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Numerical Analysis of the Shock Train
Evolution in Planar Nozzles with Throat
Length

In the present investigation, the behavior of compressible flow in planar
nozzles with throat length is analyzed to determine the flow velocity range
and pressure fluctuations in the throat section. The flow field was
simulated in 2D computational domains with the ANSYS-Fluent R16.2
code. The RANS model was applied for steady-state flow. The governing
equations used are the conservation of mass, momentum, energy, and the
ideal gas equation of state. The Sutherland equation was used for the
viscosity as a function of temperature. The Spalart-Allmaras turbulence
model was used to model the flow turbulence, which was validated with
experimental pressure data. In the throat section, for the central region of
the flow, as the throat length increases, the flow fluctuates and decelerates.
Oblique shock waves are produced, and a shock train region is formed.
The flow velocity is transonic and is in the Mach number range of 1 to 1.2,
and the static pressure is in the range of 0.37 to 0.52. Therefore, as a
result of flow fluctuations, throat length has a significant effect on flow
development.
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1. INTRODUCTION

The study of compressible and viscous flow behavior
for different geometries of supersonic nozzles applied to
the aerospace area is recurrent [1-3]. The most
prominent convergent-divergent supersonic nozzles are
bell nozzles [1,3-5], conical nozzles [1,5-9] and planar
nozzles [10-13]. For conical nozzles, the optimal range
of the half angle, a, is between 12° and 18°. For a < 12°,
the nozzles are considered off-design [1,9], and the
same principle applies to planar nozzles.

Research in the study of compressible flow encom—
passes geometrical concepts of the throat section and the
contours of converging and diverging walls [1,9,14-16].
Also, compressible flow research extends to obtaining
mathematical models of approximate solutions for
analytical equations that are implicit and impossible to
invert by algebraic procedures [17-20].

The flow behavior is studied at different nozzle
pressure ratios (NPR), where the flow pressure condi—
tions at the nozzle inlet and outlet condition the flow to
be overexpanded, adapted, or under-expanded [1]. The
nozzles are designed for an adapted flow [1,16], and
there are no shock waves at the divergent and exit of the
nozzle. When the NPR is larger than the adapted flow,
then you have an under-expanded flow. When there are
shock waves at the divergent of the nozzle, the flow is
said to be overexpanded, the NPR being much smaller
with respect to the adapted flow [1,16].

In an overexpanded flow, shock wave structures
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such as oblique shocks, reflected shocks, internal
shocks, and the normal shock front are affected by the
curvature of the diverging nozzle wall. In the central
region of the flow, at the normal shock wave front,
sharp jumps in velocity decrease, and increases in tem—
perature and pressure occur after flow braking [21].

After the shock, for the flow region adjacent to the
wall, flow separation, flow recirculation, and adverse
pressure gradients occur; therefore, the wvelocity and
temperature gradients of the boundary layer are affected
[21]. The turbulent boundary layer interacts with the shock
wave, which causes instability in its position. In addition, it
is present in the flow turbulence, rough wall effect, wall
temperature effect, vortices, free shock separation (FSS),
and restricted shock separation (RSS), as well as the distri—
bution of lateral pressure loads on the nozzle walls [21-24].
In the flow zones adjacent to the profiled walls, Prandlt-
Meyer expansion waves occur [21]. Using the Schlieren
technique [25], images of the shock waves are captured.
Using computational fluid dynamics (CFD) [26], the tur—
bulence of the flow field is simulated to obtain approxi—
mate solutions. Studies of compressible flow behavior in
off-design planar nozzles have reported different configu—
rations of the shock wave structure. Flow studies for planar
nozzles with symmetric geometry for the experimental
case were reported by Hunter [10] and Zebiri et al. [27] for
the case of numerical simulations by Tolentino [28] and
Tolentino et al. [29]. Experimental studies of the flow in
planar nozzles with asymmetric geometry have been
reported by Verma and Manisankar [30] and for doubly
divergent nozzles by Arora and Vaidyanathan [11].

As the half angle a decreases, the shock wave pro—
pagation forms a set of oblique and reflected waves called
shock train [34], which is the result of the interaction of
the turbulent boundary layer with the shock wave
(SWTBLI) due to pressure variations. At the beginning of
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the propagation, the fluctuation intensity is higher, and at
the end, the intensity is lower. Such flow development
has been reported by Kameli et al. [31], Giglmaier et al.
[32], and Vignesh et al. [35]. Also, Matsuo et al. [34],
Wang et al. [35], and Xue et al. [36] have carried out
studies on the compressible flow in parallel-walled ducts
and reported the presence of the shock train.

