ISSN: 2289-4659  e-ISSN: 2231-8380
VOL. 16, ISSUE 4, 2022, 9241 — 9252
DOI: https://doi.org/10.15282/jmes.16.4.2022.07.0731

ORIGINAL ARTICLE

JOURNAL OF MECHANICAL ENGINEERING AND SCIENCES (JMES) u

UMIVERSITI MALAYSIA PAHANG

Numerical analysis of the flow field in a planar nozzle for different divergent angles

S. L. Tolentino®2*, J. Mirez2, O. Gonzalez?

' Faculty of Mechanical Engineering, National Experimental Polytechnic University “AJS” Vice-Rectorate (UNEXPO) Puerto Ordaz, Bolivar,
Venezuela

2 Group of Mathematical Modelling and Numerical Simulation (GMMNS), Faculty of Oil, Natural Gas and Petrochemical Engineering,
Universidad Nacional de Ingenieria (UNI), Lima, Peru

3Faculty of Civil Engineering, National University Hermilio Valdizan (UNHEVAL), Huanuco, Perd

ARTICLE HISTORY

ABSTRACT - In the present work, the flow field is analysed for Mach number, pressure and Received: 01% June. 2022

temperature in 2D computational domains for a planar nozzle of symmetrical geometry as used in
the experimental tests for cold flow. The study has been considered for « = 9°, « = 11.01° and
a = 13°, and pressure ratios NPR = 2.412, NPR = 3.413, NPR = 5.423 and NPR = 8.78. For the
numerical simulation of the turbulence in the presence of shock waves, the RANS model, the
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Sutherland equation and the Spalart-Allmaras turbulence model were used in the ANSYS-Fluent KEYWORDS

R16.2 code. The results obtained show fluctuations at the intersections of the internal shocks in Cold flow

the divergent, and the fluctuation decreases as the angle of the divergent increases. For NPR = Internal shock
3.413, NPR = 5.423 and NPR = 8.78, the Mach number at the nozzle exit is the same, where for Mach number

a = 11.01° Mach 2.00 was obtained, and based on this reference, for @ = 13° there is an Numerical simulation
increase in velocity of 4.15% and for @ = 9° a decrease in velocity of 3.78%. It also was found Planar nozzle

that the lowest pressure and temperature drop occurs at the nozzle outlet for « = 13°. RANS model

Turbulence model

INTRODUCTION

The flow field in supersonic nozzles for different geometries is studied recurrently. During the development of the
flow regime, phenomena inherent to the nature of compressible flow occur. Depending on the pressure conditions in the
flow field, the flow may be overexpanded, adapted or underexpanded [1]. When the flow is overexpanded, shock waves
occur inside the nozzle, causing flow separation, detachment of the divergent wall boundary layer and recirculation of
the flow adjacent to the wall after the shock, and depending on the geometry of the nozzle, side loads have significant
effects caused by sudden pressure variations in the flow field [2-4]. In the central region of the diverging section of a high
power supersonic nozzle, the flow decreases in temperature due to expansion, however, a region of the flow adjacent to
the wall increases in temperature due to friction, which is higher than the central region of the flow. At the nozzle wall,
the thermal effect is controlled by cooling systems [1, 2, 4]. While in low power nozzles that do not use cooling systems,
for the overexpanded flow condition, the diverging walls reach high temperatures up to the shock wave position, after the
shock, the temperature is much lower, so that the temperature differences present thermal effects due to the thermal
expansion of the nozzle wall. The flow development in supersonic nozzles can be manipulated when it comes to
experimental laboratory equipment for cold flow. A wide variety of experimental equipment is available for specific
purposes for symmetric and asymmetric geometries, such as conical nozzles, planar nozzles, bell nozzles, nozzles with
single and double divergent sections, nozzles with mechanical adaptations of flow deflection at the nozzle outlet, nozzles
with additional flow injections to modify the flow path [1, 5-9], as well as transonic diffusers to decelerate the flow [10].
Nozzle designs are based on the half angle, a, of the diverging section, which is 12° to 18°, and the same principle applies
to planar nozzles [1]. Nozzles with half angles less than 12° are classified as off-design nozzles.

