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Computational Fluid Dynamics analysis was used to study the effect of expansion level in 
a suddenly expanded flow for a converging-diverging nozzle expanded to the duct of 
larger diameter at supersonic Mach number. Parameters include the nozzle pressure ratio 
(NPR), L/D ratio, and area ratio. The model of the converging-diverging (C-D) nozzle 
suddenly expanding into the enlarged duct with the cavity was created using the Design 
Modeler of ANSYS Fluent. The Mach number of the study is 1.6. The area ratio varied from 
2.25 to 5.29, and the L/D ranged from 1 to 10. The simulated nozzle pressure ratio (NPR) 
ranged from 2, 3, 4.25, and 6.375. The outcome demonstrated that the geometric 
alteration and NPR strongly affect the base pressure. The ambient pressure influences 
result in lower L/Ds. The cavity of aspect ratio 1 is most effective in raising the base 
pressure. Increasing the width does not yield any desirable results. However, the location 
of the cavity played a very significant role in base pressure regulation. The duct's wall 
pressure and the flow field remained identical with and without control. 
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1. Introduction 
 

Suddenly expanded flows have applications in many areas, such as the IC engines' rocket nozzle 
and exhaust ports [1]. The area where relief is available to the flow will form a low-pressure zone 
whenever sudden expansion occurs. This situation will increase the base drag, contributing as high 
as 70% of the total drag force. However, the base drag is not of primary concern in subsonic flight 
Mach number as it contributes at most 10% of skin friction drag [2]. As such, it is vital to study how 
the sudden flow works so that the base drag, which is detrimental to the flow efficiency, can be 
reduced using the appropriate control method. Base pressure reduction in suddenly expanded flow 
is an undesirable effect that requires extensive research. This paper will analyze the base pressure 
for overexpanded, correctly expanded, and under-expanded flow cases. 
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This study aims to study the effect of expansion level in a suddenly expanded flow where the flow 
field of suddenly expanded flow for various expansion level flow at Mach 1.6 will be analyzed. Passive 
control in the form of cavities will be used. This paper investigates the effect of expansion level in a 
suddenly expanded flow at Mach number 1.6. The following objectives are highlighted to achieve the 
aim of this study: To model and simulate the sudden expansion for various expansion levels at 
supersonic Mach number. To relate the geometry effect on base pressure at supersonic Mach 
number. To identify the impact of the cavity on base pressure at supersonic Mach number. 
 
2. Literature Review 
 

Suddenly expanded flows offer a broad range of applications, necessitating thorough research. 
Numerous studies have been done to determine the effectiveness of passive and active control in 
regulating base pressure. This study aims to assess the effect of various expansion levels in a suddenly 
expanded flow. The goal of this section is to review the relevant literature. This review highlights 
some of the most significant results on this subject. 

Three differences were identified between the two flows. First, wall shear stresses work only on 
the wake and the reattached boundary layer in internal flow. Second, through the internal flow of a 
sudden expansion, the pressure gradients of sections of parallel walls vary. Third, the intersection of 
jet boundary lines will occur at the Mach lines, the expansion waves originating opposite the internal 
flow corner. Nonetheless, there is one resemblance between these flows: in both flows, there is a 
wake region [3]. The study of base pressure development of external flow can be compared with the 
experimental internal flow as both mechanism is almost the same [4]. Internal flow experiments have 
several advantages over exterior flow experiments: they use less air, eliminate support devices, and 
allow for easy measurement of the base pressure in the base region [5,6]. The primary benefit of an 
internal flow apparatus is that it enables absolute static pressure and surface temperature 
measurements not only during the expansion's entrance section but also in the wake zone [7,8]. 
Suddenly expanded flow is characterized by separation, recirculation, and reattachment. The flow is 
divided by the shear layer into the central flow region and the recirculation flow region [9,10]. Khan 
et al., [11,12] studied the influence of expansion level on base pressure and reattachment length. 
Low supersonic Mach number and NPR will exhibit overexpanded flow and high reattachment length. 
The base region's pressure is reduced since the flow is reattached. Increasing the supersonic Mach 
number at low NPR caused the nozzle to become highly overexpanded. 

