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The overexpanded flow regime in supersonic rocket engine nozzles
presents different shock wave structures due to the geometrical
configurations of the internal walls. In the present investigation, the study
of the shock train phenomenon is addressed for a group of convergent-
divergent conical nozzles with straight-cut throats for the overexpanded
flow condition for NPR=12. The viscous and compressible flow field under
stationary conditions is simulated with the RANS model in the ANSYS-
Fluent R16.2 code, which applies the finite volume method (FVM) to
discretize the computational domain. The Spalart-Allmaras turbulence
model is used, and Sutherland's law is used for the viscosity as a function
of temperature. The results show that, in the straight-cut throat section, as
its length increases, the flow accelerates and decelerates with the presence
of oblique shocks, which forms a definite shock train structure, where the
flow velocity fluctuations are within the estimated Mach number range of
0.6 to 1.8. Increasing the throat length significantly affects the flow
development at the nozzle outlet, which decreases the thrust force.
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1. INTRODUCTION

The viscous and compressible flow field regime at super—
sonic velocity is recurrently studied in diffusers, ejectors,
shock tubes, ducts, scramjet, and ramjet [-3], as well as in
supersonic nozzles with different geometries applied to the
acrospace area [3,4]. The geometries of the internal walls
of such devices condition the flow transit so that in dif—
ferent regions of the flow, there are variations in velocity,
pressure, and temperature, among other thermodynamic
parameters.

In the compressible flow regime in straight or slightly
diverging duct sections, the propagation of oblique waves
has a trajectory based on the inlet and outlet pressure, and
the whole wave propagation is called a shock train [1,5,6].

On the other hand, the compressible flow regime in
convergent-divergent supersonic nozzles, such as
planar, bell, parabolic, or other divergent geometries,
depending on the nozzle inlet pressure and outlet pre—
ssure conditions, the flow condition can be overex—
panded, equalized or under expanded [3,7].

In the case of overexpanded flow, the shock wave
conditions occur at divergence or downstream after
nozzle exit. The thrust force is conditioned by the deve—
lopment of the flow regime leaving the nozzle [3,7].

The normal, oblique, and reflected shock waves inte—
ract with the turbulent boundary layer in the flow regions
adjacent to the walls, which causes instability in the
position of the normal shock front. In the region of the flow
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with a shock wave, before the shock, the velocity is
supersonic, and after the shock, the velocity is subsonic,
and the pressure and temperature gradients undergo abrupt
jumps in that region of the shock. In turbulent flow, the
effect of friction and wall temperature, vortices, restricted
shock separation (RSS), and free shock separation (FSS)
are present [8-12]. Flow fluctuations in the presence of
shock waves cause variations of lateral pressure loads on
the walls [9,11,13]. The Mach disk at the nozzle outlet is
affected by radial pressure gradients [14], and in the plume,
triple shock wave configurations are present [15]. Prandtl-
Meyer expansion waves are also present at the wall edge at
the nozzle exit [7,8].

Within the extension of the group of conventional
supersonic nozzles are the conical nozzles with straight-
cut throats, which have applications in solid fuel rocket
engines, either sounding rockets or amateur category
rockets [16]. The rocket engine is a single body com—
posed of a combustion chamber and a nozzle, and its
dimensions vary depending on the power required to
generate rocket thrust. It should be noted that the throat
section of the nozzle is a straight tube section of pa—
rameterized length L,/D,, where L, is its length, and D,
is its diameter. For reference, some rocket engines re—
ported by Rogers [16] that have employed conical
nozzles with straight-cut throat are mentioned, such as
the TU-223 Mace Booster of length 3.27 m and conical
nozzle with L,/D, = 0.303; the TE-M-416 Tomahawk of
length 5.10 m and conical nozzle with L,/D, = 0.5., and
the TE-M-388 Iroquois of length 2.65 m and conical
nozzle with L/D, = 0.952.

