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Abstract

Numerical studies of the flow field for convergent-
divergent nozzles with throat length, have reported
fluctuations of the flow with oblique shock waves in
the throat section, for the overexpanded flow condi-
tion. However, for other flow conditions, for the same
type of nozzle, knowledge is limited. In the present
work, the objective is to determine the behavior of
the flow in the throat length and in the divergent, for
an experimental conical nozzle classified as Helios-X,
for the underexpanded flow condition. 2D numerical
simulations of the flow field were performed with the
ANSYS-Fluent version 12.1 code, applying the RANS
model. The governing equations for compressible flow,
conservation of mass, momentum, energy, and state
were used; as well as, for turbulence, the Menter SST
k — w model and for the viscosity as a function of
temperature the Sutherland equation.

Resumen

Estudios numéricos del campo de flujo para toberas
convergentes-divergentes con longitud de garganta,
han reportado fluctuaciones del flujo con ondas de
choque oblicuo en la secciéon de la garganta, para
la condicién de flujo sobre-expandido. Sin embargo,
para otras condiciones del flujo, para un mismo tipo
de tobera, el conocimiento es limitado. En el presente
trabajo, el objetivo es determinar el comportamiento
del flujo en la longitud de garganta y en la divergente,
para una tobera cénica experimental clasificada como
Helios-X, para la condicién de flujo sub-expandido. Se
realizaron simulaciones numéricas 2D del campo de
flujo con el c6digo ANSYS-Fluent version 12.1, apli-
cando el modelo RANS. Se emplearon las ecuaciones
gobernantes para el flujo compresible, conservacién
de la masa, cantidad de movimiento, energia y de
estado; asi como, para la turbulencia el modelo SST
k — w de Menter y para la viscosidad en funcién de
la temperatura la ecuacién de Sutherland.
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In the section of the throat adjacent to the wall the
flow exhibited fluctuations; in the axial symmetry
the flow showed a stepped acceleration; in the di-
vergent section the flow slowed in a certain region;
however, the flow exited the nozzle at a supersonic
speed slightly greater than Mach 3. It is concluded
that in the throat length section there is a flow pat-
tern, as well as in the divergent section.

Keywords: Throat, Fluctuation, Under-expanded,
Simulation, Nozzle.

En la seccién de la garganta, adyacente a la pared,
el flujo presenté fluctuaciones, en la simetria axial el
flujo present6 una aceleracién escalonada; en la sec-
cién divergente, el flujo se desacelerd en cierta regién,
sin embargo, el flujo sali6 de la tobera a velocidad
supersoénica ligeramente mayor de Mach 3. Se con-
cluye que en la secciéon de la longitud de garganta se
presenta un patréon de flujo, asi como, en la secciéon
divergente.

Palabras clave: garganta, fluctuacién, subex-

pandido, simulacién, tobera
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1. Introduction

The flow in nozzles in supersonic rocket motors is re-
currently studied for different geometric configurations
of the internal profile of the nozzle walls. The geometry
of the divergent section of the nozzle may be conic,
bell-shaped, parabolic, rectangular, flat, among others.
Taking experimental data in a test bench of the flow
within the nozzle in static conditions has limitations
when the gas flow is well above the ambient tempera-
ture. For this reason, during the experimental test data
are recorded with instruments sensitive to changes in
pressure, temperature, vibration, in the combustion
chamber, at the beginning of the nozzle, in the walls,
and through the capture of images of the flow region
that is discharged to the environment. When the flow
is strangled in the throat and based on the pressure
of the combustion chamber, the flow may be over-
expanded, optimally expanded or underexpanded [1].
It should be pointed out that, for an overexpanded
flow the shock occurs within the nozzle and for an
underexpanded flow the shock occurs outside of it.

The experimental data obtained at the boundary
of the nozzle are used to reproduce the behavior of
the flow field within the nozzle, through the applica-
tion of computational fluid dynamics [2], [3], which
enables quantifying the thermodynamic magnitudes
in a computational domain of the flow field that is not
possible to obtain by experimental means in open field
and labs.