Conical nozzles with straight-cut throats have appli—
cations in high-power solid-fuel rocket engines as well as
in experimental engines of the amateur category [37].
Where the length L, of the solid fuel rocket engine
comprises the combustion chamber, which is a cylinder
of given length, and the nozzle which is coupled to the
combustion chamber. The dimensions of the nozzle vary
according to the engine power. In the straight-cut throat
section, the diameter is D, and its straight length is L.
Rogers [37] proposes as design criteria for straight-cut
throat nozzles the length-to-diameter ratio L/D < 0.4 since
the nozzle performance losses increase for higher values
of L/D > 0.4. The loss mechanisms are divided into three
categories: internal nozzle wall geometry losses, viscous
drag losses, and chemical kinetic losses [1,37]. Of the
diversity of rocket engines, as a reference, we mention
the TU-223 Mace Booster solid fuel rocket engines of
length L, = 3.27 m and conical nozzle with L/D = 0.303;
and the TE-M-388 Iroquios engine of length L, =2.65 m
and conical nozzle with L/D = 0.952; both of which have
been reported by Rogers [37].

Tolentino and Mirez [38], applying CFD, performed
numerical studies on the effect of throat length on the
flow development in conical nozzles with straight-cut
throat, for L/D = 1.5. They reported that, in the throat
section, the flow presents oblique shocks (shock train)
in the estimated range from Mach number 0.65 to 1.74,
the fluctuation being more intense at the beginning of
the throat section and less intense at the end of the
throat section. Also, numerical studies on the flow de—
velopment in straight-cut throat conical nozzles for L/D
~ 1 reported oblique shocks in the throat section, where
the flow exhibits velocity fluctuations in the estimated
range from Mach number 0.75 to 1.55 [39-41].

In contrast, for convergent-divergent conical nozzles
that have a radius of curvature at the wall of the throat
section, oblique shocks are not present, and the study of
the radius of curvature has been addressed by Sauer
[42], Cuffel et al. [43], and Back et al. [44].

Based on the aforementioned studies on the flow
behavior in the presence of the shock train, the study of
the flow in planar nozzles with straight-cut throats has
been motivated. In this sense, the present investigation
aims to analyze the behavior of compressible flow in
planar nozzles with straight-cut throats and to determine
the range of velocity and pressure fluctuations in the
throat section. Section 2 presents the applied metho—
dology. Section 3 analyses the results of the flow field
simulations. Finally, section 4 presents the conclusions.

2. METHODOLOGY
2.1 Planar nozzle

For the study of the compressible flow field in planar
nozzles, applying CFD, the geometry of the off-design
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planar nozzle of the Hunter paper [10], shown in Fig. 1,
has been taken into consideration. The planar nozzle
[10] is an experimental equipment belonging to the
NASA Langley 16-Foot Transonic Tunnel Complex.

Figure 1. Experimental equipment: off-design planar nozzle
[10].

Based on isentropic flow theory, the planar nozzle in
the Hunter work [10] is designed for a flow adapted for
NPR=8.78, Mach number 2.07 at the nozzle outlet, and
an atmospheric pressure of 102.387 kPa (14.85 psi).

The schematic of the planar nozzle geometry [10] is
shown in Fig. 2a. The main dimensions of the planar
nozzle are the throat cross-sectional area 4, = 2785.1557
mm?, the expansion ratio 4./4, = 1.797, where the
exhaust area is A, and the nozzle width 101.346 mm.
The convergent has a half angle B = 27.29°, and the
divergent has a half angle o = 11.01°. The throat wall
has a curvature of radius R, = 15.875 mm (0.625 in).
The air mass flow rate is supplied to the nozzle up to a
capacity of 6.804 kg/s (15 lbm/sec), with a stagnation
temperature control of 294.444 K (530 R) [10].

2.2 Computational domain, meshing, and boundary
conditions

The geometry of the planar nozzle shown in Fig. 2a was
modified in the throat section by the authors of the
present investigation. A straight-cut throat was added
between the convergent and divergent throat, and the
length of the throat L,/L,, where L, is the straight length
of the throat and #, is the height of the throat, was taken
as a variable parameter. In the throat section, the mean
height is y, = h,/2, and at the divergent outlet, the mean
height is y,. The convergent and divergent geometrical
parameters were not changed, so their original design
was maintained. The radius of curvature at the end of
the convergent and at the beginning of the divergent is
R;=15.875 mm (0.625 in) [10].

It was taken into consideration to simulate the flow
adapted for NPR = 8.78, for 2D computational domains,
and this is due to the symmetry it presents. Fig. 2 illus-
trates the planar nozzle's schematic and the compu-
tational domains' meshing.