It is called cold flow when the flow enters the experimental apparatus at room temperature, and is denoted hot flow
when the flow enters at high temperature, as in the case of rocket engine nozzles. It should be noted that the temperature
gradients for hot and cold flow in the central region of the flow are different from each other, as well as the thermal effect
on the walls of supersonic nozzles. In experimental nozzles, flow turbulence and shock waves can be physically
reproduced in the laboratory, and images can be captured with the Schlieren technique [11] of the shock wave form
structures, the region where the internal shock occurs, oblique shocks, reflected shocks and the shock front known as the
Mach disk [1, 2, 12]. The Schlieren technique consists of capturing images through an optical process of the shadows
produced by the density variation of a fluid, and was proposed by the German physicist August Toepler in 1864 [11],
which allows the identification of critical regions where the flow presents unusual patterns, and these critical regions are
the focus of interest for researchers to study. Using the Schlieren technique it is not possible to determine the magnitudes
of the thermodynamic parameters of the flow field, so computational fluid dynamics (CFD) codes using governing
equations and turbulence models [14] are used to simulate the turbulence of the flow in the presence of shock waves, and
so, it is able to determined those magnitudes.

Within the diversity of experimental equipment for supersonic flow, this research has focused on the study of cold
flow behaviour in planar nozzles. Hunter [5] performed experimental tests and numerical simulations for overexpanded
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and underexpanded cold flow for an off-design planar nozzle, who reported experimental pressure patterns evaluated at
the nozzle wall, as well as images of shock waveforms captured with the Schlieren technique. As the flow pressure load
at the nozzle inlet increases, shock waves begin to appear in the divergent with progressive changes in their structure; as
well as, changes in the position of the oblique shocks, reflected shocks and Mach disk. It also has been observed that the
onset of the formation of the internal shock that defines a pattern of crossed diagonals as the shock front moves towards
the nozzle exit, the region where the flow separation starts, the recirculation of the flow after the oblique shock, and the
turbulence after the shock at the ends of the Mach disk. It should be noted that, depending on the aerodynamic profile of
the nozzle wall and the flow pressure ratio, after the shock, the flow separation is classified as restricted shock separation
(RSS) when the flow separates and downstream re-attaches to the wall, forming a bubble between the separation and re-
attachment; and free shock separation (FSS) is when downstream there is no re-attachment of the flow to the wall [2].

The experimental data reported by Hunter [5] were used by different researchers to validate turbulence models and
analyse the turbulence in the flow field [15, 16], to analyse the imposed oscillation conditions [17], to study the symmetry
and asymmetry of the flow [18], as well as to study the flow in walls with porous surfaces [19]. Other experimental studies
of the flow field for planar nozzles with different geoemetries were reported in the literature, such as the study of low
Mach number flow [20], influence of wall roughness on flow asymmetry [21], flow asymmetry at low pressure ratios
[22], flow asymmetry for @ < 11° [23], flow behaviour in a double divergent planar nozzle [24], flow turbulence in a
vector planar nozzle [25], and the effect of hysteresis in a stepped planar nozzle [26]. To model the turbulence of the flow
field, CFD computational tools have a great potential to reproduce the flow turbulence, which allows to quantify the
thermodynamic parameters of pressure, temperature, Mach number, among other parameters. Therefore, different
investigations on turbulence flow in planar nozzles applying CFD reported approximate solutions and were compared
with experimental data, which were reported in [5, 8, 15, 16, 25, 27].

In the present work, the objective is to analyse the flow field for Mach number, static pressure and static temperature,
for the symmetric geometry of an experimental planar nozzle for cold flow, and whose planar nozzle corresponds to the
work reported by Hunter [5]. The geometry of the planar nozzle is considered for « = 9°, @ = 11.01° and a« = 13°.The
flow pressures at the nozzle inlet are considered for four cases of pressure ratio: NPR = 2.412, NPR = 3.413,NPR =
5.423 and NPR = 8.78. To achieve the proposed objective, the turbulence of the flow field is simulated with the ANSYS-
Fluent R16.2 code for nine 2D computational domains, where the domain is discretised by the finite volume method
(FVM). In the materials and methods section, the experimental planar nozzle, the computational domain, the governing
equations, the numerical convergence analysis, the computational solution method and the validation of the turbulence
model used are presented. In the results and discussion section, the flow field and the patterns of velocity, pressure and
temperature are analyzed. Afterward the conclusions are presented.

