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This study delves into the intricate interplay of cavity placement, Nozzle Pressure Ratio 
(NPR), and Mach numbers, examining their collective influence on manipulating base 
pressure within a duct. Employing numerical simulations, the research explores the 
cavity's effectiveness in altering base pressure dynamics in the duct's base area. The 
investigation comprehensively studies various factors, including length-to-diameter 
ratio, nozzle pressure ratio, Mach number, and cavity location. The simulations are 
conducted for a singular cavity at multiple positions concerning the duct's diameter, 
maintaining a fixed cavity width-to-height ratio of 1. The NPR ranges from 2 to 8, and 
the Mach numbers under scrutiny span from 1.2 to 1.8. The study meticulously analyses 
variations in base pressure and alterations in the pressure field resulting from these 
variables. Notably, the findings demonstrate the cavity's adeptness in controlling base 
pressure, particularly at NPR values of 4 and 6 for Mach numbers 1.2 and 1.4. In contrast, 
ineffectiveness is observed at NPR 2 and 8 due to specific flow reattachment points. 
However, the cavity effectively influences base pressure at NPR values of 4, 6, and 8 for 
Mach numbers 1.6 and 1.8. These discernments offer invaluable insights for the 
optimization of duct designs in diverse engineering applications. 
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1. Introduction 
 

Nozzles serve a pivotal role in a myriad of industrial applications by accelerating fluids into high-
speed jets, essential for fuel injectors, water jet cutting machines, and sprays. The versatile utility of 
these nozzles in both industrial and consumer goods sectors underscores their significance. 
Particularly, converging-diverging (CD) nozzles are crucial, capable of accelerating fluids to speeds 
surpassing the sound barrier, and generating maximal thrust. In aerospace industries, CD nozzles 
power supersonic jets, vital for satellite launches and space vehicle propulsion. 

The endeavor to control base pressure has been a driving force behind extensive research in the 
realm of suddenly extended flows [1]. Researchers have predominantly favored passive control 
methods due to their autonomy from specific external systems, unlike their active control 
counterparts. These methods encompass analytical examinations of both internal and external flows 
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[2]. The shape of the object should be streamlined to minimize the drag [3,4]. The various parameters 
affecting suddenly expanded flows have been studied by Pathan et al., [5,6]. The length of the 
enlarged duct is optimized by Pathan et al., [7]. The area ratio should be optimum to generate more 
thrust by the convergent divergent nozzle [8]. The effect on parameters Mach number, area ratio, 
and NPR are studied and found that these parameters are influencing parameters to change base 
pressure and the thrust [9-11]. The literature extensively documents studies related to suddenly 
expanded flow problems, further enriching our understanding [12]. Passive techniques 
predominantly involve geometric modifications, such as integrating cavities and ribs within extended 
ducts. Notably, these methods are easier to fabricate and thus more cost-effective. Among the widely 
employed passive control strategies, cavities and ribs stand out prominently [13,14]. 

Simultaneously, active control techniques have been explored, involving methods like control jets 
to augment base pressure [15,16]. Analytical studies utilizing Computational Fluid Dynamics (CFD) 
analysis have meticulously examined external flows over 2D wedges, 3D cones, and catalytic 
converters, yielding promising results [17-19]. CFD analysis is widely used in various applications and 
similar studies have been found in the literature using CFD analysis [20-28]. 

While existing literature presents an array of studies on high-velocity flows incorporating both 
active and passive control methods, there exists a specific research gap. While active and passive 
control methods have been thoroughly investigated and utilized in various applications, a 
comprehensive exploration focusing specifically on cavities as a passive control approach is relatively 
scarce. This research paper aims to address this gap by delving into the intricacies of employing 
cavities as a method of passive flow control at various locations concerning the duct diameter, 
offering a unique perspective and expanding the existing knowledge base in this domain. 
 
2. CFD Analysis 
 

In the context of boundary conditions, the inlet is defined as a velocity inlet, while the outlet is 
specified as a pressure outlet. Figure 1 shows the geometry and boundary conditions. The 
determination of inlet velocities is contingent upon varying Mach numbers, meticulously calculated 
and assigned at the inlet boundary. Notably, the outlet pressure is precisely set to zero-gauge 
pressure. For the computational solver utilized in this study, a density-based approach was adopted, 
as opposed to a pressure-based one. This choice was made to comprehensively account for 
compressibility effects and the diverse inertia levels inherent in the analysis, as emphasized in prior 
research [29,30]. 
 