The computational domain is illustrated in Fig. 2a,
where the boundary conditions are applied. For the flow
study, seven planar nozzle geometries were considered,
with the first nozzle without throat length L/L;, = 0 (Fig.
2¢) and the other six nozzles with throat length for
increments of 0.25 up to L/L, =1.5. It should be noted
that details for L/L, = 0.5, L/L;, =0.75, L/L, = 1, and
L/L, = 1.25 are not included in Fig. 2. Table 1 presents
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the convergent, throat length and divergent positions of
the seven planar nozzles. It should be noted that the
computational domain geometries of the seven planar
nozzles were performed in the ANSYS-Geometry
platform.

( a) Outlet pressure —
Inlet pressure - l Atmosphere
/ anar nozzie
I Adiabatic wall \ |
B = 27.29° R, Throat |
L Ta=11.01°
Flow y Symmetry |7 —— Ya
- x / - Ye = he/2 -
L —_ Ty ____
Convergent Divergent
0<x/x<1) Q=x/x=2)

l Nozzle |

Atmosphere |

(d L./h,=0.25

Figure 2. (a) Computational domainandboundary
conditions for the geometry of a planar nozzle. (b) Meshed
domain (mesh 3).Enlargement of details (c), (d), and (e)of
the throat section.

The domains meshed in the ANSYS-Meshing
platform, and the domains were discretized using
ICEM-CFD interaction. Fig. 2b illustrates the meshed
computational domain with 28930 elements (mesh 3),
comprising the nozzle and a region of the atmosphere.
Fig. 2c shows the detail for a meshed region of the
throat section for L/L, = 0, which corresponds to the
wall curvature of the original planar nozzle design from
research work by Hunter [10]. Fig. 2d shows the mesh
region for throat length L/L;, = 0 and Fig. 2e for L,/L; =
1.5. The meshing in the wall regions has been refined
due to the presence of shear stresses. It should be noted
that the meshing details for other sections of the throat
length are not presented, as the distribution of cells in
the mesh is similar.

The parameters of the boundary conditions were set
as follows. For the flow in the atmosphere: static
pressure p = 102.387 kPa and static temperature T =
294.444 K. For the flow at the nozzle inlet: total
pressure py = 898.9798 kPa and total temperature 7, =
294.444 K. The nozzle pressure ratio is expressed as
NPR = po/p = 8.78.

The nozzle walls in the computational domain were
considered adiabatic walls, so there is no heat transfer
through the wall. The flow velocity is zero in the
adiabatic wall due to the no-slip condition. In symmetry,

in the ¥-axis direction, the velocity is zero. The
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effect of gravity has not been taken into account
throughout the 2D computational domain. It should be
noted that the flow parameters are taken from the work
of Hunter [10].

Table 1. Range of convergent section, throat length, and
divergent.

Convergent Throatlength Divergent

L/, (x/x,) (x/x) (x/x,)

0.0 0-1 1 1-2

0.25 0-1 1-1.1189 1.1189-2.1189

0.50 0-1 1-1.2378 1.2378 - 2.2378

0.75 0-1 1-1.3567  1.3567-2.3567

1.0 0-1 1-1.4756  1.4756 -2.4756

1.25 0-1 1 —1.5945 1.5945 - 2.5945

1.5 0-1 1-1.7134 1.7134 -2.7134

2.3 Mathematical fundamentals

The flow used is air, and it was considered as an ideal
gas. The physical parameters of the air are as follows:
the specific heat ratio being k = 1.4, the specific heat at
constant pressure C, = 1006.43 J/(kg-K), the thermal
conductivity &k, = 0.0242 W/(m-K), and the constant of
the gas R =287 J/(kg'K) [45].

For compressible flow, the dominant parameter is
the Mach number M, and is classified as: 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 [16].

The flow field was simulated in a steady state in the
ANSYS Fluent R16.2 code [45], and the Reynolds-
averaged Navier-Stokes (RANS) equations were used.
The governing equations, such as the mass conservation
equation (1), the momentum equation (2), the energy
equation (3), and the ideal gas equation of state (4) [45],
in compact form are expressed as:

V-(pus) =0 ®
V'(Puiuj)Z—VPJFV'(?)JFV'(_'DW) 2)
V'(ui(,DE+P)):V'(kerT+(?eff'ui)) (3)

p=pRT @)

The parameters of the above equations are as fol—
lows: p is the density; u is the velocity; p is the pressure;
T is the temperature, and R is the ideal gas constant.

T, v 1s the stress tensor, and —pujuj are the Reynolds
stresses. £ is the total energy; k.4 is the effective thermal
conductivity, and ?eff is the effective stress tensor.

The Sutherland equation [46] was used for viscosity
as a temperature function. The Spalart-Allmaras turbu—
lence model [47] was used to simulate turbulence.