Also mentioned is the solid fuel engine sounding
rockets manufactured by the University of Los Andes
(ULA) of Venezuela, within the framework of activities
carried out by the Rectoral Commission of the Space
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Sciences Program and the Center for Atmospheric and
Space Research (CIAE-ULA) [17]. The rocket engines
use conical nozzles with straight-cut throats, which have
undergone performance testing. The rockets have also
undergone continuous improvements in flight perfor—
mance, thrust, and parabolic-typeballistic trajectory. The
solid fuel used in the engines combines potassium
nitrate as an oxidizer (65% mass) and sucrose as fuel
(35% mass). Fig. 1 shows a group of supersonic nozzles
from the ULA series of sounding rockets [17].

Figure 1. Sounding rockets of the ULA series [17] using
conical nozzles with straight-cut throats.

Figure 2(a) illustrates a basic schematic of the struc—
ture of the shock train in the straight-cut throat of a
convergent-divergent nozzle, where the shock train is
composed of oblique, reflected, and Mach disk shocks.
Fig. 2(b) illustrates a schematic of the normal shock
front (Mach disk) and the oblique and reflected shock
waves occurring in the divergent section for the over—
expanded flow condition.

Figure 3 illustrates images of shock wave structures
captured with the Schlieren technique during laboratory
experiments. Fig.3 (a) shows a configuration of the
shock train in a duct with parallel walls reported by
Geerts and Yu [18], where the oblique shocks form a
sequence of diamonds. Fig. 3(b) shows the shock train
in a divergent duct reported by Weiss et al. [19]; as the
wave propagates, its intensity decreases downstream.
Likewise, in double divergent nozzles [20], for very
narrow divergent angles, wave propagation is present.
Fig.3(c) illustrates the structure of the shock in the
divergent of a planar nozzle reported by Hunter [13] for
the overexpanded flow condition, in which the oblique,
reflected, and normal shock front caused by flow
braking is observed.

Different authors have addressed experimental studies
on parallel-walled ducts. In them, the pressures in the
flow region adjacent to the duct walls present instabilities
that are caused by the shock train, and the intensity of the
flow fluctuation decreases downstream with pressure
increases [1,5,18,21]. According to the case of self-
excited oscillation and forced oscillation, the asymmetric
characteristics of the first shock wave are negatively
correlated with the shock velocity [22, ,23]. The wall
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temperature also influences the pressure distribution in
the shock train [24]. In the case of a diverging duct with a
normal suction slot, when the flow passes through the
diverging duct, the pressure gradient across the primary
shock affects the boundary layer of the flow region
adjacent to the wall across the suction slot [19].
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Figure 2. Basic schematic illustrating the structure of the

flow regime behavior in a throat length nozzle. (a) Throat
length section. (b) Divergent section.

,\‘/5‘? ',

Figure 3. Shock waveform structures captured with the
Schlieren technique (a) Shock train in a parallel-walled duct
[17] (b) Shock train in a diverging duct [18] (c) Shock waves
in the divergence of a planar nozzle [13].

Regarding convergent-divergent nozzles with
straight-cut throats, flow behavior studies have been
reported applying CFD computational tools [25,25].

For flow in planar nozzles with straight-cut throat
and for the half angle of the divergent a = 11.01°,
Tolentino et al. [27] reported a shock train. The study
was approached for progressive increments of the
straight-cut throat up to L/h, = 1.5, where L, is the
straight-cut throat length, and #, is the throat height. The
flow exhibited velocity fluctuations in the estimated
range of Mach 1 to Mach 1.2.

While, for flow in conical nozzles with straight-cut
throat and a = 10°, Tolentino and Mirez [28] reported
for throat length increments up to L,/D, = 2 velocity
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fluctuations in the estimated range from Mach 0.65 to
Mach 1.74. It is worth noting that when comparing the
flow behavior of the throat section between a conical
nozzle and a planar nozzle, which has been presented
above, the conical nozzle presents greater flow fluctu—
ation. Other studies performed applying CFD for flow
simulation in conical nozzles with straight-cut throat
L/Dy = 1 [29-31] have reported that velocity fluctu—
ations with the presence of oblique shocks are present in
the throat section.