Rathakrishnan et al., [13] reviewed the influence of cavities on suddenly expanded flow fields. 
They concluded that the cavity smoothing impact on the main flow field in the enlarged duct was 
quite strong for large ducts and that the cavity aspect ratio had a considerable effect on both the 
flow field and the base pressure. Viswanath and Patil [14] experimented on zero-lift drag 
characteristics of afterbodies with a square base. They discovered that afterbodies with square bases 
generate vortical flows ahead of the base, comparable to those on the lee side of a delta wing at 
incidence. Viswanath [15] investigated the drag reduction of afterbodies by controlled separated 
flows at high speeds with a standard step height and uniform spacing of steps. He discovered that 
properly designed multistep afterbodies could significantly reduce total drag (25-50 percent) 
compared to a blunt base with no modifications. However, compared to traditional axisymmetric 
afterbodies with circular arcs or conical boattails of an equal base area, the multistep afterbodies 
have an enormous drag reduction due to the increased momentum losses associated with the 
separation–reattachment processes at each step. 

Azami et al., [16,17] studied the control of suddenly expanded flows with micro-jets, an active 
control using an experimental method. The experiment proves that micro-jet manages to significantly 
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base pressure. The adverse effect was nonexistent on the large duct pressure field because the wall 
pressure distribution is the same with and without control. It is noted that fixing the base pressure 
level with and without control was affected by NPR. Studied the control of suddenly expanded flows 
from correctly expanded nozzles. They found that micro-jets can serve as active controllers for base 
pressure and the micro-jets have no detrimental impact on the wall pressure distribution. They 
experimented on the expansion level performance for a suddenly expanded flow. They discovered 
that the Mach number significantly affects the base pressure in the supersonic region [18,19]. 

Numerous researchers have conducted extensive research on suddenly expanded flow, 
particularly on base pressure's active and passive control using CFD, experimental approach and 
optimization method and many more considering other aspects [20-36]. Understanding base 
pressure behavior and its control mechanism will greatly benefit various aviation and space 
programs. Controlling base pressure facilitates decreasing base pressure in combustion chambers to 
enhance mixing and increasing base pressure in rockets and missiles to reduce base drag. Therefore, 
this paper aims to investigate the control of base pressure with passive control in the form of cavities 
at various expansion levels. 
 
3. Methodology 
3.1 Governing Equations 
 

The fundamental governing equations of fluid dynamics are used for the Computational Fluid 
Dynamic analysis: the continuity, the momentum, and the energy equation. For incompressible flow, 
the volume flow rate is even at each cross-section of a stream tube. 
 

�̇� = 𝐴𝑉              (1) 
 
where A is the cross-section of the stream tube, and V is the velocity of the fluid. For compressible 
flow, the mass flow rate is constant at any cross-section of a stream tube. 
 
�̇� = 𝜌𝐴𝑉              (2) 
 
where ρ is the density of fluid at that cross-section. For three-dimensional compressible flow, the 
continuity equation is 
 
𝜕(𝜌𝑈𝑥)

𝜕𝑥
+

𝜕(𝜌𝑈𝑦)

𝜕𝑥
+

𝜕(𝜌𝑈𝑧)

𝜕𝑥
𝜌 = 0           (3) 

 
𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢𝑖)

𝑥𝑖
= 0             (4) 

 
The momentum equation, 
 
𝜕(𝜌𝑢𝑖)

𝜕𝑡
+

𝜕(𝜌𝑢𝑖𝑢𝑗)

𝜕𝑥𝑖
=

𝜕𝑃

𝜕𝑥𝑖
+

𝜕
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The energy equation, 
 
𝜕
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𝑉2

2
)] +

𝜕

𝜕𝑥𝑗
[𝜌𝑢𝑗 (𝑒 +

𝑉2

2
) + 𝑃 + 𝑞𝑗 − 𝑢𝑖𝜏𝑖𝑗] = 0        (6) 
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where, τij is viscous stress tensor, qiis heat flux, ρ is gas density, P is gas pressure, V is velocity 

modulus, and U is instantaneous velocity. 
The calorically perfect gas equation is constructed from specific enthalpy and specific internal 

energy equations. 
 