2.4 Computational solution method
The ANSYS-Fluent R16.2 code [45], which applies the

finite volume method (FVM) [26], was used for the
flow field simulations. The following considerations
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have been taken into account:density-based, time-
steady, planar 2D. The Roe-FDS flow type was applied,
as well as Least Squares Cell Based. The Second Order
Upwind option was applied for the flow, kinetic energy
turbulence, and specific dissipation. As a control para—
meter in the iterations, it was taken into account for the
mass flow rate, for the error in the range of 1x10™ to
1x107. The hybrid initialization method was applied.To
obtain the solutions of the computational simulations,
iterations were performed in the range of 24900 to
86900. The computer used for the computational
simulations has the following characteristics: Dell CPU,
model Optiplex 7010, i5 3470, four processors of3.2
GHz, and 8 GB of RAM.

2.5 Numerical convergence analysis

A sensitivity analysis was performed for three meshed
domains for the original design planar nozzle (L/h; = 0)
for the evaluation of y* in the shear stress value (Fig. 3).
Where mesh 1 has 28010 elements, mesh 2 has 28493
elements, and mesh 3 has 28930 elements.All three
meshed domains were evaluated for the Spalart-
Allmaras turbulence model [47] for NPR = 8.78. The
magnitudes of y" were obtained, being smaller for mesh
3. The region of the highest magnitude of y occurs for
the flow near the divergent outlet at the estimated
position x/x, =~ 0.93, where y < 103.

110 ~

1,50 NPR = 8.78
—— Mesh 1: 28010 elements
30 91 —— Mesh 2: 28493 elements
—— Mesh 3: 28930 elements
10 T T T T T T T |
0 0.5 1 1.5 2

Nozzle wall. Position x/x,

Figure 3. y* curves evaluated on the walls of the planar no—
zzle. Range: convergent 0 < x/xt < 1; divergent 1 < x/xt < 2.

For mesh 3, at the nozzle outlet, the average value of
Mach number 2.0046 for the viscous flow was obtained
for the 2D simulation, which is slightly close to the
value of Mach number 2.07 for the isentropic flow of
the nozzle design, with an absolute error of 0.065.
Therefore, the meshed domain for mesh 3 is acceptable
for simulating the adapted flow field.

2.6 Validationof the Spalart-Allmaras turbulence
model

The Spalart-Allmaras S-A turbulence model [47] was
validated with the experimental pressure data reported
by Hunter [10] for NPR = 3.413 (Fig. 4); also, the S-A
[47] model was compared with SSTk - w of Menter
[48], standard k - @ turbulence models of Wilcox [49]
and RSM of Launder et al. [50].The S-A turbulence
model curve presented the best fit for the critical region
where the lowest pressure drop is present with respect to
the experimental data [10]; for the position x/x; = 1.717,
a position error of 0.32% was obtained. While the
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curves of the SSTk - w [48] and k - @ [49] turbulence
models are shifted to the left and RSM [50] to the right,
for which positional errors of more than 1.68% were
obtained.

The Spalart-Allmaras turbulence model [47] is a
one-equation model, and its trajectory shows that it res—
ponds better to adverse pressure gradients and boundary
layer separation than the other three turbulence models
used.

0.8 1
o
N
a 0.6 1
o NPR =3.413
=
2 04 1 0 Exp.[10]
v | — S-A
=] - — -
02 4 __SSTk w
k—w
1/ -=-- RSM
0 T T T ]
0 0.5 1 1.5 2

Nozzle wall. Position x/x;

Figure 4. Comparison of curves from computational
simulations and experimental pressure data [10]. Range:
convergent 0 < x/xt < 1; divergent 1 < x/xt < 2

3. RESULT AND DISCUSSION

This section presents the flow field simulations for the
planar nozzles with throat length: L/h, = 0, L/h, = 0.25,
L/h,=0.5,L/h,=0.75, L/h,= 1, L/h,= 1.25 and L/h, =
1.5. Table 1 presented above indicates the positions of
the convergent ranges, the length of the throat, and the
divergent range. In the flow field figures, red regions
represent higher magnitude values , and blue regions
represent lower magnitude values.

3.1 Flow field: Mach number

The Mach number flow field for each case of the planar
nozzle with throat length from L,/h, =0 to L/h, = 1.5 are
shown in Fig. 5. The internal shocks, which are oblique
shock waves, are observed at the throat, at divergent,
and at the nozzle outlet. The curve trajectories of the
Mach number patterns evaluated at the nozzle symmetry
for each throat length L /A, are shown in Fig. 6.

For L/h, = 0 (Fig. 5a), there is no throat length, with
L, = 0. In Fig. 6 for L/h, = 0, the flow in the throat
section is observed to accelerate undisturbed.