MATERIALS AND METHODS

Planar Nozzle and Computational Domain

The experimental planar nozzle [5] considered for the study of cold flow in the present work is illustrated in Figure 1,
which is used to perform experimental tests for compressible flow at high velocities. The experimental equipment belongs
to NASA Langley Research Center 16-Foot Transonic Tunnel Complex [5]. The fundamental characteristics of the planar
nozzle are the throat cross-sectional area A, = 2785.1557 mm? (4.317 pulg?); the expansion ratio A, /A, = 1.797, where
A, is the area at the nozzle outlet; as well as, the planar nozzle width of 101.346 mm (3.99 pulg). Furthermore, based on
the one-dimensional theory, the nozzle was designed for the pressure ratio NPR = 8.78 and Mach number 2.07 at the
nozzle outlet; and for the ambient pressure P,,,, = 102.387 kPa (14.85 psi). The high-pressure air flow is semi-injected
into the nozzle with stagnation temperature control at 294.444 K (530 R), and mass flow up to the capacity of 6.804 kg/s
(15 Ibm/sec). It should be noted that all geometrical parameters and flow data for the experimental planar nozzle are
reported in the work of Hunter [5]. The geometry of the planar nozzle was considered for « = 9°, « = 11.01° and a =
13°. Where a = 11.01° corresponds to the original design of the planar nozzle from Hunter's work [5], and the angles
a = 9°and a = 13° are part of the adaptation of the geometry by the authors of the present work.

Due to the symmetry of the planar nozzle, a 2D domain was considered, as shown in Figure 2(a). The 2D domain
includes a short section at the inlet of the nozzle to direct the flow, a section for the flow discharging to the atmosphere,
as well as, the boundary conditions are indicated in the domain. The Figure 2(b) shows the third meshed domain, Mesh
3, with a mesh structure of 29160 elements; and enlarged details of the refined mesh in the wall region of the throat
section and the wall corner at the nozzle outlet (Figures 2(c) and 2(d)). The third meshed domain of the nozzle is illustrated
in Figure 2(b) and corresponds to &« = 11.01°, but the domains and meshes for « = 9° and @ = 13° are not presented, as
they are similar. For the meshing in the corner wall region of the nozzle, a different meshing technology than the
traditional one was applied. The corner region was divided into several subdomains to control the distribution of cells in
the vertical and horizontal direction. In this way, an unnecessary increase of cells leading to cross-crowding at the corners
and higher computational cost during iterations was avoided.
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Points of reference
A B C D E F G H I
Position (mm)
x 00 0.0 0.0 23.291 50.495 60.807 61.722 57.785 115.57

y: 0.0-15.595 35.179 29.540 15.519 14.046 14.198 29.616 24.688

Figure 1. (a) Experimental planar nozzle and (b) Schematic and dimensions [5]

Pressure Planar nozzle L\

le \
i Atmosphere
inlet [ P Pressure outlet —

Figure 2. (a) Computational domain; (b) Third meshed domain, Mesh 3, with 29160 elements, for o = 11.01°;
(c) Magnified detail of the throat section and (d) Magnified detail of the corner section

The flow used in the experimental planar nozzle is air, which has been considered as an ideal gas. The specific heat
ratio k = 1.4, the gas constant R = 287 ]/(kg - K) the specific heat at constant pressure C,, = 1006.43 ]J/(kg - K) and the
thermal conductivity k = 0.0242 W/(m - K) [28]. The initial and boundary conditions were set as: in the atmosphere the
pressure p = pg:m = 102.387 kPa and the temperature T = Ty, = 294.444 K. The flow at the nozzle inlet was
considered for four cases of total pressure, p, = Pen:, Where p,/p = NPR. Where the pressure ratios are: NPR = 2.412,
NPR = 3.413,NPR = 5.423 and NPR = 8.78, for the planar nozzle with a = 9°, ¢ = 11.01° y @ = 13°. The total
temperature at the inlet of the nozzle was set with constant value T, = T,,,; = 294.444 K. In the adiabatic wall, the flow
velocity is zero due to the no-slip condition. In the symmetry, in the y-axis direction the velocity is zero. The effect of
gravity on the nozzle section and the atmosphere is not taken into account since a 2D domain with symmetry in the y-
axis direction is considered. It should be noted that the pressure and temperature data were taken from the work of
Hunter [5].