The analysis of the flow behavior in a straight-cut
throat nozzle has two sections to take into account: the
throat section and the divergent section. The throat length
conditions the flow behavior in the divergent for the over—
expanded flow condition. Therefore, based on the research
reports mentioned above, the research on the flow behavior
in conical nozzles with straight-cut throats has been moti—
vated to continue.

In the present work, the object of study is to analyze
the compressible flow behavior for different throat
section lengths of a group of convergent-divergent
conical nozzles and to determine the effect that throat
length has on the flow development in the throat section
and at the nozzle outlet. The flow is simulated in
computational domains by applying CFD, for which the
ANSYS-Fluent R16.2 code is used to achieve the
proposed objective. Section 3 presents the results and
discussions. Section 4 presents the conclusions.

2. MATERIALS VAND METHODS
2.1 Computational domain and meshing

The geometry of the conical nozzle with straight-cut
throat, L,/D,, considered for the study of viscous and
compressible flow is illustrated in Fig. 4(a), as well as
the boundary conditions applied to the computational
domain are indicated there. Fig. 4(b) illustrates the
meshed computational domain, as well as details of the
meshing of the throat section (Fig. 4(c) and 4(d)).

The conical nozzle is designed for isentropic flow for
air parameters k = 1.4, for Mach 3.33 and area ratio 4,/4*
= 5.811, where 4, is the area at the nozzle exit and 4* is
the throat area. As well as, the half angle of the divergent
o = 10° was taken into account, which is within the
classification of off-design supersonic nozzles, a < 12°.

For the flow field simulations, the throat diameter D,
= 0.02 m was taken into account for five cases of throat
lengths: Ly/D, = 0.05, Ly/Dg = 0.15, Lo/D, = 0.45, Ly/D,
=1, and Ly/D, = 2. The length of the convergent is Lc =
1.5 Dy, and of the divergent is L. = 4D,. The half angle
of the convergent is § = 30° and of the divergent is o =
10°. The longitudinal dimensions of the nozzle section
are presented in Table 1.

Table 1. Longitudinal dimensions of the conical nozzle
geometry with throat length

Nozzle cross-section range: position x/D,
L,/D, Convergent | Straight-cutthroat | Divergent
0.05 0-1.5 1.5-1.55 1.55-5.55
0.15 0-1.5 1.5-1.65 1.65-5.65
0.45 0-1.5 1.5-1.95 1.95-5.95
1 0-1.5 1.5-25 25-6.5
2 0-1.5 1.5-35 35-75
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Figure 4. Basic schematic of the geometry of the
convergent-divergent conical nozzle with straight-cut
throat. (a) Computational domain, in which the boundary
conditions are indicated. (b) the Meshed domain of the
nozzle and a region of the atmosphere, for a total of 30813
elements. (c) Meshed detail of straight-cut throat section.

From the total computational domain, a section of
the combustion chamber domain was taken into account
to direct the flow at the inlet of the convergent section,
with a length of 0.25D,. For the flow to the atmosphere
discharge, a domain section with a horizontal length of
8D, and a vertical length of 1.955D, was taken into
account, respectively.

The computational domain of the conical nozzle was
considered in 2D because of its symmetry with respect
to the x-axis. The boundary conditions (Fig. 4(a))
applied to the nozzle inslet are stagnation pressure p, =
1200 kPa and stagnation temperature 7 = 1620 K, and
for the ambient region of the atmosphere are pressure p
= 100 kPa and temperature 7 = 300 K. For which we
have a nozzle pressure ratio NPR = 12, where NPR =
pop-

The flow velocity is zero in the adiabatic wall due to
the no-slip condition. In axial symmetry, the flow
velocity in the radial direction is zero. The gravity effect
of the flow discharge in the atmosphere was not taken
into account, so there is no convective effect due to the
density difference due to temperature variations since
the computational domain is 2D with axial symmetry.