In the throat section, starting from L/h, = 0.25 (Fig.
5b and Fig. 6) up to L/h, = 1.5 (Fig. 5g and Fig. 6), it is
observed that as the throat length L/A, increases, the
evolution of internal shocks increases, the flow
accelerates and decelerates, and the fluctuation towards
the throat outlet decreases for L/h, = 1.5, thus having a
shock train. On the other hand, the flow in the divergent
is accelerated, and its behavior undergoes slight changes
due to the effect of the throat length, which causes
variations in the intensity of the pressure waves in the
flow regime at the throat outlet. The flow behavior is
evident for the Mach number patterns shown in Fig. 6.
For L/h, = 0.25 (Fig. 5b and Fig. 6), the throat length is
in the interval 1 < x/x, < 1.1189, the flow at the throat
exit reaches Mach 1.16, then continues to accelerate at
the divergent up to the position x/x, = 1.1445 and
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reaches Mach 1.205, and then slows down at position
x/x, = 1.1780 and reaches Mach 1.023, and then
continues its fluctuating trajectory to the nozzle exit.
For L,/h;= 0.5 (Fig. 5c and Fig. 6), the throat length is in
the interval 1 < x/x; < 1.2378 and spans the Mach
number behavior pattern up to the x/x, = 1.1780 position
for L/h, = 0.25 (Fig. 6). Thus, as the throat length
increases up to L/h, = 1.5 (Fig. 6), the sections of curve
trajectories of shorter throat lengths overlap with those
of longer lengths, and the fluctuations decrease towards
the throat exit.Therefore, increasing the throat length
reduces the flow velocity in that section. For L/h, = 1.5
(Fig. 5g and Fig. 6), the flow velocity in the throat
section is in the range of 1< M < 1.2 and exhibits four
peaks of Mach number values. The first peak occurs at
position x/x, = 1.445 for Mach 1.205, the second peak at
x/x; = 1.3297 for Mach 1.123, the third peak at x/x, =
1.492 for Mach 1.087, and the fourth peak at x/x, =
1.618 for Mach 1.062. The peaks of the flow velocity
occur in the regions of the intersections of the oblique
shocks in the throat section, seen in Fig. 5, from L/h, =
0.5 to L/h,= 1.5. For L/h,= 0.25, the peak is outside the
throat, at the beginning of the divergent.

Fig. 7 shows the trajectories of the Mach number
curves at the throat length exit for the range of L/h, = 0
to L/h; = 1.5, which are related to Fig. 6 and 5. It is
observed that for L,/h; = 0, the flow in the central region
is close to Mach 0.9, whereas, for the flow in the near-
wall region within the range of 0.9 < y/y, < 1, an
estimated peak of Mach 1.25 is presented.

As the throat length increases, the fluctuations
decrease to a horizontal trend behavior for the range of
0 < y/y, £ 0.9, where the flow approaches the sonic
velocity, Mach 1. Slight increases in fluctuation occur
for the range of 0.9 < y/y, < 1, where the flow reaches
values below Mach 1.2. The best behavior of the
horizontal trend curve occurs for L/h, = 1.5.

The throat length slightly affects the flow at the
nozzle outlet, as shown in Fig. 8. For the flow region
adjacent to the wall in the range of 0.9 < y/y, < 1 (detail
(a)), the curve L/h, = 1.5 is the furthest away from L/,
= 0. This behavior is also affected by the thermal
boundary layer and the shear stress in the flow region
adjacent to the diverging wall, as the flow friction at the
wall varies with respect to the flow velocity.

Table 2 presents the average values obtained by
numerical integration for the Mach number curves at the
throat outlet (Fig. 7) and at the nozzle outlet (Fig. 8).
The same table includes the percentage errors based on
the Mach 1 isentropic flow for the throat section, and
for the viscous flow velocity at the nozzle outlet of
Mach 2.07 [10].

With respect to the flow at the throat outlet, the
smallest Mach number error is 0.29% for L/h, = 0, and
the largest error is 8% for L/h, = 0.5. For L/h, = 1.5, the
error decreases to 4.4%.

For the flow at the nozzle outlet, the average Mach
number decreases progressively from Mach 2.0046
(L/h, = 0) to Mach 1.9981 (L/h, = 1.5), while the error
increases in the range of 3.15% to 3.47%. Therefore, by
decreasing the flow velocity at the nozzle outlet, the
thrust force will also decrease as the throat length
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increases. Consequently, throat length has a significant
effect on the flow regime.

(@) Lg/h,=0.0

' h T N e —
H Internal shock ‘ NE
AR I'e \v

199 2.49 /.