 
Fig. 1. Nozzle and an enlarged duct 
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The selection of an appropriate turbulence model is of paramount importance in Computational 
Fluid Dynamics (CFD) analyses. In this study, the k-ε turbulence model was consistently applied for 
the entirety of the analysis. To ensure the highest level of precision in the results, a stringent error 
tolerance of 10-6 was set, and iterations were meticulously continued until solution convergence was 
achieved. This rigorous approach to convergence was undertaken, following established guidelines 
and corroborated by previous studies [2-5,8-12]. 

In this research, specific parameters have been carefully determined to maintain consistency and 
accuracy throughout the simulations. The area ratio, a crucial factor, is kept constant at 5.29, forming 
a foundational element of the study. Additionally, the width-to-height ratio of the cavity under 
investigation is set at 1 (3:3), a dimension meticulously chosen for detailed Computational Fluid 
Dynamics (CFD) analysis. Table 1 presents a comprehensive overview of the factors and their 
corresponding levels, outlining the variables under consideration. 

For this study, the CFD analysis is conducted for multiple cases, both with the inclusion of the 
cavity and without it. This comparative analysis is instrumental in elucidating the impact of the cavity 
on the flow dynamics within the given system. By systematically considering these variations, the 
research aims to draw significant conclusions about the efficacy of the cavity as a passive flow control 
mechanism. 
 

 Table 1 
 Factors and levels 
Parameters Level 1 Level 2 Level 3 Level 4 

Nozzle pressure ratio (NPR) 2 4 6 8 
Length to diameter ratio (L/D) 3 4 5 6 
Mach No. (M) 1.2 1.4 1.6 1.8 
Location of Cavity (C) 0.5D 1D 1.5D 2D 

11.5 mm 23 mm 34.5 mm 46 mm 

 
The variables under scrutiny in this investigation encompass Nozzle Pressure Ratio (N), Mach 

Number (M), Cavity Location (C), and Length-to-Diameter Ratio (L). Within this framework, the 
enlarged duct diameter (D) remains constant at 20 mm, while the diameter at the nozzle outlet is 
consistently set at 10 mm. The dimensions of the nozzle are meticulously calculated for diverse Mach 
numbers and are comprehensively outlined in Table 2. To facilitate the analysis, these geometries 
are meticulously modeled using ANSYS Workbench and rigorously examined within the Fluent 
software environment. 
 

Table 2 
Dimensions of the nozzle (in mm) 
Parameters Mach No. 

1.2 1.4 1.6 1.8 

Inlet Diameter (Di) 20.57 20.19 22.34 21.73 
Exit Diameter (De) 10.00 10.00 10.00 10.00 
Throat Diameter (Dt) 9.85 9.47 8.94 8.34 
Diverging Length (Ld) 8.53 10.11 10.08 9.51 
Converging Length (Lc) 20.00 20.00 25.00 25.00 

 
The three-dimensional model is meticulously meshed using the ANSYS Workbench, employing a 

hexahedral meshing scheme. The dimensions of the grid segments play a pivotal role in this 
Computational Fluid Dynamics (CFD) investigation, significantly influencing its accuracy and 
computational efficiency. Achieving precise results within the shortest computation period hinges on 
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optimizing the element size. To achieve this, a grid independence test is rigorously conducted, 
spanning grid element dimensions from 0.1 mm to 5 mm. The objective is to identify the optimal 
element size that ensures accuracy without compromising computational efficiency. 

The outcomes of the grid independence test, as detailed in Table 3, reveal the stability of results 
when utilizing a grid element size of 1 mm. Consequently, for further CFD analysis, a grid element 
size of 0.5 mm is judiciously selected, ensuring a balance between accuracy and computational 
expediency. 
 