𝑐𝑝

𝑅
=

𝛾

𝛾−1
              (7) 

 
The isentropic process makes the nozzle flow adiabatic and irreversible. The isentropic process is 

then noted as 
 

𝑝2

𝑝1
= (

𝑇2

𝑇1
)

𝑐𝑝

𝑅
              (8) 

 
The isentropic relation then is rewritten as 
 

𝑝2

𝑝1
= (

𝑇2

𝑇1
)

𝛾

𝛾−1
              (9) 

 
3.2 Computational Fluid Dynamics 
 

CFD has also become one of the three fundamental methodologies or approaches that may be 
utilized to solve fluid dynamics and heat transfer problems. The computational aspect refers to 
studying fluid flow using numerical simulations, which requires computer programs or software 
packages executed on high-speed digital computers to obtain numerical solutions. The three primary 
components of a comprehensive CFD analysis are the preprocessor, solver, and postprocessor. CFD 
has several advantages, including supplementing experimental and analytical methods by providing 
an alternate, cost-effective method for actual modeling fluid flows [37]. Compared to analytical and 
experimental fluid dynamics, CFD can provide more detailed, visible, and comprehensive information 
[38]. 

The assumptions are created to replicate the flow behavior with the precise physical situation. 
Choosing the appropriate numerical and mathematical models simplifies the governing equations. In 
this project, the following assumptions are established to ensure that the numerical simulation 
methods match the precise physical situation. 

 
i. The flow is a two-dimensional steady-state flow due to its symmetry along the flow 

direction. 
ii. The fluid is compressible. 
iii. The velocity flow is turbulent because turbulent viscous dissipation effects are significant. 
iv. The fluid viscosity is a function of temperature. 
v. The pressure at the duct outlet is equal to the ambient air pressure. 

 
3.2.1 Geometry and modelling 
 

The ANSYS software was used in this project utilizing the fluid flow (Fluent) analysis system and 
Design Modeler used to create geometry for the model. Figure 1 depicts a model of an axisymmetric 
convergent-divergent nozzle coupled to an axisymmetric duct with annular rectangular cavities. The 
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model was designed by referring to the experimental setup of Pandey and Rathakrishnan [39]. The 
duct length varies depending on the L/D ratio, which ranges from 1 to 10. 

 

 
Fig. 1. Convergent-divergent nozzle model with duct and annular cavities 

 
Table 1 
The converging-diverging nozzle model 
geometries 
Mach Number, M 1.74 
Inlet diameter, di 26 mm 
Outlet diameter, do 10 mm 
Convergent length, le 17 mm 
Cavity width,  3 mm 
Cavity depth,  3 mm 
Taping distance,  3 mm 
Duct diameter, D 17 mm 
Duct length, L It depends on the L/D 

ratio 
Throat diameter, d* 8.52 mm 

 
Referring to Oosthuizen and Carscallen [40], the ratio of exit area to throat area for Mach number 

1.74 is 1.3764. 
 
𝐴𝑒

𝐴∗ = 1.3764  

 
The relationship between throat area and throat diameter is shown by 
 
𝐴𝑒

𝐴∗ =  (
𝑑𝑜

𝑑𝑡
∗)

2

= 1.3764                       (10) 

 
where, 𝑑∗ = 8.52𝑚𝑚. The divergent length can be determined using trigonometry. The angle for the 
divergent part is 4°. The divergent distance then is calculated as follows 
 

tan 4° =
𝑥

𝑙𝑑
  (𝑙𝑑 = 10.58 𝑚𝑚) 
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3.2.2 Meshing and boundary conditions 
 

The second phase, mesh creation, is one of the most critical tasks in the preprocessing stage once 
the domain geometry is defined. To solve the flow physics within the defined domain geometry, CFD 
necessitates the subdivision of the domain into several smaller, non-overlapping subdomains. 
Consequently, a mesh of cells covering the entire domain geometry is generated. The number of cells 
in the computational domain's mesh significantly impacts the precision of a CFD solution. Normally 
increasing the number of cells improves the accuracy of the simulation results. However, it is affected 
by several other parameters, the kind of mesh, the order of accuracy of a numerical method, and the 
suitability of the techniques chosen [39]. 