0.0 0.50 1.00

() L,/h,=0.25
Internal shock
evolution

0.0 0.50 1.00 199 249 /= \

Le/he = 0.50

Ly

0.0 050 1.00 199 249

(d) L./h = 0.75

0.0 0.50 1.00

199 249

() Ly/h,=1.0

0.0 0.50 1.00

1.99 2.49

() L./hy=1.25
™ Oblique shock

0.0 0.50 1.00 199 249 ~

(® Le/hy=15

Shocktrain region

0.0 050 1.00 1.99 249

Figure 5. Flow field:Mach number contour lines. Evolution
of internal shock formation in the throat section. Throat
length ranges from L/h;= 0 to L/h;=1.5. Flow for
NPR=8.78.
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Figure 6. Mach number patterns evaluated in symmetry.
Throat length ranges from L/h;=0 to L/h;=1.5.
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Figure 7. Mach number patterns are evaluated in the y-axis
direction at the throat exit.
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Figure 8. Mach number patterns are evaluated in the y-axis
direction at the nozzle exit.

Fig. 9 is part of Fig. 5, which illustrates the velocity
and discharge distribution of the supersonic jet in the
region of the atmosphere for the nozzle with L/h, = 0
(Fig. 9a) and L/h,= 1.5 (Fig. 9b).
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Table 2. Average values of the Mach number and percen—
tage errors were evaluated at the outlet of the throat and
nozzle.

Throatoutlet Nozzleoutlet
Throat: Mach Error Mach Error
L,h, number (%) number (%)
0.0 1.0029 0.29 2.0046 3.15

0.25 1.0789 7.89 2.0043 3.17
0.50 1.0800 8.00 2.0025 3.25
0.75 1.0751 7.51 2.0015 3.30

1.0 1.0650 6.50 2.0004 3.36
1.25 1.0561 5.61 1.9992 341
1.5 1.0440 4.40 1.9981 3.47
(a) L/hy =0 ~ Atmosphere
Nozzle

0.0 0.5 1.0 1.99 2.49

Figure 9. Mach number flow field: (a) Nozzle with L/h,=0
and (b) Nozzlewith L/h;=1.5.

3.2 Flow field: Static pressure

The flow field for the static pressure is shown in Fig.
10, for L/h,= 0 to L/h,= 1.5, where it is observed how
the flow pressure is distributed in the convergent, throat,
and divergent. These results are related to the flow field
for the Mach number presented in Fig. 5.

The evolution of the oblique shock formation in the
throat section starts from L,/h, = 0.25, and for L/h, = 1.5,
the formation of oblique shock waves forming the shock
train region is defined.

The static pressure patterns evaluated at the sym—
metry and at the nozzle wall are shown in Fig. 11 and
Fig. 12, which are related to Fig. 10. In the throat section,
for L/h, = 0, the flow pressure decreases wit—hout
interruption. In contrast, from L/h, = 0.25, the flow pre—
ssure fluctuates, and the fluctuation at the throat outlet
decreases as the throat length increases. For L/h, = 1.5,
the pressure difference is in the range of 0.4 < p/py < 0.52.

The pressure patterns evaluated at the nozzle wall,
which are the lateral pressure loads, are shown in Fig.
12. In the throat section, for L/h, = 1.5, the pressure
difference is in the range of 0.37 < p/py < 0.52. The
fluctuating pressure gradients affect the development of
the flow regime, where the flow velocity fluctuates
towards the wall until it stops upon contact with the
nozzle wall. In the throat section, the oblique shocks are
more intense for the region of the shock train, and at the
end of the throat length, the fluctuations decrease.

Fig. 13 is a part of Fig. 10, which illustrates the
static pressure distribution in the nozzle and in the
atmospheric region, for the nozzle with L/h, = 0 (Fig.
13a) and L/h, = 1.5 (Fig. 13b).
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(@) L/h,=0.0

() L,/h,=0.25
Internal shock
evolution

0.06 024 043 0.79 097

Le/h.=1.0

0.06 0.24 043 0.79 097

() L/h,=1.25

Oblique shock

0.06 0.24 043 0.79 097

(® L/h,=15
Shock train region

0.06 0.24 043 0.79 097

Figure 10. Flow field: Static pressure contour lines.

Evolution of internal shock formation in the throat section.

Throat length ranges from L/h,= 0 to L/h,=1.5. Flow for
NPR=8.78.
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Nozzle symmetry. Position x/x,

Figure 11. Static pressure patterns evaluated in symmetry.
Throat length ranges from L/h;=0 to LJ/h;= 1.5.

1.1 1

Convergent Lt/ht =025
1 —— L,/h, =00
00 | —— L/h =05
' —— L /h, =0.75
0.8 A —— Lg/hy =10
— L/h, =125
2 07 1 — L/h,=15
~
. 0.6
= 05 -
g
04 4
0.3 4
0.2 -
0.1 1
o+
0 0.5 1 1.5 2 2.5 3

Nozzle wall. Position x/x;

Figure 12. Static pressure patterns were evaluated at the
wall. Throat length ranges from L/h;= 0 to L/h;= 1.5.