Mathematical Fundamentals

In the present work, for the flow field simulations with the ANSYS-Fluent R16.2 code, the model of the steady-state
flow Reynolds-Averaged Navier-Stokes (RANS) equations is used. The four governing equations are: the equation of
conservation of mass Eg. (1), momentum Eq. (2), energy Eq. (3), and the ideal gas Eq. (4) [28]; which, in compact form
are expressed as:

V.(pu;) =0 @

where p is the density and u is the velocity.
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V.(puw) = =Vp + V.(T) + V.(—pujw)) )

where p is the pressure, 7 is the stress tensor, y —pu;u; is the Reynolds stresses.

V. ((oE +P)) = V. (ko VT + (Fopp 1)) ©

where E is the total energy, T is the temperature, k. is the effective thermal conductivity, and 7, is the effective stress
tensor.
p = pRT (4)

It should be noted that the ANSYS-Fluent R16.2 code takes into account the density expressed as
p = (pop +)/(RT/M,,). Where p,, is the operating pressure, p is the local static pressure relative to the operating
pressure, R is the universal gas constant and M,, is the molecular weight. The operating pressure, p,,, is a condition of
the ANSYS-Fluent code itself, and is taken into account when applying the boundary conditions in the computational
domain, p,, = 0 [28].
Other equations involved for compressible flow are the pressure ratio, Eq. (5) and the temperature ratio, Eq. (6) [28],
which are expressed as follows:
k
Po - <1 + EMZ)R_l (5)
14 2

T k—1
To_,, G=D

7 > M2 (6)

where, p, is the total pressure, T, is the total temperature, M is the Mach number, and k is the ratio of specific heats.

For compressible flow, the dominant parameter is the Mach number. Mach number considerations are as follows: for
incompressible flow M < 0.3; subsonic flow 0.3 < M < 0.8; transonic flow 0.8 < M < 1.2; supersonic flow 1,2 < M <
5; hypersonic flow M > 5; sonic flow M = 1 [4].

Computational Solution Method

In the ANSYS-Fluent R16.2 code, different options were considered: In Solver, the following considerations were
taken: Type: density-based; Time: steady; Velocity formulation: absolute; 2D space: planar. The Spalart-Allmaras S-A
turbulence model [29] was considered. For the viscosity as a function of temperature the Sutherland equation [30]. For
the solution method, the implicit formulation and Roe-FDS flow type were considered. For the spatial discretisation, the
gradient: Least Squares Cell Based. For the flow, the kinetic energy turbulence and for the specific dissipation, the Second
Order Upwind option was selected. For the mass balance control, mass flow rate was taken into account, for the error in
the range of 1E-04 to 1E-06. The hybrid initialisation method was applied. From 3E+04 to 3.5E+04 iterations were
performed to obtain the final results of the Mach number, pressure and temperature flow field. A computer with the
following characteristics was used for data processing: Dell CPU, Optiplex 7010 model, i5 3470, four 3.2 GHz processors
and 8 GB of RAM memory.

Numerical Convergence Analysis

The domains were meshed three times in the ANSY S-Meshing platform: the first meshed domain, mesh 1, with 27893
elements, the second meshed domain, mesh 2, with 28493 elements and the third meshed domain, mesh 3, with 29160
elements. The flow turbulence was evaluated with the Spalart-Allmaras S-A turbulence model [29], for NPR = 3.413
and NPR = 8.78. For the numerical convergence study, the Mach number at the nozzle outlet was obtained, for the Mesh
1, the Mach number 2.00155 was obtained for NPR = 3.413 and Mach number 2.00067 for NPR = 8.78. For the mesh
2, Mach number 2.00154 for NPR = 3.413 and Mach number 2.00074 for NPR = 8.78 were obtained. For the mesh 3,
Mach number 2.0016 for NPR = 3.413 and Mach number 2.00082 for NPR = 8.78 were obtained. The six numerical
results are close to the theoretical value of Mach number 2.07 for the planar nozzle design [5], for quasi-one-dimensional
flow. It should be noted that for the flow field simulations, the mesh 3 with 29160 elements was taken into account, where
for the Mach number, the absolute error is 0.068 for NPR = 3.413 and the absolute error is 0.069 for NPR = 8.78.