The domain meshing was performed in the ANSYS-
Meshing Platform, using ICEM-CFD interaction to
discretize the domain. The meshed domain with 30813
elements for L,/D, = 0.05 is illustrated in Fig.4(b), and
an enlarged detail of the throat section is shown in
Fig.4(c), where the mesh of the throat length section has
500 elements. Also shown for the throat section
meshing is the detail for L,/D, = 2 in Fig.4(d), which
has 20000 elements. It should be noted the meshing for
other throat sections, for the cases Ly/D, = 0.15 (1500
elements), L,/D, = 0.45 (4500 elements), and Ly/D, = 1
(10000 elements) is not presented in Fig.4.
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2.2 Governing equations

For the simulation of the compressible viscous flow
field, Reynolds-Averaged Navier-Stokes (RANS) equa—
tions were used for steady-state conditions. The
computational simulation code used was ANSY S-Fluent
R16.2, which applies the finite volume method (FVM)
[25,26,32].

Equation (1) of the conservation of mass, equation
(2) of momentum in a fluid, equation (3) of energy, and
equation (4) of state of the ideal gas [25,26,32]. These
equations, without considering the time variable, in the
compact form are expressed as:

V-(pu;)=0 1)
where p is the density, and u is the flow velocity.

p=pRT " (2)

where, p is the pressure, 7 is the stress tensor, and

—pu;'u j’ is the Reynolds stress.

V(i (PE +p)) = V-(kyy VT +(Zpu;)) 3)

where, E is the total energy, k. is the effective thermal
conductivity, T is the temperature, and ?eff is the effec—

tive stress tensor.
p=pRT 4)

where R is the gas constant.

For turbulence modeling of the compressible flow,
the Spalart-Allmaras turbulence model [33] was used,
and for flow viscosity as a function of temperature,
Suhterland's law equation [34] was used.

For compressible flow, the Mach number, M, is
classified in the following ranges: (a) subsonic flow 0.3
< M < 0.8; transonic flow 0.8 < M < 1.2; supersonic
flow 1.2 < M < 5; hypersonic flow M > 5 [7]. For
incompressible flow consideration, we have M <0.3.

The flow in the nozzle is considered as an ideal gas,
as an approximate behavior to air, the flow parameters
being as follows: specific heat ratio & = 1.4, specific
heat at constant pressure C, = 1006.43 J/(kg-K), thermal
conductivity k; = 0.042 W/(m'K), and gas constant R =
287 J/(kg'K) [31].

2.3 Computational solution method

Different options were considered for the computational
solution method in the ANSYS-Fluent R16.2 code. Flow
type: density-based. Time: steady. 2D space: axisym-—
metric. Formulation: implicit. Flux type: Roe-FDS. Gradi—
ent: Least squares cell based. Flow: second-order upwind.
Modified turbulent viscosity: second-order upwind. Initi—
alization methods: hybrid. For the control of the residual
monitor, 1x10° was taken into account for continuity,
speed, and energy. The simulations were in the range of a
number of iterations: 26,000 to 87,000.

The computer equipment used has the following
characteristics: Dell CPU, model Optiplex 7010, i5 3470,
four processors of 3.2 GHz, and 8 Gb of RAM.
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2.4 Numerical convergence analysis

For the numerical convergence analysis, three meshes of
the computational domain were performed for the
conical nozzle with straight-cut throat L,/D, = 0.05,
being refined the mesh for the regions adjacent to the
walls of the nozzle due to the presence of shear forces in
the flow development. Being for mesh 1 with 30809
elements, mesh 2 with 31110 elements, and mesh 3 with
32121 elements. The flow was simulated for NPR = 12
with the Spalart-Allmaras turbulence model [33].

The results of y* in shear stress value for the three
cases of 2D computational domain meshing are illus—
trated in Fig.5, which shows two peaks, a first peak at
position x/D, = 1.5 for y" < 19; the other peak occurs at
the exit of the nozzle, at position x/D, = 5.55 fory" < 23.

The three y' curves are overlapping, which shows
that for further increments of the mesh density, they do
not have a significant contribution; therefore, mesh 1
with 30809 elements (Fig.4(b)) is satisfactory for the
flow field simulation. The results of the numerical si—
mulations of the obtained mass flow of 0.355 kg/s were
also compared with the mass flow for isentropic flow of
0.378 kg/s, which had an absolute error of 0.023.