According to the initial assumption, the time was constant for the overall configuration. Since the 
geometry of the nozzle is axisymmetric, the 2D space was also set to be axisymmetric. Based on the 
second assumption, the density-based solver was evaluated for this simulation. The energy equation 
was selected for the model because the flow is compressible and involves heat transfer. The third 
assumption is flow is regarded as turbulent velocity. Consequently, the k-epsilon (2 equation) model 
was chosen. The model of k-epsilon was set to Realizable. Ideal gas was considered fluid for the 
materials. The viscosity was fixed to Sutherland based on the fourth assumption that the fluid's 
viscosity is a temperature function. Density, specific heat, and thermal conductivity remained 
unchanged. As stated in the Table 2 below, the zone was classified depending on its distinct type. 
 

Table 2 
The boundary conditions zone name and type 
Type Zone name 

Axis axis 
Wall base pressure 

cavity 
duct 
nozzle 

Interior interior surface body 
Pressure inlet nozzle inlet 
Pressure outlet outlet 

 
The pressure inlet value is equivalent to the total gauge pressure and can be calculated as 
 
Pinlet = Pgauge = Patm(NPR − 1)                     (11) 

 
where, Patm = 1 atm =  101325 Pa. 
     
4. Results 
4.1 Mesh Independence Check 
 

The same geometry is used for the mesh independence check using three different element sizes. 
The mesh independence check was done using varying NPR. The element size and the respective 
number of nodes and elements are depicted in the table below: The goal of the review for mesh 
independence is to determine the appropriate element size. Higher NPR requires more iterations and 
computing time. Choosing a proper element size can reduce computing time without compromising 
accuracy. The density of structured mesh for each element size listed in Table 3 is as follows. 
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Table 3 
Varying element sizes properties 
Element size (mm) Nodes 

1.0 607 
0.5 2163 
0.3 5754 

 
As observed in Figure 2, the mesh density increases as the element size decrease, and the number 

of elements is more significant for smaller element sizes. The difference between element sizes with 
the same NPR and design geometry must be less than 20% to determine the appropriate element 
size for meshing. Generally, 10k iterations are sufficient for solutions to converge, but 20k iterations 
are used to ensure solutions converge with high accuracy. Referring to Figure 3, element size 0.3 is 
the most appropriate to be used for mesh since the percentage difference of the base pressure ratio 
between element size 0.5 mm and 0.3 mm is lower than 20%. Reducing the element size further to 
0.1 mm is unnecessary as it will impose a longer computational time. 
 

  
(a) (b) 

 
(c) 

Fig. 2. The structured mesh with an element size of (a) 1.0 mm. (b) 0.5 mm. and (c) 0.3 mm 
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Fig. 3. Base pressure for varying NPR and element size 

 
4.2 Validation of Current CFD Work 
 

The experimental work of Pandey and Rathakrishnan [39] at Mach Number 1.74, NPR of 2.10, 
2.65, 2.93, and 3.48, area ratios of 10, 6, and 2.89, and L/D from 1 to 10 was considered as the 
benchmark results. In this paper, previous work by Pandey and Rathakrishnan [39] with NPR (P01/Pa) 
2.65 was chosen to be compared with the present work. Pandey and Rathakrishnan's [39] study 
shows the base pressure effect at different L/D for the same Mach Number, NPR, and area ratio. For 
validation, the L/D ratio of this study varied between 2 and 10. 

The percentage error was calculated and determined to be less than 10%, putting the current 
work within the allowable threshold. In addition, Figure 4 illustrates the present and prior work data 
curves. The curve exhibits a similar trend and small margin error between data points. Therefore, the 
validation is considered successful. Figure 4 also highlights the effect of varying L/D on base pressure. 
When the area ratio was 2.89, Pandey and Radhakrishnan [39] noted that the cavity significantly 
impacts the base pressure. For L/D less than 4, the cavity reduces the base pressure, whereas, for 
L/D greater than 4, it increases the base pressure. Additionally, Pandey and Radhakrishnan noted 
that passive control in the form of annular cavities could be utilized to increase the base pressure 
effectively. 
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Fig. 4. Present study verification 

 
4.3 Base Pressure Variation with L/D Ratio 
 

Before analyzing the results, it would be better if the physics of the flow field is understood 
whenever there is a sudden increase in the area of the duct. For supersonic Mach numbers, there is 
an oblique shock ring, or an expansion fan ring placed at the nozzle exit, dependent on whether the 
flow is over-expanded or under-expanded, respectively. When there is an expansion, the flow 
experiences acceleration and turns away. This additional turning, combined with the turning due to 
free expansion of the flow, will lead to early reattachment and shorter reattachment length. In the 
case of oblique shock, the shock will turn the flow towards the duct centerline and delay the 
reattachment, leading to extended reattachment length. Thus, in any case, since the base pressure 
and flow field oscillations depend on the primary vortex, strength will be significantly influenced by 
the waves. When annular grooves are in the duct, the flow will experience additional vortex shedding 
at the cavity. These vortices, being smaller in size, will act as mixing supporters, hence increasing the 
base pressure. 