Figure 3(a) shows the pressure profiles at the nozzle wall for NPR = 3.413 and NPR = 8.78, for the three mesh
domains: mesh 1, mesh 2 and mesh 3, which overlap. Figure 3(b) shows the profiles obtained at the otber wall for y™,
and it is observed that y* has higher values for NPR = 8.78, and this is because the mass flux is higher with respect to
NPR = 3.413. The maximum peak of y* occurs at the entrance of the throat section for NPR = 3.413 and NPR = 8.78,
close to x/x, = 0.9, where the nozzle throat is located at position x/x, = 1. For NPR = 3.413, y* decreases after flow
separation, for the estimated position x/x, = 1.7 until the nozzle exit which ends at position x/x; = 2.
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Figure 3. Behaviour of (a) pressure and (b) y* at the nozzle wall for three meshed domains, for NPR = 3.413 and
NPR =8.78

Validation of the Spalart-Allmaras Turbulence Model

The Spalart-Allmaras [29] S-A turbulence model was validated with the experimental pressure data reported by
Hunter [5] for NPR = 2.412 and NPR = 3.413; also, the S-A model was compared with the standard k — w turbulence
models of Wilcox [31], SST k — w of Menter [32] and RSM of Launder et al. [33]. The behaviour of the curve trajectories
is shown in Figure 4(a) and 4(b), and it is observed that the S-A model curve has a better fit in the region where the lowest
pressure drop occurs with respect to the experimental pressure data [5]. It should be noted that in the computational
simulations for the validation phase, all four turbulence models were used without modifying their constant magnitude
parameters. The S-A turbulence model is a single-equation model, and the profile trajectory shows that it has a better
response to adverse pressure gradients and boundary layer separation than the other three turbulence models employed.
The pressure data presented in Figure 4 were obtained at the walls of the planar nozzle shown in Figure 5, the same figure
shows the structures of the shock waves captured with the Schlieren technique [5], Figure 5(a) for NPR = 2.412 and

Figure 5(b) for NPR = 3.413.

0 .; :?i::;]” 0.9 ONP; 3;]1 ’
0.8 I 0.8 — kw
_‘?? 0.7 — 88Tk —w EE:“ 0.7 — $Tk—w
a 0.6 = 0.6
g os g 0.5
E 0.4 ., ~CPEeee008Ss % 0.4
A 03 A 0.3
0.2 0.2
0.1 0.1
0 0
0 0.5 1.0 1.5 2 0 0.5 1.0 1.5 2
Nozzle wall. Position x /x; Nozzle wall. Position x /x;

Figure 4. Comparison of the pressure profiles of the simulations and the experimental pressure data, evaluated at the
nozzle wall: (2) NPR = 2.412 and (b) NPR = 3.413

(b) NPR=3.413  Flow separation
Internal shock

(@) NPR=2.412
Flow separation

Internal shock

Oblique shock Oblique shock

Recirculation region

Recirculation region

Figure 5. Shock waves in the experimental planar nozzle captured with the Schlieren technique [5]: (2) NPR = 2.412
and (b) NPR =3.413
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RESULTS AND DISCUSSION

This section presents the results obtained from the numerical simulations for the flow field for Mach number, static
pressure and static temperature. Where the colour shading indicates for the blue colour the regions that present lower
magnitude and the red colour indicates the regions that present higher magnitude, in the flow fields.

Flow Field: Mach Number

The flow field for Mach number is shown in Figures 6(a), 6(b) and 6(c). For NPR = 2.412, the flow is overexpanded
and the shock wave is inside the nozzle, for NPR = 3.413 the shock front is outside the nozzle, but the oblique shocks
are inside the nozzle. For NPR = 5.423 the shock wave is in the region of the atmosphere, and for NPR = 8.78 the flow
is overexpanded. For NPR = 2.412 and @ = 9°, in the region of the atmosphere the supersonic jet is present in the central
region, for « = 11.01° it separates slightly due to expansion, and for « = 13° the expansion is larger. The same happens
when increasing for NPR = 3.413, NPR = 5.423 and NPR = 8.78. The distributions of the Mach number gradients are
observed throughout the flow field, which define the shock wave structures in the nozzle and in the atmosphere.