30 -
— — — Mesh 1: 30809 elements
25 4| ——- Mesh 2: 31110 elements
——— Mesh 3: 32121 elements

20 -

15

Wall, y+

10 A

O T T T T T 1
0 1 2 3 4

Nozzle wall. Position x/Dg

A
(=2

Figure 5. Curve trajectories of y" at the shear stress value
evaluated at the adiabatic wall of the conical nozzle for flow
with NPR =12,

2.5 Validation of the Spalart-Allmaras turbulence
model

The Spalart-Allmaras turbulence model [33] is a one-
equation model that has good answers for adverse
pressure gradients and boundary layer separation, which
was validated with experimental flow pressure data at
the walls of a convergent-divergent planar nozzle from
the work of Hunter [13] for NPR=3.413. Likewise, the
Spalart-Allmaras turbulence model [33] was compared
with the SST & - w turbulence model of Menter [35],
standard & - @ of Wilcox [36], and RSM of Launder et
al. [37], as shown in Fig. 6, where the range of the
convergent is located at 0 < x/x, < 1 and of the divergent
at 1 < x/x; < 2. The best curve fit is presented for the
Spalart-Allmaras S-A turbulence model, where at
position x/x; = 1.717, the lowest pressure drops with an
error of 0.32% are presented. The error is greater than
1.68% for the other three turbulence models.
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Figure 6. Comparison of curve fits of four turbulence
models with experimental pressure data [13] evaluated at
the nozzle wall for flow with NPR = 3.413.

3. RESULTS AND DISCUSSION
3.1 Mach number flow patterns

The simulations of the overexpanded flow field for the
five straight-cut throat study cases Ly/D, = 0.05, Ly/D, =
0.15, Ly/D, = 0.45, Ly/D, = 1, and Ly/D, = 2 are shown in
Fig.7, where the red region presents the Mach number
gradient and the blue region with lower magnitude. In the
divergent, oblique shock waves and flow separation
occur. In the region of the atmosphere, the supersonic jet
is discharged, whereas in the central region, the plume is
formed. Likewise, normal shock waves are present in the
atmosphere adjacent to the nozzle's exit.

00 118 236 346

(©)

Lg/Dg = 0.45

0.0 116 231 340

(®

Lg/Dy=2

= >

0.0 116 232 342

Figure 7. Mach number flow field for five cases of straight-
cut throat increments.
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Figure 8. Mach number patterns evaluated in axial
symmetry correspond to the flow field in Fig.7.

Figure 8 illustrates the behavioral patterns of the
Mach number curve trajectories evaluated in axial sym—
metry in the nozzle section and in the atmosphere re—
gion, corresponding to Fig. 7 of the Mach number field.
As the throat length increases, velocity fluctu—ations are
presented in that section, whereby the flow velocity at
the nozzle exit is affected, where the variations of the
flow velocity with respect to Mach number at the nozzle
exit are presented in Table 2, being the largest values
for L/Dy=0.05 and L,/D, = 0.15.

Likewise, for the flow at the nozzle outlet, evaluated
in the radial direction, the behavior of the Mach number
pattern curves is illustrated in Fig.9, where the central
region (0 < #/R, < 1) presents higher velocity with a step
jump in the estimated range of 2.25 M M < 3.4, where the
separation between curves is due to the effect of throat
length, whereas, for the flow region close to the wall (1 <
/R, < 1.75) the velocity decreases and the effect of throat
length is with less intensity. Likewise, for the flow
velocity adjacent to the wall, the flow velocity is subsonic
less than Mach 0.8 (1.75 <7/R, < 2.410).

Table 2. Mach number values at the nozzle outlet, evaluated
in axial symmetry.