For an area ratio of 2.25, results are shown in Figure 5(a) to Figure 5(d) at NPRs 2, 3, 4.25, and 
6.38 at Mach M = 1.6. The level of expansion at these NPRs is 0.47, 0,71, 1.0, and 1.5. When the level 
of over-expansion is high, the strength of the oblique shock will be high, and with the progressive 
increase in the NPR, it will decline. The duct size also influences the base pressure values. When the 
duct size is small, the duct flow field will be influenced by the backpressure; the same is seen in Figure 
5. As long as nozzles are under the influence of an adverse pressure gradient, the control is not 
effective. When the nozzle is operated at perfect expansion, control is marginally effective, resulting 
in marginal growth in the base pressure; when the nozzle is operating at NPR = 6.38, resulting in 
under-expanded nozzles. For this NPR value, the control is effective, and there is a significant increase 
in the base pressure. These results reiterate that control will be at its best whenever nozzles are 
under-expanded. 

Figure 5 until Figure 9 show the base pressure variation with L/D. These figures compare the 
results for the expanded duct with and without a cavity. The correct expansion of the Mach 1.6 nozzle 
required the isentropic nozzle pressure ratio (NPR) of 4.25. Consequently, for NPR 2 and 3 of this 
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study, the flow at the nozzle outlet is overexpanded while under-expanded for NPR 6.375. For the 
overexpanded scenario, it is apparent that the base pressure decreases sharply for L/D from 1 to 3; 
the base pressure remains almost constant. That indicates that the effect of the increase in oblique 
shock strength at the nozzle exit is nullified by the expansion caused by the substantial free space 
available at the base. 

The same trend can be seen for under-expanded cases of area ratios 3.61 and 4.41 in Figure 7(d) 
and Figure 8(d). Further, the presence of cavity for NPR 6.375 and area ratio of 2.25 and 2.89 seems 
to be effective in increasing the base pressure as the base pressure is higher than that of the plain 
duct at all L/D as shown in Figure 5(d) and Figure 6(d). In contrast, the area ratio of 3.61 demonstrates 
the cavity's minimal effectiveness from L/D 2 to 10, as shown in Figure 7(d). However, the cavity 
reduces the base pressure in the case of an area ratio of 4.41 for all L/D. For a correctly expanded 
case at NPR 4.25, the cavity is effective at area ratios 2.25 and 2.89 while marginal for area ratio 5.29 
for all L/D as shown in Figure 5(c), Figure 6(c), and Figure 9(c), respectively. The base pressure 
fluctuates in the area ratio of 4.41, as the cavity is only effective for L/D 4 and 6 while it performs 
poorly for other L/D. For an area ratio of 3.61, the cavity is effective only at L/D 6. 
 

  
(a) (b) 

  
(c) (d) 

 
Fig. 5. Base pressure variation with L/D ratio for AR = 2.25 

 
When the duct diameter is raised from 15 mm to 18 mm, the reattachment length will increase 

due to the increased diameter while keeping all other parameters the same. They exhibit similar 
patterns in the results barring the case when the nozzle is either ideally expanded or under-
expanded. This trend is due to the increased change in the shock pattern and the vortex strength in 
the separated region. 
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(a) (b) 

  
(c) (d) 

 
Fig. 6. Base pressure variation with L/D ratio for AR = 2.89 

 

  
(a) (b) 

  
(c) (d) 

 
Fig. 7. Base pressure variation with L/D ratio for AR = 3.61 

 
With a further increase in the duct diameter from 17 to 19 mm, the relief available to the flow 

has increased significantly. This increased area will allow the flow to expand freely and interact with 
the dividing streamline resulting in the vibratory nature of the flow for correctly expanded nozzles. 
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Similar results are seen in Figure 8 for a duct diameter of 21 mm. Once again, there are 
fluctuations in the base pressure values as the acoustic waves are formed when the nozzles are 
correctly expanded. The results for other NPRs show similar trends as discussed above. 
 