CFD is a computational tool that enables to obtain
approximate solutions of the reality of the physical
phenomenon, if it is appropriately considered the ge-
ometry of the computational domain, the refinement
of the mesh, the turbulence model, setting the errors
during the iteration stage, as well as other variable
control parameters.

For compressible flow there are supported and re-
ported works about the shock waves and the expansion
waves of Prandtl-Meyer [4,5], the capturing of images
of the shock waves by means of the Schlieren tech-
nique [6], the turbulence [7], the limit layer [8,9], as
well as the turbulence models [10].

Experimental studies in static and dynamic con-
ditions for convergent-divergent nozzles with throat
length have been reported with research purposes;
however, the knowledge of the behavior of the flow
regime present within nozzles with throat length is vir-
tually none since it has been scarcely addressed using
computational tools to determine its thermodynamic
magnitudes.

A computational study of the simulation of the
overexpanded flow in a conic nozzle with throat length
and mean angle of 11° in the divergent section, which
belongs to a motor of a sounding rocket for solid fuel,
classified as ULA-1A XP [11], reported numerical re-
sults of the fluctuations of the flow velocity and of the

oblique shocks that occurred in the throat section, in
the range of transonic velocity, as well as the behavior
of the flow fluctuation from the center to the walls
of the throat. It should be noted that this type of
nozzle was previously tested in static and dynamic
conditions by the Group of Atmospheric and Space
Sciences (GCAE, Grupo de Ciencias de la Atmos-
fera y del Espacio) of the Universidad de Los Andes,
Venezuela [12], [13], [14].

Another study conducted for an underexpanded
flow in a conic nozzle with throat length and mean an-
gle of 15° in the divergent section, identified as Helios-X
nozzle [15], which also simulated the flow field, pre-
sented its results according to the Mach number, where
the flow in the throat section exhibited deceleration.
Although they provide fundamental data of the flow
velocity according to the Mach number, it still remains
to analyze with greater detail the flow field for other
thermodynamic parameters. For this reason, it is of in-
terest to continue with the investigation for this type of
nozzle, to determine the behavior of the field of density,
pressure, temperature and velocity, as well as the Mach
number in all the domain, and focusing with greater
interest in the throat section, which might contribute
and enrich the knowledge about the distribution of
gradients of the thermodynamic parameters.

The Helios-X nozzle, designed by Nakka [16], was
tested in a test bench in static and dynamic condi-
tions. Figure 1 shows the record of the test in static
conditions of the nozzle coupled to the Helios-X rocket
motor, the rocket in the launching platform and the
rocket take-off. Multiple experiments conducted by
Nakka of nozzles in rocket motors for amateur solid
fuel, in static and dynamic conditions, may be obtained
in their web site [16].

The present work is intended to continue with the
research for the underexpanded flow in the Helios-X
nozzle, reported in [15], with the purpose of determin-
ing the behavior of the flow in the throat and divergent
sections. In order to achieve the stated objective, the
supersonic flow field was simulated to obtain the field
of pressure, Mach number, velocity, temperature and
density. Results show, in the wall at the inlet of the
throat, a region of the flow which exhibits fluctuation,
and thus in that region the flow accelerates and decel-
erates, in other regions of the same section, the flow
velocity only slows.

Section 2 presents the equations used, the 2D com-
putational domain and the computational solution
method. Section 3 describes the results obtained and
the discussion. Section 4 presents the conclusions of
the analysis conducted.
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Figure 1. (a) Experimental test in static conditions of the
nozzle with throat length coupled to the Helios-X rocket
motor, March 2017. (b) Launch platform of the Z-30 rocket,
with the Helios-X rocket motor installed. (¢) Z-30 rocket
take-off, May 2017 [16]

2. Materials and methods

2.1. Mathematical fundamentals

In the present work, the model of the Reynolds-
averaged Navier-Stokes (RANS) equations are em-
ployed for simulating the flow field of compressible
flow. The governing equations used are: the equation
of conservation of mass (1), momentum (2), conserva-
tion of energy (3), and state (4). In compact form and
for a flow in stationary conditions, they are expressed
as:

V- (pu;) =0 (1)

Where, p is the density and u the velocity.