Figures 7(a), 7(b) and 7(c) show the Mach number patterns that were evaluated in the planar nozzle symmetry. For
the shock wave occurring inside the nozzle for NPR = 2.412, it is observed that for a = 9° the shock position is located
at x/x, = 1.74 and reaches Mach number 1.77, for &« = 11.01° the shock position is located at x/x, = 1.7 and Mach
number 1.85, as well as, for « = 13° the shock position is located at x/x, = 1.67 and Mach number 1.97. It is evident
that by increasing o, inside the nozzle the flow expands and increases its acceleration, as well as, the position of the shock
shifts towards the interior of the nozzle. At the nozzle exit at position x/x, = 2, for NPR = 3.413, NPR = 5.423 and
NPR = 8.78, for a = 9° the flow reaches the supersonic speed of Mach number 1.925, for « = 11.01° the Mach number
2.0008, and for @ = 13° the Mach number 2.084. Therefore, the approximate solution of the flow velocity at the exit of
the nozzle with respect to a« = 11.01° which is taken as reference data, for « = 13° there is a velocity increase of 4.15%,
and for & = 9° a velocity decrease of 3.78%. In the region of the atmosphere, for NPR=8.78, the maximum peak of Mach
number 2.47 occurs for a« = 9° and the maximum peak of Mach number 2.55 occurs for a = 13°.

- — - S—

MO0 LD ‘°9~ M00129 2 1_
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M:00 145 2.42
S

NPR = 2412

M:00 109 182
‘\I'PR 3413

NPR =878 —' NPR =878 - NER = 878

(a) a=9° (b)) a=11.01°
Figure 6. Flow field: Mach number, for (a) @ = 9°, (b) @ = 11.01° and (¢) a = 13°
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Figure 7. Mach number patterns in symmetry, for (a) &« = 9°, (b) a = 11.01° and (c) @« = 13°
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Flow Field: Static Pressure

The static pressure field is shown in Figures 8(a), 8(b) and 8(c). The pressure gradients are distributed throughout the
flow field, and are observed to vary in the regions where shock waves are present. The flow for NPR = 3.413, the shock
wave occurs inside the nozzle. For NPR = 3.413, as the flow velocity increases, the pressure decreases, and as the flow
velocity decreases, the pressure increases. Therefore, pressure fluctuations are present in the supersonic jet in the nozzle
and in the atmosphere, with greater intensity than for the flow with NPR = 2.412. The pressure gradients for NPR =
5.423 are higher at the exit of the nozzle, in the region where the shock wave is produced.

For NPR = 8.78, the pressure gradients in the internal shocks define well-defined structures, and in the atmosphere
region the lowest pressure drops occur for NPR = 2.412, NPR = 3.413 and NPR = 5.423. The static pressure patterns
evaluated in the planar nozzle symmetry are shown in Figures 9(a), 9(b) and 9(c). The behaviour of the curve trajectories
in the nozzle and in the atmosphere is observed for a = 9°, @ = 11.01° and « = 13°. For the shock wave that occurs
inside the nozzle for NPR = 2.412, it is observed that for @ = 9° the shock position is located at x/x, = 1.74 and with
a pressure drop p/p, = 0.18; for &« = 11.01° the shock position is located at x/x, = 1.7 and with a pressure drop
p/p, = 0.159; as well as, for a« = 13° the shock position is located at x/x, = 1.67 and with a pressure drop p/p, =
0.133. Therefore, the increase of a allows an increase of the pressure drop of the flow inside the nozzle. At the nozzle
outlet at position x/x; = 2, for NPR = 3.413, NPR = 5.423 and NPR = 8.78, for a« = 9° the flow reaches a pressure

drop p/p, = 0.143, for &« = 11.01° the pressure drop p/p, = 0.127, and for « = 13° the pressure drop p/p, = 0.112.
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Figure 8. Flow field: static pressure, for (a) &« = 9°, (b) ¢ = 11.01° and (¢) @ = 13°

1 1
(a) a=9° I (b) a=1101° (¢ a=13
0.9 0.9 ! 0.9
NPR | NFR NFR
0.8 — 2412 0.8 — 2412 0.8 ! — 2412
! —— 3413 — 3413 — 3413
o 0.7 — 5423 0.7 — 5423 0.7 — 5423
= — 8.78 £ — 878 2 — 8.78
X 0.6 =06 S 06
g 05 g os g 0.5
@ o W
8 04 B 04 \ £ 0.4
A A &
0.3 0.3 0.3
0.2 0.2 ! 0.2
[
0.1 ! 0.1 h 0.1 |
Nozzle r Nozzle Nozde |
0 [ Atmosphere 0 < »——* Atmosphere 0 Atmosphere
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Symmetry. Position x /x; Symmetry. Position x /x; Symmetry. Position x /x;