Straight-cut throat Position Mach number
L,/D, x/D, M
0.05 5.55 3.353
0.15 5.65 3.383
0.45 5.95 3.253
4 =
— Ly/Dy = 0.05
35 4 — Lj/nj =0.15
3 — Ly/Dy =045
= — Lg/Dg=1
£ 25 1 —
g 5 |
=
§ 1.5
s
0.5 4
0 T T T T 1
0 0.5 1 1.5 2 2.5

Radial. Position /Ry

Figure 9. Mach number patterns were evaluated in the
radial direction at the nozzle outlet, corresponding to the
flow field in Fig. 7.
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3.1.1 Shock train in the throat section

The formation structure of the shock train in the straight-
cut throat, for L/D, = 0.05, L/D, = 0.15, L/D, = 0.45,
Ly/D, =1 and Ly/D, =2 are shown in Fig.10 in grayscale,
which was evaluated for the density field, and is related
to the throat section evaluated for the Mach number field
shown above in Fig. 7. It is observed that as the length L,
increases, internal shocks composed of oblique and
reflected shocks are generated. Likewise, in the throat
section, the velocity fluctuations evaluated from the
central region and towards the nozzle walls are shown in
Fig. 11, where the flow accelerates and decelerates in
different regions as a consequence of the internal shocks.

For the range of 0.05 < L,/D, < 0.15, there is no flow
disturbance with the presence of a shock train (Fig.
10(a), 11(a), 10(b), and 11(b), whereas for L,/D, = 0.45
(Fig. 10(c) and 11(c)), the oblique shock is present in
the throat section with higher intensity. For Ly/D, = 1
(Fig. 10(d) and 11(d)), oblique and reflected shocks are
present, and a normal shock front is present in the
estimated range of 0.65 <M 1.74.

For Ly/D, = 2 (Fig. 10(e) and 11(e)), the propagation
of the internal shocks increases and decreases in
intensity as they travel toward the throat exit. It is
evident that, in the throat section adjacent to the inlet,
the normal shock front is present, with regions of the

flow at subsonic, transonic, and supersonic velocity,
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while, for the region of the flow near the throat exit, it
reaches transonic velocity.
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Figure 10. Density flow field. Structure of the shock train
formation in the throat section.
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Figure 11. Flow fluctuations at throat section: (a) 1.5 = x/D, < 1.55, (b) 1.5 < x/D, < 1.65, (c) 1.5 < x/Dy < 1.95, (d) 1.5 < x/D, < 2.5,

(e) 1.5 = x/Dy < 3.5. (f) Mach number at throat exit, position x/D,,.
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The Mach number curve trajectories at the throat
exit, in the radial direction, 7/R,, are shown in Fig. 11(f),
where R, is the throat radius. For additional reference,
the curve for L/D, = 0, where the central region of the
flow is close to Mach 0.7, has been included, whereas
the other curves, for L,/D, = 0.05,, are close to Mach
0.8, and for L/D, = 0.15, , close to Mach 1. The flow
region adjacent to the wall is larger than Mach 1 for
these three curves. In contrast, for the other curves in
the central region of the flow, one has that for L,/D, =
0.45,, the velocity is around Mach 1.6, for L,/D, = 1, the
velocity is around Mach 1.2, and for Ly/D, = 2, the
velocity is around Mach 1.

It is evidenced that the conical nozzles with straight-cut
throat Ly/D, = 0.45 Ly/Dy = 1, and Ly/D, = 2, contribute to
increasing flow fluctuations in that section; therefore, the
shock train is present (Fig.10). These velocity fluctuations
originating from the throat section affect the flow at the
nozzle outlet (Fig.9); therefore, the thrust force must also
exhibit variations in magnitude as the throat length
increases from Ly/D, = 0.05, to Ly/D, = 2.

Similar results of flow velocity fluctuations with the
presence of normal shock front in straight-cut throat
section in conical nozzles have been reported for mean
divergent angles a = 9° [30], a = 10° [28], and a = 11°
[29,30], which report that throat length significantly
affects in the development of flow regime in the throat
and divergent section. Flow velocity fluctuations have
also been reported in planar nozzles with straight-cut
throats, where the shock train exhibits transonic velocity
variations in the Mach number range from 1 to 1.2 [27].