V- (pusuj) = =Vp+ V(T) + V- (—puiw;)  (2)

Where, p is the pressure; 7 is the tensor of ten-
sions and —pu;u; the Reynolds tensions. It should be
noted that Equation (2) is closed, since it includes the
Reynolds tensions term.

Vo (wi(pE +p)) =V - (kessVT + (Tepr-ui))  (3)

Where E is the total energy, T' the temperature,
keys the effective thermal conductivity, and Te rs the
effective tensor of tensions.

p=pRT (4)

Where, R is the gas constant.

For compressible flow it is taken into account the
ratio of pressures (5) and of temperatures (6) as a
function of the Mach number, which is the dominant
parameter, and are expressed as:

p y—-1 T
0 B 2
D1+ Mm
P < T ) ©)

= (6)

Where, pg is the total pressure, Ty the total tem-
perature, v the ratio of specific heats and M the Mach
number.

The supersonic Mach number at the outlet of the
nozzle for an underexpanded flow and without shock
at the outlet of the divergent section is determined
with Equation (7); where A/A* is the ratio of design
areas, A is the area at the outlet of the nozzle and A*
is the area of the throat:

o+l
-1 3y—2
AL (L MR T
A M ’YT“

Y1,
1+ —M
+ 3

= (7)

The considerations of the Mach number are the
following: M < 0.3 for incompressible flow; 0.3 < M <
0.8 for subsonic flow; 0.8 < M < 1.2 for transonic flow;
1.2 < M < 5 for supersonic flow; M > 5 for hypersonic
flow; and M = 1 for the flow with sonic velocity [5]. It
should be noted that White [5] considers that the flow
is hypersonic from a value greater than Mach 3, and
Anderson [4] from Mach 5.

According to Sutherland “s law [8], the viscosity as
a function of the temperature (8) is expressed as:

s <1>%TO+S
po  \To T+S

(8)

Where, the reference viscosity is pg = 1,716 kg/(m-
s), the reference temperature is Ty = 273,11 K and
the effective temperature is S = 110,56 K.

For the flow turbulence, it is taken into account
the Menter SST k — w turbulence model [17], which
is solved together with the equation of momentum.
This turbulence model has two equations, one for the
specific kinetic energy k, and the other for the specific
dissipation rate w, and thus it improves the responses
in the presence of adverse pressure gradients, and flow
separation.

The Menter turbulence model [17] has been com-
pared with other turbulence models for different con-
ditions of the compressible flow with presence of shock
waves in different experimental equipment for overex-
panded flow and underexpanded flow, where the numer-
ical results for 2D domains with symmetric geometries
overlap the experimental data of pressure at the walls
of experimental equipment, in a nozzle [18,19] and in a
transonic diffuser [20,21], with the shapes of the shock
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waves of the numerical results approximately similar
to the experimental ones. Applications of the Menter
turbulence model support their validity for different
flow regime conditions [22-25]. In 3D domains, the
contribution of the physical analysis is much greater,
even for asymmetric geometries and asymmetric lateral
loads in the flow field. Therefore, for underexpanded
flow conditions and without conditions of asymmetric
lateral loads, the Menter turbulence model is appro-
priate for 2D simulation of the underexpanded flow of
the present work.

2.2. Computational domain

The scheme of the geometry of the Helios-X ex-
perimental convergent-divergent conic nozzle with
throat length [16] is shown in Figure 2, including its
main dimensions and corresponding units in millime-
ters: throat length L, = 6.01 mm, throat diameter
D, = 5.58 mm, ratio between throat length and di-

ameter rp,p = 1.07, and the ratio of design areas
A/A*< = 5.206.
I N
r 30"1 i,150
Az oo
1541 mm ____:C_ ___________________ 3.58mm - 112,75 mm
Y
]
1
‘ |(1_(ll mmi
|- -—
27.91 nmn

Figure 2. Geometry of the Helios-X experimental conic
nozzle [16]

The 2D computational domain with axial symme-
try consists of a section of the combustion chamber,
the nozzle and the atmosphere, as shown in Figure
3. The purpose of taking into account a short section
of 7.47 mm and not the whole section of the motor
tube, is to apply the pressure load and direct the flow
towards the inlet of the nozzle. The length of the sec-
tion of the conic nozzle is 27.91 mm and the length
of the section of the atmosphere ambient is 281 mm.
The throat begins at the position x=8.51 mm and
ends at the position x=14.53 mm, and its length is
L, =6.01 mm.

