buffer profile as shown in Fig. 2. For the case
considered, the cone half angle is chosen to be 21°. The shock-free and conventional
conical nozzle geometries (with cone half angle = 21°) are plotted in Fig. 2. The
buffer profile (blue colour, Fig. 2) increases the wall angle gradually to 21° (see
Fig. 3) so that flow field computation using MOC can be worked out successfully
without leading to merging of characteristics (see Fig. 4). The conical section is then
attached tangentially to this buffer profile. TheMOC computations are initiated after
determining an initial-value line [7] and specifying the nozzle contour.

Fig. 2 Comparison of conventional and shock-free conical nozzle geometries (Note: y* is throat
radius, and axial and radial dimensions are normalized with respect to y*)
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Fig. 3 Plot of wall angle variation along nozzle length for conventional and shock-free configura-
tions

Fig. 4 Characteristic mesh inside shock-free nozzle
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The selection of buffer profile involves trial and error as quite often the charac-
teristics merge (indicating formation of weak oblique shock) making it impossible
for the computation of rest of the flow field. Hence, the buffer profile is chosen in
such a way that there is no coalescence or merging of characteristics so that MOC
computations can be continued successfully.

4 Results and Discussion

The Mach number distribution along nozzle axis as computed using MOC is plotted
in Fig. 5. It is seen that there areminor jumps inMach number at few locations, which
is arising because right running characteristics are coming closer to each other near
the axis. The shock-free conical nozzle is validated using inviscid CFD simulation,
and the Mach number distribution along nozzle axis is also shown in Fig. 5. The
grid independency for CFD simulation was established with 18,200, 72,800 and
291,200 numbers of quadrilateral cells. The boundary conditions at nozzle inlet are
specified by stagnation pressure and stagnation temperature such that the throat is

Fig. 5 Mach number variation along nozzle axis for shock-free and conventional conical nozzle
configurations
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choked whereas nozzle exit uses supersonic outflow boundary condition, nozzle wall
is treated as adiabatic with free slip boundary condition, and nozzle axis is taken as
axisymmetric. The governing equations are Euler equations, and viscosity effects
are neglected. The CFD simulation was done with air exhibiting ideal gas properties
and ratio of specific heats taken as 1.23 so as to validate the MOC computed flow
field (since, γ = 1.23 in MOC Eqs. (1) and (3)).

Furthermore, the conventional and shock-free configurations are examined by
inviscid CFD simulation. The elimination of shock in shock-free conical nozzle is
confirmed through the Mach number plot along the axis of nozzle, where unlike
conventional nozzle, there is no rise and fall in Mach number as observed in Fig. 5.

The Mach number palette for both conventional and shock-free conical nozzles is
shown in Fig. 6, and the absence of weak oblique shock in shock-free conical nozzle
is again verified.

Fig. 6 Mach number palette for conventional and shock-free conical nozzle configurations. Note
the presence/absence of a weak oblique shock in the conventional/shock-free configuration
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5 Conclusions

A shock-free conical nozzle of 21° cone half angle was designed, and inside flow
field was computed byMOC and validated using inviscid CFD simulation. The weak
oblique shock elimination was also confirmed by inviscid CFD simulation. A major
feature in this nozzle is that there is no inflexion point unlike the ones discussed in
earlier works.

Further scope of this study would be to extend the shock-free conical nozzle
design for other values of cone half angle. Moreover, the smoothing procedure of
wall angle, i.e. selection of buffer profile, can be further refined so that trial and error
can be avoided.
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