The following section presents the analysis of the
effect of increasing the throat length on the flow
development at the nozzle outlet.

3.1.2 Effect of throat length on flow development at
the nozzle outlet

Table 3 presents the average values of the viscous flow
parameters obtained in the radial direction at the nozzle
outlet for the flow with NPR = 12 and mass flow 0.355
kg/s. The plots of the curves for the pressure ratios p; /p.,
velocity vi/v,, temperature 7/7,, Mach number M;/M,, and
thrust force F/F,, for the range of 0.05 < L/D, < 2 are
shown in Fig. 12. It should be noted that subscript e
corresponds to viscous flow, and subscript i for isentropic
flow. In addition, the data for L/D, = 0.05 (Table 3) was
taken into consideration as a standard basis to obtain
dimensionless parameters.

It is observed in Fig. 12 that for 0.05 < L/D, < 0.15
(range 1), the intercept of the curve, there the thrust
force, and velocity have higher magnitude; therefore, it
is an optimum range of throat length for better
performance of the off-design conical nozzle, pointing
out that, in such range, no internal shocks occur for 0.15
< Ly/D, < 0.35 (range 2), the thrust force and velocity
decrease in magnitude. For 0.35 < L/D, < 2 (range 3),
they slightly increase in magnitude but are below the
values with respect to 0.15 < L/D, < 0.35; and for these
two ranges, the velocity fluctuations are due to the
presence of internal shocks.

Table 4 presents the values of standard deviation and
coefficient of variation for ranges 1, 2, and 3 with
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respect to the pressure, velocity, temperature, Mach
number, and thrust force ratios. Where the standard
deviation is below 0.1% and the coefficient of variation
is less than 3%. For 0.05 < L/D, < 0.15 (range 1), the
coefficient of variation less than 1% was obtained.

Table 3: Average values of thermodynamic parameters for

viscous flow evaluated at the nozzle outlet for throat length
Ly/Dg= 0.05.

Parameters Average values
Pressure: p, (Pa) 69956.31
Velocity: v, (m/s) 940.55
Temperature: 7, (K) 625.86
Mach number: M 1.873
Thrust force: F, (N) 279.56
1.12 11
L__: 0.05=L,/D, =0.15 Parameter
(e —— Pi/P.
1.08 _: : —— v/,
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_ b M/ M,
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Throat length, L, /D,

Figure 12. Curve trajectories of pressure, velocity,
temperature, Mach number, and thrust force relationships
for throat length range 0.05 < L /D, < 2.

Table 4: Standard deviation (SD) and coefficient of
variation (CV) values for the thermodynamic flow
parameters evaluated at the nozzle outlet.

| Range 1 | Range 2 | Range 3
Pressure ratio: p/p,

SD 0.01490 0.02525 0.02050

Ccv 1.482% 2.376% 1.951%
Velocity ratio: v/v,

SD 0.00562 0.01383 0.01063
(0\% 0.564% 1.428% 1.0931%
Temperature ratio: 7/7,

SD 0.00942 0.01066 0.00624
CV 0.948% 1.049% 0.609%

Mach number ratio: M/M,
SD 0.00996 0.02179 0.01587
Ccv 0.996% 2.288% 1.665%
Thrust force ratio: F/F,
SD 0.0020 0.00507 0.00339
(0\% 0.200% 0.511% 0.342%

Of the conical nozzles studied, a throat section that
is too long does not contribute significantly to
improving the performance of the nozzle. On the
contrary, Moreover, apart from originating a shock
train, it also adds weight to its physical structure, which
is not desirable. With respect to L,/D, = 0.4, suggested
by Rogers [16], it should be addressed in future work
for conical nozzles with longitudinal dimensions much
larger than those studied in the present work in order to
perform comparative studies of the flow behavior.
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4. CONCLUSIONS