.

C. B. Atmospheric
pressure

C.B. Wall of the
chamber
A CB Walof 1
the nozzle
? CB
Axial symmetry

C.B.
Input -
Ly >

pressure r 2y
X
S S (SRR (RPN ESRSP P S SR

Nozzle . Atmosphere

Figure 3. 2D computational domain with axial symmetry.
The domain includes a section of the combustion chamber,
the nozzle and a section of atmosphere

In addition, since the nozzle has a symmetric rev-
olution geometry, a 2D domain is appropriate, which
contributes to reduce the number of cells in the mesh
and the iteration time when processing the compu-
tational data. In addition, the references where the
boundary conditions (BC) are applied are pointed in
the same figure of the domain.

The initial and boundary conditions are established
as:

In the chamber of the Helios-X rocket motor, the
absolute total pressure is established as 6996,11
kPa; and the total temperature as 2558 K.

In the atmosphere ambient, the pressure is es-
tablished as 101.5 kPa, and the temperature as
263.15 K.

In the axis of axial symmetry, the flow velocity
in the radial direction is zero. In the walls, the
velocity is zero due to the no-slip condition.

The walls of the section of the combustion cham-
ber and of the nozzle are considered adiabatic.

The effect of the gravity of the flow within the
nozzle is not considered, due to the high velocity
of the supersonic stream in the divergent. In the
atmosphere, the flow velocity is supersonic, and
thus for the length of the domain considered, the
effect of gravity is considered tiny and therefore
neglected.

It should be pointed out that the pressure and
temperature data in the chamber of the rocket mo-
tor which are applied at the boundary conditions in
the present work have been obtained by Nakka [16]
through experimental means, as well as the data of
the atmosphere ambient recorded with pressure and
temperature measuring instruments. The experimental
data of the combustion chamber and of the atmosphere
ambient applied to the 2D domain, contribute to ob-
tain the simulation of the flow field in all the domain,
and enable to determine the behavior of the pressure
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and temperature in the wall of the nozzle which has
not been possible to measure experimentally.

For the numerical simulations in the present work,
the gases burnt as a result of the combustion of the
solid propellant consisting of ammonium nitrate, alu-
minum, sulfur and chloroprene (A24 ANCP) [16] are
considered as ideal gases, and as air substance. As
parameters, it is fixed the specific heat ratio v = 1,4,
the gas constant R = 287 J/(kg - K), the specific heat
at constant pressure Cp, = 1006,43 J/(kg - K) and the
thermal conductivity k = 0,0242 W/(m - K).

Figure 4 shows the meshed computational domain
and an enlargement of the meshed section of the noz-
zle. The meshed was made in the ANSYS-Meshing
platform and the domain was discretized through the
interaction of ICEM-CFD. The mesh of the domain
was refined along all the walls, due to the presence of
shear stress in those regions. A meshed with triangular
cells was applied in the section of the chamber and of
the nozzle, and a structured mesh with quadrilateral
cells was applied in the section of the atmosphere am-
bient, for a total of 32675 cells combined. The meshed
of the domain shown in the figure is the final one, after
performing a numerical convergence study in which
the domain was refined three times.

()

Figure 4. (a) Meshed computational domain with a total
of 32675 cells combined. (b) Section of the meshed domain
of the nozzle

In the numerical convergence study, the first
meshed domain had 30950 cells; in the section of
the nozzle the smallest cell had a dimension of
4,9 x 107® mm and the largest one a dimension of
3,37 x 10~% mm, and the largest cell dimension was
3.2 mm in the upper right corner of the atmosphere
domain. The second meshed domain had 32296 cells,
with a smallest cell of 4,7 x 107° mm and a largest
cell of 3,31 x10™* mm, and in the atmosphere domain
the maximum cell size was 3.2 mm. The third meshed
domain had 32675 cells, with minimum cell dimension
of 4,67 x 107° mm and maximum of 3,29 x 10~* mm,
and in the atmosphere the largest cell dimension was
3.2 mm. For the first domain, the minimum spacing
of the cell in the wall of the nozzle was y™ = 0,98 in
average, for the second domain y™ = 0,95 and for the
third domain of the final meshed y™ = 0, 94.