Figure 9. Static pressure patterns in symmetry, for (a) ¢ = 9°, (b) @ = 11.01° and (¢) a = 13°
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As the nozzle is planar and the flow conditions are symmetrical in the 2D plane, the pressure distributions are the
same on the top and bottom wall. The static pressure patterns at the nozzle wall are shown in Figures 10(a), 10(b) and
10(c). At the onset of flow separation, for « = 9°and NPR = 2.412 the pressure drop p/p, = 0.218 is at position x/x; =
1.496; for « = 11.01° one has p/p, = 0.216 and x/x, = 1.450; and for « = 13° we have p/p, = 0.212 and x/x; =
1.397; it is observed that as « increases the position of the flow separation shifts towards the inside of the nozzle. The
same happens for NPR = 3.413 and NPR = 5.423. While for NPR = 8.78 the pressure drop occurs at the nozzle outlet,
being the flow conditions undersized. Furthermore, it is observed in the throat region, at the estimated position around
x/x, = 1.185 a concave curve trajectory is presented, for « = 9° the dome is located at p/p, = 0.317, for a = 11.01°
at x/x, = 1.162 and p/p, = 0.288, and for a = 13° at x/x; = 1.164 and p/p, = 0.260, therefore, increasing «a
changes the position of the dome. It is worth noting that the trajectory of the dome curve for @ = 11.01° is shown in
Figure 4, where the curves from the numerical simulations are superimposed on the experimental pressure data [5].
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Figure 10. Static pressure patterns at the nozzle wall, for (a) & = 9°, (b) @ = 11.01° and (¢) a = 13°

Flow Field: Static Temperature

The static temperature distribution in the flow field is shown in Figure 11(a) for a« = 9°, Figure 11(b) for « = 11.01°
and Figure 11(c) for « = 13°. For NPR = 2.412, at the shock position, the region with the lowest temperature drop is
observed. For NPR=3.413, the region with the lowest temperature drop is at the exit of the nozzle where the shock wave
occurs. While, for NPR = 5.423 and NPR = 8.78 the propagation of the temperature drops is presented up to the region
of the atmosphere, being with greater intensity for NPR = 8.78.

Figures 12(a), 12(b) and 12(c) shows the static temperature patterns evaluated in the symmetry in the nozzle and
atmosphere section. For the shock wave occurring inside the nozzle for NPR = 2.412, it is observed that for « = 9° the
shock position is located at x/x, = 1.74 and with temperature drop T/T, = 0.614; for « = 11.01° the shock position is
located at x/x, = 1.7 and with temperature drop T /T, = 0.594; as well as, for « = 13° the shock position is located at
x/x; = 1.67 and with temperature drop T /T, = 0.563. Therefore, the increase of a allows an increase of temperature
drop of the flow inside the nozzle. For NPR = 2.412, the temperature profile of the flow in the atmosphere tends to have
a horizontal trajectory behaviour, as well as the pressure and the flow velocity. For NPR = 3.413, NPR = 5.413 and
NPR = 8.78, temperature fluctuations occur in the atmosphere. At the nozzle outlet at position x/x, = 2, for NPR =
3.413, NPR = 5.423 and NPR = 8.78, for ¢ = 9° the flow reaches the temperature drop T/T, = 0.574, for a« = 11.01°
the temperature drop T /T, = 0.555 and for @ = 13° the temperature drop T /T, = 0.535. Therefore, in symmetry, at the
exit of the nozzle, for a = 9° the static temperature has the magnitude of 169.01 K, for @ = 11.01° the magnitude of
163.41 K, and for « = 13° the magnitude of 157.52 K, respectively.
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Figure 11. Flow field: static temperature, for (a) &« = 9°, (b) @ = 11.01° and (c) @ = 13°
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Figure 12. Static temperature patterns in symmetry, for (a) &« = 9°, (b) & = 11.01° and (¢) a = 13°

The static temperature patterns at the adiabatic nozzle wall have a different behaviour from the flow region in the
nozzle symmetry, both in the converging and diverging section, as shown in Figures 13(a), 13(b) and 13(c). It is observed
that the divergent wall is heated by flow friction in the region of the thermal boundary layer thickness, and the exchange
of the amount of molecule motion and heat transfer are small enough that they do not heat the nozzle walls sufficiently
to account for the thermal effect on adiabatic walls. However, the wall temperature due to flow friction reaches
temperatures above the central region of the flow. In addition, it shows in which regions the maximum and minimum
temperatures occur.