  
(a) (b) 

  
(c) (d) 

 
Fig. 8. Base pressure variation with L/D ratio for AR = 4.41 

 
The results for the highest area ratio of 5.89 is shown in Figure 9; they exhibit a similar pattern as 

discussed above, except the flow has become oscillatory when the nozzle is under-expanded. It may 
be due to the combined effect of Mach number, area ratio, and level of expansion. 
 

  
(a) (b) 
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(c) (d) 

 
Fig. 9. Base pressure variation with L/D ratio for AR = 5.29 

 
4.4 Base Pressure Variation with Nozzle Pressure Ratio (NPR) 
 

Figure 10 shows the base pressure variation with NPR for an area ratio of 2.25 at various L/Ds. 
For lower L/D = 1 and 2, the base pressure variation with NPR shows a different pattern. However, 
the results are as expected for higher duct length L/D = 3 above. Backpressure plays a critical role at 
lower duct length and dictates the flow field. When cavities are employed, they increase base 
pressure. Similar results are shown in Figure 11 when duct diameter is marginally improved. As the 
NPR increases for an area ratio of 2.25 at L/D 1, the base pressure decreases, as shown in Figure 10. 
The trend continues for L/D 2 until NPR 4.25, after which the base pressure increases. For L/D 3 and 
above, the base pressure decreases until NPR 3 and rises. 
 

  
(a) (b) 

  
(c) (d) 
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(e) (f) 

 
(g) 

 
Fig. 10. Base pressure variation with NPR for AR = 2.25 

 
Results for an area ratio of 2.89, as shown in Figure 11. The remainder of L/D follows the same 

trend, except its base pressure ratio increases after NPR 4.25. The cavity appears to reduce the L/D 
8 base pressure at NPR 2, 3, and 4.25. This trend is attributed to the increase in relief available to the 
shear layer and the influence of ambient pressure. 
 

  
(a) (b) 

  
(c) (d) 
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(e) (f) 

 
(g) 

 
Fig. 11. Base pressure variation with NPR for AR = 2.89 

 
Figure 12 shows results for an area ratio of 3.61. The graph exhibits a declining base pressure 

trend as long as the nozzles are over-expanded. Control reversal takes place once nozzles are 
correctly expanded are under-expanded. Also, the cavity at this L/D decreases the base pressure at 
all NPR. The inefficiency of the cavity is also evident at NPR 4.25 for L/D 3, 4, 8, and 10. 
 

  
(a) (b) 

  
(c) (d) 
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(e) (f) 

 
(g) 

 
Fig. 12. Base pressure variation with NPR for AR = 3.61 

 
Figure 13 shows a similar pattern to the area ratio of 4.41. For L/D 1, 2, 3, and 10, the cavity 

reduces the base pressure at NPR 4.25 and 6.375. Figure 14 depicts the result for an area ratio of 
5.29, and the cavity also decreases the base pressure at higher NPR. Hence, if one aims to reduce the 
base pressure, then the results shown in Figure 12 to Figure 14 are the right choice. It is well known 
that when sudden expansion flow occurs for combustors, the cavities will act as a mixing promoter, 
resulting in maximum efficiency of the combustion chamber. 
 

  
(a) (b) 
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(c) (d) 

  
(e) (f) 

 
(g) 

 
Fig. 13. Base pressure variation with NPR for AR = 4.41 

 

  
(a) (b) 
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(c) (d) 

  
(e) (f) 

 
(g) 

 
Fig. 14. Base pressure variation with NPR for AR = 5.29 

 
4.5 Base Pressure Variation with Area Ratio 
 

Figure 15 to Figure 18 depict the results of base pressure variation with an area ratio for Mach 
1.6 at four pressure ratios of 2, 3, 4.25, and 6.375. The base pressure ratio increases as the area ratio 
increases for NPR 2, 3, and 4.25. For NPR 2 and 3, the increase in base pressure is steeper as L/D 
increases. L/D 1 and 2 of NPR 4.25 demonstrate the same pattern; however, L/D 4 and 6 exhibit rapid 
spikes and decreases in base pressure. For NPR 6.375 of L/D 1 and 2, the initial base pressure 
decreases as the area ratio increases abruptly at one area ratio and then steadily after that. The base 
pressure decreases for L/D 4 and 6 as the area ratio increases. However, with an area ratio of 5.29, 
the base pressure for ducts with cavities increases drastically. 
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(a) (b) 