For the three cases, the density of the mesh is high
in the nozzle and in the region of the atmosphere where

there is the supersonic stream known as plume. The
end of the divergent section was taken as control point,
in the axial symmetry, to numerically evaluate the
Mach number, since it is a critical region due to the
high flow velocity, and a percentage error of 0.04%
was obtained between the third and second meshed
domains; and a slightly larger error of 0.052% between
the second and the first, at the outlet of the nozzle in
the axial symmetry of the X axis for the third domain
of the final meshed and a Mach numeric value of 3.1.

For the theory of quasi-one-dimensional flow with
v =1,4, and A/A* = 5,206 of design of the Helios-X
nozzle, and without shock at the outlet of the nozzle,
a Mach value of 3.217 was obtained with Equation (7)
(theoretical). A magnitude difference of 0.117 was ob-
tained between the theoretical Mach number of 3.217
and the Mach of 3.1 numerically calculated of the third
meshed domain. Therefore, it is acceptable the magni-
tude of the result of the comparisons of Mach numbers
as numerical validation. For a quasi-one-dimensional
and underexpanded flow, the flow exits the nozzle
uniformly and perpendicular to the outlet area, and
therefore it has the same cross-sectional area, while for
the numerical method, the flow has a velocity gradient
of the Mach number at the outlet of the nozzle and its
magnitude varies in its cross-sectional area.

The meshed domain shown in Figure 4 is appropri-
ate and fulfills satisfactory criteria of the convergence
analysis performed. Although the three domains fulfill
for y* < 1, it was chosen the meshed domain with
32675 cells because it has a greater refinement in the
walls, which is used in the computational simulations.

The quality of the mesh for two-dimensional cells,
and the equiangular bias (Qgas) establish that it
should be in 0 > Qgas > 1, for any 2D cell [26].
For all the domain of the final mesh, it was obtained
QEeas = 0,55. It should be stated that the numerical
convergence study was performed using the Menter
SST k — w turbulence model [17] to simulate the flow
turbulence.

2.3. Computational solution method

For simulating the flow in the ANSYS-Fluent 12.1
code, which applies the finite volume method (FVM),
it was chosen the analysis option based on density for
a compressible fluid, 2D domain with axial symmetry
in the x axis. For the turbulence of the flow, it was
employed the Menter SST k — w model [17], and for
the viscosity the equation of Sutherland [8].

In the solution method, it was considered the im-
plicit formulation and Roe-FDS type of flow. For the
spatial discretization, the gradient: Least Squares Cell
based; for the flow, turbulent kinetic energy and the
specific dissipation rate, the option: First Order Upwin.

In the residual monitor, for the absolute conver-
gence criterion, it was established a fixed value of
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0.00001, for continuity, velocity and energy. It was
carried out 136400 iterations in a time close to fifty
hours, to obtain the numerical convergence of the fi-
nal results of the flow field, Mach number, pressure,
velocity, temperature and density.

For data processing, an equipment with the follow-
ing features was employed: Siragon notebook, model
M54R,, Intel Core 2 Duo, two processors of 1.8 GHz
and RAM memory of 3 GB.

3. Results and discussion

This section presents the results of the flow field, for
the input pressure load applied of 6996.11 kPa and
temperature of 2558 K, ambient pressure at the outlet
of the nozzle of 101.5 kPa and temperature of 263.15
K.

The variations of the magnitudes of the static pres-
sure (Figure 5), Mach number (Figure 6), velocity
(Figure 7), static temperature (Figure 8) and density
(Figure 9), show in which regions of the domain are
reached the maximum and minimum values. By means
of the contour lines it is observed how they are dis-
tributed in different regions of the flow field, both
in the section of the nozzle and in the section of the
atmosphere.