When considering a viscous flow model in the computational domains, the thermal boundary layer adjacent to the
wall is considered. In the region of the thermal boundary layer the process is irreversible, so it is not considered in that
thin layer as an isentropic process, so the temperature patterns shown in Figure 13 are obtained. It is observed that the
temperature profiles unify at the nozzle outlet, with a tendency to reach the ambient temperature of the atmosphere. This
is due to the fact that between the flow separation section and the nozzle exit there is a pressure lower than the pressure
of the atmosphere, so that the flow from the atmosphere is induced to enter by brushing the adiabatic wall until the
proximity of the flow separation, at the same time there is recirculation of the flow to exit together with the supersonic
jet, as shown in the velocity field with respect to the Mach number in Figures 6(a), 6(b) and 6(c).
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Figure 13. Static temperature patterns at the nozzle wall, for (a) @ = 9°, (b) @ = 11.01° and (c) @ = 13°

The behaviour of the flow in the velocity field is based on the relationships of thermodynamic parameters, such as
density, pressure and temperature, expressed in the equation of state of ideal gases. Therefore, any variation of some of
these parameters in some region of the flow causes the Mach number to change, whether at subsonic, transonic or
supersonic velocity. In addition, the effect of increasing a causes the flow to condition during expansion, varying the
density of the flow, as well as the structure of the internal shocks. For NPR = 2.412 and NPR = 3.413, the internal
shocks for the Mach number, static pressure and static temperature fields are similar to the internal shocks reported by
Hunter [5], which are shown in Figure 5. In the region where the intersection of the internal shocks is located, there is a
fluctuation, so the flow in that region has variations of magnitudes of the thermodynamic parameters, and the distance
between the shock wave and the fluctuation shortens as « increases. Where, for & = 9° (Figures 7(a), 9(a) and 12(a)) the
fluctuation is located at the estimated position x/x, = 1.4, for « = 11.01° (Figures 7(b), 9(b) and 12(b)) at the estimated
position x/x, = 1.48, and for « = 13° (Figures 7(c), 9(c) and 12(c)) at the estimated position x/x, = 1.56, respectively.

Studies for hot flow in 2D computational domains for conical nozzle geometries for a < 12°, reported internal shocks
[34-37], where in the intersection region of the shocks, the Mach number variations have a larger fluctuation. Therefore,
the planar nozzle having a rectangular cross section, the flow behaviour has differences with respect to the conical nozzles
having a circular cross section, where, the flow expansion in the divergent in a planar nozzle will be different with respect
to a conical nozzle. In addition, the effect that the four walls of the planar nozzle have on the pressure gradients,
temperature, Mach number and density will be different between cold and hot flow.

CONCLUSION

On the basis of the analyses carried out, it is concluded:

e The Mach number, static pressure and static temperature evaluated in the symmetry, for « = 9°, « = 11.01° and
a = 13°; it is found that for & = 13° the flow velocity presents a slight increase in acceleration at the exit of the
nozzle at the position x/x, = 2, besides presenting the lowest pressure drop and temperature, this is for NPR =
3.413, NPR = 5.413 and NPR = 8.78. Where, for & = 9° the flow reaches the estimated value of Mach number
1.92, for a = 11.01° the Mach number 2.00 and for « = 13° the Mach number 2.084. Therefore, with respect to
the nozzle with @ = 11.01° taken as reference, for @ = 13° there is an increase in velocity of 4.15% and for a =
9° a decrease in velocity of 3.78%.

e At the wall of the adiabatic nozzle, the static temperature is increased due to the effect of the flow friction in the
thermal boundary layer region, and its magnitude is much higher with respect to the static temperature in the
central region of the flow. At the nozzle exit, for NPR = 3.413, NPR = 5.423 and NPR = 8.78, in the central
region of the flow, for @ = 9° the flow reaches the static temperature of magnitude 169.01 K, for & = 11.01° the
magnitude of 163.41 K and for @ = 13° the magnitude of 157.52 K, respectively.

o For future research, the study of the flow field in symmetric planar nozzles in computational domains should be
extended for other pressure and temperature magnitudes, as well as increasing the divergence length, in order to
obtain more information on the compressible flow regimes, on the flow turbulence and propagation of internal
shocks for 2D and 3D computational domains, and the effect of gravity should be considered for the flow discharge
in the atmosphere region in 3D domains.
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