(a) L/h, =0 Atmosphere
| Nozzle

() L/, =15

0.06 0.24 0.43 0.79 0.97
— —— - —

Figure 13. Static pressure flow field: (a) Nozzle with L/h;=0
and (b) Nozzle with L/h;=1.5.

The staticpressure from the computational simula—
tions, evaluated at the divergent walls of the planar
nozzles, for throat lengths L/h, = 0 to L/h; = 1.5, are
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compared with the experimental pressure data from the
Hunter paper [10], for NPR=8.78, as shown in Fig. 14.
Where, the divergent positions, for L/h; = 0.25, L/h, =
0.5, L/h; = 0.75, L/h, = 1, L/h, = 1.25, and L/h, = 1.5,
have been taken to the relative position with respect to
the nozzle with L,/h, = 0 since all nozzles have the same
divergent length.

0.6
NPR =8.78
0.5 O Exp. [10] — L,/h, =0.75
— L/h, =00 — L/h:=10
— L/hy =025 — L,/h, =125
0.4 — L/hy =050 — [,/h, =150

Pressure, p/p,
(=)
(98]

<
()

e
=

0 T T T T T T T \ 1
I 1.1 12 13 14 15 16 1.7 1.8 19 2

Divergent: nozzle wall. Position x /x;

Figure 14. Comparison of simulation curves with experi-
mental pressure data [10].

It is observed in the above figure (Fig. 14) that the
fit of the curve trajectory for L/h, = 0 with the expe—
rimental pressure data [10]. While the curves for L/h, =
0.25, L/h;=0.5, L/h, = 0.75, L/h, = 1, L/h, = 1.25, and
L/h, = 1.5 present different pressure magnitudes at the
divergent inlet. In the range of 1 < x/x; < 1.3, the flow
fluctuates due to the effect of throat length. For the
range of 1.3 <x/x, <2, the curves overlap along with the
curve L/h, = 0, and the effect of throat length is slightly
smaller with respect to the mentioned range of 1 < x/x; <
1.3.

3.3 Flow field: Density

For better visualization of the shock train in the throat
section, the images are illustrated in greyscale for the
density variations of the flow regime.

The flow density distribution at nozzle divergent
without throat length (L,/h; = 0) for NPR=8.95 is shown
in Fig. 15a. The image was captured with the Schlieren
technique and corresponds to the experimental work of
Hunter [10]. The density simulation obtained in the
present work is shown in Fig. 15b.

The intersection of the oblique shock at the
divergent occurs in the position range 1.4 < x/x; < 1.6,
and the velocity fluctuation for L,/h, = 0 is shown in Fig.
6. It is observed that the distributions of the oblique
shocks from the computational simulation in Fig. 15b
and Fig. 9a are approximately similar to the image of
the experiment shown in Fig. 15a.

The flow density distribution in the throat section for
L/h, = 1.5 and NPR=8.78 is shown in Fig. 16. The
formation of oblique shocks is observed, where the
highest intensity is in the left end region, and the lowest
intensity is in the right end region. The flow regime in
the throat section for L/h, = 1.5, mentioned above: the
patterns of the velocity fluctuations with respect to the
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Mach number are shown in Fig. 6 and of the static
pressures in Fig. 11 and Fig. 12.

Divergent
(Asx/x<2)

Figure 15. (a) Image captured with the Schlieren technique
by Hunter [10]. (b) Simulation of the flow density.

Le/hy =15

(Shock train region) |
1

/
g )

: _\7'\
Obliqueshock 15 303 488 673 859 1044 (kg/m®)

Figure 16. Flow density in the throat section. Distribution of
oblique shocks forming the shock train region. Flow for
NPR=8.78.

At the throat length of the planar nozzle, where the
shock train region occurs, the flow velocity fluctuations
are in the range of 1 < M < 1.2, and whose magnitude
range is smaller with respect to the throat length conical
nozzle geometries reported in [38-41], which are in the
estimated range of Mach number 0.65 to 1.74. There—
fore, in the throat section, the geometries of the inner
walls in the cross and longitudinal sections affect the
propagation of the pressure waves in their development,
and the interaction of the turbulent boundary layer with
the oblique shock waves is affected in its structure by
the pressure gradients that are distributed along the
throat section.

It should be noted that the results obtained from the
numerical simulations of the Mach number, pressure,
and density flow field in the present investigation are
approximations with certain margins of errors, where
the most common types of numerical errors are the
following: modeling errors, discretization errors, itera—
tion errors, and programming and user errors [26].
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For this reason, the pressure simulations on the
divergent wall (Fig. 14) have been compared with the
experimental data of the Hunter work [10]. However,
further research must perform extension experiments for
the planar nozzle studied by Hunter [10], incorporating
a straight-cut throat to record with the Schlieren
technique the region of the shock train in the throat
section and the flow region in the divergent one and
whose experimental results serve as a comparative
standard for the computational simulations.