The flow exiting the nozzle is underexpanded and
it is shown in the atmosphere how the shock waves are
constituted; and the region of the supersonic stream
where these waves are present, is known in the litera-
ture as plume.

Figure 10 shows the profiles evaluated in the axial
symmetry, for the region of the supersonic flow that ex-
its from the nozzle and discharges in the atmosphere.
The fluctuations due to the shock wave are shown,
even in certain regions the pressure drops below atmo-
spheric pressure, accelerating the flow in that region
before the occurrence of the shock at a Mach value
close to 4.75, and velocity of 2050 m/s; while the tem-
perature drops below 500 K. After the shock, the flow
is still supersonic with presence of dampen fluctuations
around Mach 3, velocity of 1800 m/s and temperature
of 900 K. In addition, the behavior of the pressure and
density curves show an equilibrium trend.

The contour lines in the nozzle section have been
considered, which provide more information regarding
the distribution of the gradients of the thermodynamic
parameters. The enlarged figures illustrate how the
contour lines are distributed in the convergent, throat
of length L, and divergent sections: for the static pres-
sure (Figure 11), Mach number (Figure 12), velocity
(Figure 13), static temperature (Figure 14) and density
(Figure 15). It is observed that at the beginning of
the throat section the contour lines have a behavior
different to the contour lines at the end of the same
throat, as well as in the middle part.

(a) |
J}—‘K‘_

14 1400 2806 4199 5599 6991

Figure 5. Field of static pressure (kPa)

0.0 097 195 292 39 487

Figure 6. Field of Mach number

0.0 412 824 236 1648 2061

A

Figure 7. Field of velocity (m/s)

260 861 1462 2062 2663 3263

Figure 8. Field of static temperature (K)

011 199 383 576 7.04 9.53

Figure 9. Ficld of density (kg/m?).
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Figure 10. Profiles evaluated in the axial symmetry, in
the X axis, in the region of atmosphere ambient. (a) Pres-

sure. (b) Mach number. (c) Velocity. (d) Temperature and o
(e) Density -
r/'/260 861 1462 2062 2663 3263

It should be pointed out that for the case of static
pressure, it is observed that in the middle part of the Figure 14. Contour lines of static temperature (K) of the
throat length the contour lines tend to be perpendic- flow in the nozzle section
ular to the walls of the throat, and thus the pressure
magnitude in the symmetry is similar to the pressure
magnitude in the wall.

! ) . . \ \ //
- -“"“-L.._‘_‘h "_,,/’ -
T Tl | 001 199 388 376 T.64 953 [
> L] e - i
r,/" 14 1400 2806 4199 5599 69917

Figure 15. Contour lines of density (kg/m?) of the flow

Figure 11. Contour lines of static pressure (kPa) of the in the nozzle section

flow in the nozzle section
Analyzing the behavior of the flow from another
perspective, through the trajectory of the numeric
curves, it is shown that the sharp change in the static
pressure drop (Figure 16) occurs in the first vertex of
the throat section. In the middle section of the throat,
a part of the trajectories of the pressure profiles in the
| _ | wall and in the axial symmetry are coincident, which
| - ' indicates that a uniform flow regime is present with
_ incidence in the acceleration of the flow. Downstream,
. / from position x=22.5 mm, the pressure drop of the
0 097 195 202 3.0 48717 flow tends to stop, slightly increases, then decreases
‘ - - with smaller intensity, thus being a part of the pro-
Figure 12. Contour lines of Mach number of the flow in 1ile trajectory with oscillatory trend; in such part, the
the nozzle section pressure fluctuations influence the development of the
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acceleration of the flow, and thus the magnitudes of
the thermodynamic parameters exhibit variations.

For the case of the Mach number (Figure 17), it
is shown the deceleration of the flow in the throat
section, being Mach 1 in the middle part of the throat
section, and greater than this value at the outlet of the
throat. Close to the outlet of the divergent section, the
flow velocity reaches a value greater than Mach 3, at
position x=22.5 mm, and downstream a curvature is
present and tends to reduce the flow up to the outlet of
the nozzle, maintaining a velocity greater than Mach
3, corresponding to a supersonic flow. From position
x=22.5 mm up to the outlet of the nozzle, the behav-
ior of the trajectory of the curve shows that a flow
deceleration occurs before exiting the nozzle.