  
(c) (d) 

 
Fig. 15. Base pressure variation with Area ratio for NPR = 2 

 

  
(a) (b) 

  
(c) (d) 

 
Fig. 16. Base pressure variation with Area ratio for NPR = 3 
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Fig. 17. Base pressure variation with Area ratio for NPR = 4.25 
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(c) (d) 

 
Fig. 18. Base pressure variation with Area ratio for NPR = 6.375 
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4.6 Contour Result: C-D Nozzle Expanded Suddenly into Circular Duct with Control 
 

The contour figures were acquired for Mach 1.6 at various L/D and area ratios with fixed NPR 4. 
This study demonstrates that a change in geometry affects the base pressure. Additionally, the cavity 
can raise the base pressure. 

The figure below depicts the pressure distribution contours of the converging-diverging nozzle 
that suddenly expanded to an enlarged duct with the cavity. The red hue denotes the maximum 
pressure value, while the dark blue color shows the lowest pressure value. When fluid flowing over 
a body detaches, the reattachment point is the low-pressure zone behind the body that separates 
the streamlines. Based on all contour data, the hue of the base wall section is nearly constant. Thus, 
the cavity does not affect the distribution of wall pressure. 

Figure 19 to Figure 23 show that the air moves from the region of more significant pressure to 
the part of lower pressure inside the C-D nozzle, which has suddenly expanded into a duct with a 
larger cross-sectional area. The air expands abruptly at the base, forming a recirculation region near 
the base that is low in pressure. It is also much lower than the pressure of the atmosphere in the free 
stream. The reason is caused by the suction vacuum in the region when the flow exits the nozzle and 
attaches to the duct. The under-expansion condition at the nozzle output results in the formation of 
an expansion fan due to the available flow relaxation, while overexpansion and correctly expanded 
cases at the nozzle exit result in the establishment of oblique shock waves and weak waves at the 
nozzle exit, respectively. 
 

  
(a) L/D 1 (b) L/D 2 

  
(c) L/D 3 (d) L/D 4 
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(e) L/D 6 (f) L/D 8 

 
(g) L/D 10 

Fig. 19. The contour results for the model with NPR 4, AR 2.25, and ASR 1 

 

  
(a) L/D 1 (b) L/D 2 

  
(c) L/D 3 (d) L/D 4 
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(e) L/D 6 (f) L/D 8 

 
(g) L/D 10 

Fig. 20. The contour results for the model with AR 2.89, NPR 4, and ASR 1 
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(c) L/D 3 (d) L/D 4 
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(e) L/D 6 (f) L/D 8 

 
(g) L/D 10 

Fig. 21. The contour results for the model with AR 3.61, NPR 4, and ASR 1 
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(e) L/D 6 (f) L/D 8 

 
(g) L/D 10 

Fig. 22. The contour results for the model with AR 4.41, NPR 4, and ASR 1 
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(e) L/D 6 (f) L/D 8 

 
(g) L/D 10 

Fig. 23. The contour results for the model with AR 5.29, NPR 4, and ASR 1 

 
5. Conclusions 
 

According to the simulation results of this study, the base pressure is significantly affected by the 
geometrical parameter to diameter (L/D) ratio, duct area ratio, and nozzle expansion level. When L/D 
increases, the base pressure ratio decreases due to the decline in the interactions of the back 
pressure. When nozzles are over-expanded, base pressure attains higher values. However, with the 
rise in the NPR and reduction in the over-expansion, the base pressure also decreases. In addition, 
increasing the area ratio increases the base pressure due to the increase in the reattachment length, 
and the inertia level is kept constant, except for L/D 4 and 6 of NPR 6.375, where increasing the area 
ratio reduces the base pressure. There are a few recommendations for further research into the 
passive control of base pressure control. In the future, we can do simulations by varying the aspect 
ratio of the cavity, cavity's shape, the number of cavities, and the optimum location of the cavity. 
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