4. CONCLUSION

Computational simulations of the flow field in planar
nozzles with straight-cut throats have made it possible
to determine the effect of throat length on flow deve—
lopment.

As the throat length increases from L/h, = 0.25 to
L/h, = 1.5, internal shocks originate, and the shocks
form a train of shocks. In symmetry, for L/h, = 1.5, the
fluctuation is strongest at the beginning of the throat and
weakest at the end of the throat, where the flow
accelerates and decelerates and is at transonic velocity
in the Mach number range of 1 < M < 1.2. Increasing the
throat length slows down the flow velocity in the throat
section. For the Mach number at the nozzle outlet, for
L/h, = 1.5, the largest error of 3.47% was obtained.

With respect to the static pressure in the throat
section, for L/h, = 1.5, the flow fluctuates in the range
of 0.37 < p/py< 0.52.

Extended studies for nozzles with straight-cut
throats in the range of 0 < L/h, < 0.25 are considered
relevant in order to determine the magnitude of the flow
fluctuation inside and at the throat outlet. Also,
experimental studies of the flow for 0 < L/h, < 1.5, and
higher values of L/, > 1.5, modifying the throat section
of the experimental nozzle studied by Hunter [10], in
order to compare the approximate numerical results
obtained in the present work.
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NOMENCLATURE

4,
4.
G,
hy
K
ki
Lm
L
M
p

Po
R

Rt
T
Ty
X
Xy
y
Yd

Nozzle throat area

Nozzle outlet area

Specific heat at constant pressure
Throat height

Specific heat ratio

Thermal conductivity

Rocket motor length

Throat length

Mach number

Static pressure

Total pressure

Gas constant

Throat radius of curvature

Static temperature

Total temperature

x-axis in the Cartesian plane
Convergent and divergent lengths
y-axis in the Cartesian plane
Mean divergent height

Mean throat height

V-plus,in the shear stress value
Half angle of the divergent
Half angle of the convergent
Density

Throat length/diameter ratio
Throat length/height ratio

Two dimensions
Computational Fluid Dynamics
Finite volume method
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NPR  Nozzle pressure ratio

HYMEPHUYKA AHAJIM3A EBOJIYIIUJE
YIAPHOTI BO3A Y IINTAHAPHUM
MJIASHUIIAMA CA JY/KHUHOM I'PJIA

C.J1. Toaentuno, X. Mupec, C.A. Kapadamo

Y OBOM WHCTpaXHBamby, AHAIM3UPAHO je IOHAIIAE
KOMIIPECHOWITHOT CTpyjama y paBHHM MJIa3HHIaMa ca
Jy>KUHOM Tpiia J1a OM ce oipeano orcer Op3uHe NpOToKa
u (QuyKkTyanuje TpUTHCKAa y Tpeceky rpna. [loiee
MIPOTOKA je CHMYTHpaHo y 2J] padyHapCKUM JOMEHHMa
ca AHCUC-®nyentr P16.2 xomom. PAHC wmozmen je
MpUMEHEH 3a CTalMOHApHW TpOoToK. Kopum—hene
IJIaBHE jeJHAYMHE Cy OUYyBambe Mace, UMILYJICa, eHeprHje
U jeqHauMHa CTamba WACANTHOr raca. 3a BHCKO3HTET Kao
¢byHKIM])y TemrepaType Kopuinhena je CaaepieHIoBa
jenHaunHa. 3a MoOIeNUpame TypOy—JICHIMje CTpyjama
kopuitheH je Crnanapt-AnaMapacos MOJIeN
TypOyJIeHIMje, KOjU je TOTBpheH eKCrepuMeH—TaTHUM
rojialiiMa O IPUTHCKY. Y Jely rpiia, 3a HEHTPAJIHHU €0
TOKa, Kako ce IyXuHa Tpia mnoBehaBa, TIPOTOK
¢dykTympa u ycropasa. Hacrajy xocu ymapHU TalacH U
(dopmupa ce obmacT yaapHor Binaka. bp3una ctpyjama je
TPaHCCOHMYHA W HaJa3! ce y orncery Maxosor 6poja ox 1
no 1,2, a crarmuku npurucak je y omcery ox 0,37 mo
0,52. 300r Tora, kao pesynrar (QayKTyaluja MpOTOKa,
Jly>)KHHa IpJia MMa 3Ha4ajaH yTUIaj Ha Pa3Boj MPOTOKa.
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