In the velocity profile (Figure 18) it is observed
the behavior of the velocity pattern in the axial sym-
metry, but it is now shown in the wall because the
velocity is zero there due to the no-slip condition. In
the middle part of the throat section, the flow has an
estimated velocity of 920 m/s; downstream, it is shown
the behavior of a part of the trajectory of the veloc-
ity profile from position x=22.5 mm, with a velocity
trend slightly greater than 1800 m/s. Also, like in the
previous case, for the Mach number the flow velocity
decelerates before exiting the nozzle.
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Figure 16. Static pressure profiles evaluated in the wall
and in the X axis, in the nozzle section
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Figure 18. Velocity profile evaluated in the X axis, in the
nozzle section

Likewise, for the static temperature profiles (Fig-
ure 19), it is shown the behavior of the trajectories
in the wall and in the axial symmetry. It is observed
in the throat section that the temperature increases
and decreases, and the vertices have influence in the
occurrence of sudden changes. In the case of the di-
vergent section, the increase of the temperature in the
wall to a value greater than the input temperature,
is a consequence of the friction of the flow at high
velocity rubbing the adiabatic wall, which drastically
reduces before the flow exits the nozzle. Whereas in the
axial symmetry, the temperature decreases due to the
flow expansion, and it is shown the fluctuation of its
magnitude from position x=22.5 mm. Regarding the
density profiles (Figure 20), their behavior depends on
the flow expansion and compression, in the convergent,
throat and divergent sections.

The results of flow field and of the profiles that
define the trajectory of pressure, Mach number, tem-
perature, velocity and density, in the axial symmetry
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and in the nozzle wall, are acceptable. This is justi-
fied because there is a magnitude difference of 0.117
between the theoretical Mach value of 3.217 obtained
with Equation (7) and the numerical value of Mach 3.1
shown in Figure 17, with both values being calculated
at the outlet of the nozzle with magnitudes close to
each other.
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Figure 19. Static temperature profiles evaluated in the
wall and in the X axis, in the nozzle section
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Figure 20. Density profiles evaluated in the wall and in
the X axis, in the nozzle section

Enlarged details of the throat section show the
behavior of the trajectories of the profiles of static
pressure (Figure 21), Mach number (Figure 22), ve-
locity (Figure 23), static temperature (Figure 24) and
density (Figure 25), for different radial distances, eval-
uated from the axial symmetry to the wall. The length
of the throat begins at position x=8.51 mm and ends at
position x=14.53 mm. The profiles show the behavior
of the flow region in the first vertex, at the beginning
of the throat length, along the throat length, as well as
when the flow enters at the beginning of the divergent
section.

For the case of Mach number (Figure 22) and veloc-
ity (Figure 23), for the flow region adjacent to the wall

of the throat section, the flow accelerates, decelerates
and accelerates again; whereas in the axial symmetry
the flow accelerates, decelerates and accelerates again
when entering the divergent section; this is a conse-
quence of the variations in static pressure that occur
from the beginning of the throat section up to the end
of such section (see Figure 21). Therefore, the geome-
try of the aerodynamic profile of the throat section of
length L, determines the behavior of the flow pattern
in such section; in this case, there is a flow pattern in
the throat section, for an underexpanded flow at the
outlet of the nozzle at supersonic velocity greater than
Mach 3.

The variations in static temperature in the throat
section are shown in Figure 24, where there is an in-
crease of its magnitude in the wall, and variations in
the vertices at the inlet and outlet of the throat (Figure
24). Similarly, for the case of the density (Figure 25),
its magnitude decreases towards the wall, and in the
vertex at the inlet of the throat the density decreases
and increases, with a behavior similar to the trajectory
of the pressure profile.

Results show that the geometry of the throat sec-
tion with throat length and diameter ratio r;,p=1.07,
begins at position x=8.51 mm and ends at position
x=14.53 mm, which is a short segment of circular sec-
tion, has influence on the development of the flow in
the regions adjacent to the walls, in the vertices and
in the symmetry. In the axial symmetry, in the X axis,
the flow reached a value in the range of Mach 0.65
to 1.2, with regions of subsonic, transonic and sonic
velocity, without the presence of shocks; therefore, a
flow pattern is present.