Based on the analyses of the numerical results obtained
for the overexpanded flow condition for NPR = 12 in
conical nozzles with throat length, applying CFD and
simulating the flow turbulence with the ANSYS-Fluent
R16.2 code that applies the FVM to discretize the
computational domain, the following is concluded: The
length of the throat section has a significant effect on
the propagation of oblique waves; therefore, a shock
train structure is configured as the straight-cut throat
increases. The throat length L/D, = 0.15 is an optimal
range since the flow regime in the throat section does
not exhibit flow fluctuations. Thus, the flow accelerates
undisturbed. At the exit of the nozzle, the flow presents
a higher velocity. Therefore, the thrust force is also
higher. Whereas, for L,/D, = 2, the flow is accelerated
and decelerated by the presence of the shock train and
affects more strongly the flow regime in the divergent.
For the range 0.15 < Ly/D, < 2, at the nozzle exit, the
flow velocity decreases, as well as the thrust force.
Therefore, it is evident that a straight-cut throat that is
too long does not contribute significantly to the nozzle
performance.

It should be noted that the numerical results obtained
from the flow field in supersonic nozzles with straight-
cut throats in the present work are related to several
types of errors, such as modeling errors, discretization
errors, iteration errors, programming, and user errors
[26]. Therefore, it is considered pertinent in future work
to perform laboratory experiments for straight-cut throat
conical nozzle geometries for the overexpanded flow
condition in order to correlate the numerical results with
the experimental ones.
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NOMENCLATURE
a Half angle of the divergent
p Half angle of the convergent
D, Throat diameter
L. Convergent length
L, Throat length
Ly Divergent length
L,/D,  Straight-cut throat
M Mach number
Po Stagnation pressure
p Static pressure
R, Throat radius
Ty Stagnation temperature
T Static temperature
y' y-plus, in the shear stress value

HYMEPHUYKA AHAJIN3A YJAPHOI BO3A'Y
KOHYCHHUM MJIABHUIIAMA CA PABHUM
I'PJIOM

C.JL. Tonentuno, X. Mupec, C.A. Kapa6abo

[IpexoMepHO NPOLIMPEHH PEXUM CTpyjamba y Mila3—
HHUIIaMa CYNEPCOHUYHOI PAKETHOT MOTOpPA IPEJICTaBIba
pa3iuuuTe CTPYKTYpe yIapHHX Tajlaca 300r reoMer—
pHjcke KOH(Urypaluje yHyTpalllbuX 31ua0Ba. Y OBOM
UCTpaXXMBamy, NpoyyaBambe (pEeHOMEHa yAapHOT Biaka
je obpaheHo 3a rpymy KOHBEPreHTHO-THBEPTCHTHHX
KOHYCHMX MJIa3HHIIa Ca PaBHMM H3pe3HUMa 3a YCIIOB
npeontepehenor crpyjama 3a NPR=12. Ilosbe Buckos—
HOT W KOMIIPECHOMIHOT CTpyjama y CTallHOHAPHUM
ycrmosuma cumynupano je RANS monemom y ANS3S-
Onyent P16.2 xoxy, Koju mpuMemyje METOl KOHAYHUX
sanpemuHa (FVM) 3a nuckperusanujy pauyHapcKor
nomena. Kopumihen je Cnamapr-AniMapacoB Moped
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TypOynennuje, a CarepieHaoB 3aKoH je KopuiiheH 3a
BUCKO3UTET Kao (yHKIMjy Temmneparype. Pesynraru
NOKa3yjy Ja ce y OZCEeKy Ipja IpaBor Ipeceka, Kako ce
Herosa JyxuHa rnosehasa, IpoToK yOp3aBa U ycriopasa
y3 MPHUCYCTBO KOCHX ynaapa, mto ¢opmupa aedu—
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HUTUBHY CTPYKTYpYy YZapHOI Blaka, rae cy QIyk—
Tyanuje Op3uHe CTpyjama yHyTap MpPOLIEHEHOT OIicera
Maxogor 6poja. ox 0,6 no 1,8. [ToBehame myxuHe rpiaa
3Ha4ajHO yTHYE€ Ha pa3BOj MPOTOKAa Ha U3Jazy
MJIa3HHLIE, YHME CE CMarbyje CHiIa IIOTHCKA.
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