In a work reported of the ULA-1A XP experimen-
tal conic nozzle [11], with mean angle of the divergent
section of 11° and throat length and diameter ratio
rrp = 1,10, it showed flow deceleration with presence
of oblique shock waves, in the range of Mach 0.8 to
1.4; for an overexpanded flow.

When comparing both cases for the flow in the
throat region, the length of such region has influence
in the development of the flow, either underexpanded
or overexpanded flow.

Another flow pattern was present from position
x=22.5 mm. From position x=22.5 mm up to the out-
let of the nozzle, the behavior of the trajectory of the
curve shows a deceleration of the flow in the divergent
section, after the flow reaches the supersonic velocity
Mach 3.

Similar results of the flow deceleration in the di-
vergent section for 2D domains, was reported in [19]
through a density pattern, for a mean angle of 11.01° of
a flat nozzle, for overexpanded flow conditions. Another
study reported flow deceleration for a conic nozzle with
mean angle smaller than 5° [27], as well as for a nozzle
with optimized contour and parabolic contour [28].

Therefore, the fluctuation obtained in the present
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work is not an isolated result, since a region of the flow
exhibits a deceleration in the divergent section, with a
defined pattern.

It should be mentioned that works reported in the
literature for inviscid one-dimensional flow [1,4,5,9,26],
detail the increase of the flow velocity according to the
Mach number in the divergent section of a nozzle, the
trajectory of the curve increases and tends to curve
towards the outlet of the nozzle, and exhibits no fluc-
tuation. However, the results of the present work show
that there is a fluctuation for certain region of the flow
in the divergent section, even though the shock wave
occurs outside of the nozzle.
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Figure 21. Static pressure profiles evaluated at the throat
section of the nozzle
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Figure 22. Mach number profiles evaluated at the throat
section of the nozzle
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Figure 23. Velocity profiles evaluated at the throat section
of the nozzle
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Figure 24. Static temperature profiles evaluated at the
throat section of the nozzle
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Figure 25. Density profiles evaluated at the throat section
of the nozzle

4. Conclusions

According to the analyzes carried out, from the results
of the numerical simulations of the underexpanded flow
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it is concluded that: In the nozzle section there are References

two regions where the pressure drop of the flow slows,
the throat length section, which is between positions
x=8.51 mm and x=14.53 mm; and at the end of the
divergent section, from position x=22.5 mm up to the
outlet of the nozzle. Therefore, in both regions, the
flow decelerates.

In the axial symmetry, at the end of the divergent
section of the nozzle, the flow reaches a value slightly
larger than Mach 3, and flow velocity of 1800 m/s. In
the atmosphere ambient it reaches an estimated value
of Mach 4.75, and flow velocity of 2050 m/s, before the
occurrence of the shock. Downstream, the magnitudes
of Mach number and of velocity fluctuate, up to a
prolonged distance around Mach 3.

The profiles of static pressure, Mach number, veloc-
ity, static temperature and density, show how the flow
develops in the throat section, where at the beginning
of such section there is the vertex; a region of the flow
adjacent to the wall exhibits fluctuations, causing pres-
sure drops, and thus the flow velocity in such region
adjacent to the wall accelerates and decelerates.

In the axial symmetry in the throat, at position
x=8.51 mm the flow reaches an estimated value of
Mach 0.68, and at the end of the throat section, at
position x=14.53 mm an estimated value of Mach 1.1;
thus, a flow region is subsonic, and the rest is tran-
sonic. In such section of the throat, the trajectory of
the profile defines a staggered behavior.

A future work considers, for 2D and 3D domains
and with different computational codes, to progres-
sively reduce the throat length Ly, to determine if
there is still influence in the flow acceleration, or if
it occurs a possible fluctuation that causes oblique
shock waves. Similarly, to determine if the fluctuation
of thermodynamic parameters, such as Mach number,
pressure and temperature, in the axial symmetry, at
the end of the divergent section exhibit some significant
change.
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