Table 3 
Grid independence test 
Mesh Element 
Size in mm 

Mesh Nodes Mesh Elements Base Pressure 

5 2796 652 0.584236 
4 2807 720 0.659293 
3 3087 1398 0.747249 
2 6520 7884 0.623724 
1 36110 55650 0.330512 
0.5 243697 442519 0.331631 
0.25 1955690 6587205 0.332747 
0.1 25582028 12731891 0.333865 

 
3. Results and Discussion 
 

The base pressure values obtained from Fluent simulations are presented as gauge pressure. To 
enhance visualization and comprehension, these values are transformed into dimensionless pressure 
units. Converting the base pressure to a dimensionless form facilitates a clearer understanding of the 
results. Additionally, pressure contours are extracted from Fluent software and visually represented 
in Figure 1 to Figure 20, providing a graphical representation of the pressure distribution for detailed 
analysis. 
 
3.1 Results: Pressure Contours 
 

The pressure contours are depicted for a length-to-diameter ratio of 6, encompassing nozzle 
pressure ratios ranging from 2 to 8, and Mach numbers spanning from 1.2 to 1.8. Figure 1 to Figure 
20 visually represent total pressure contours for various scenarios. 
 
3.1.1 Pressure contours: Mach no. = 1.4, L/D = 6 and NPR = 2 
 

Figure 2 to Figure 6 present pressure contours for a length-to-diameter ratio of 6, a Mach number 
of 1.4, and a nozzle pressure ratio of 2. These figures showcase pressure contours for cases both 
without a cavity and with a cavity placed at different locations, namely 0.5D, 1D, 1.5D, and 2D from 
the nozzle exit. 

Upon close examination of Figure 2 to Figure 6, it becomes apparent that the flow from the 
converging-diverging (CD) nozzle experiences over-expansion. To achieve proper nozzle expansion at 
Mach number 1.4, a nozzle pressure ratio of 3.18 is necessary. Additionally, the contour analysis 
reveals that the reattachment distance, indicating the distance from the nozzle exit to the point 
where the flow attaches back to the duct, is approximately twice the diameter of the duct. 
 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 114, Issue 2 (2024) 32-49 

36 
 

 
Fig. 2. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 2 and without cavity 

 

 
Fig. 3. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 2 and cavity at 0.5D 

 

 
Fig. 4. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 2 and cavity at 1D 

 

 
Fig. 5. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 2 and cavity at 1.5D 

 

 
Fig. 6. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 2 and cavity at 2D 
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3.1.2 Pressure contours: Mach no. = 1.4, L/D = 6 and NPR = 4 
 

Figure 7 to Figure 11 showcase the pressure contours corresponding to a length-to-diameter ratio 
of six, a Mach number of 1.4, and a nozzle pressure ratio of 4. These figures present pressure contours 
for scenarios without a cavity and with a cavity placed at different locations: 0.5D, 1D, 1.5D, and 2D 
from the nozzle exit. 

Upon careful observation of Figure 7 to Figure 11, it becomes evident that the flow from the 
converging-diverging (CD) nozzle experiences under-expansion. To achieve proper nozzle expansion 
at Mach number 1.4, a nozzle pressure ratio of 3.18 is necessary, as indicated by the figures. 
Furthermore, the contour analysis reveals that the reattachment distance, denoting the distance 
from the nozzle exit to the point where the flow reattaches to the duct, is approximately half the 
diameter of the duct. 
 

 
Fig. 7. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 4 and without cavity 

 

 
Fig. 8. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 4 and cavity at 0.5D 

 

 
Fig. 9. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 4 and cavity at 1D 

 

 
Fig. 10. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 4 and cavity at 1.5D 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 114, Issue 2 (2024) 32-49 

38 
 

 
Fig. 11. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 4 and cavity at 2D 

 
3.1.3 Pressure contours: Mach no. = 1.4, L/D = 6 and NPR = 6 
 

Figure 12 to Figure 16 exhibit the pressure contours for a length-to-diameter ratio of six, a Mach 
number of 1.4, and a nozzle pressure ratio of 6. These figures illustrate pressure contours for cases 
without a cavity and with a cavity placed at various positions: 0.5D, 1D, 1.5D, and 2D from the nozzle 
exit. 

Upon analysis of Figure 12 to Figure 16, it becomes evident that the flow from the converging-
diverging (CD) nozzle experiences under-expansion. Achieving proper nozzle expansion at Mach 
number 1.4 necessitates a nozzle pressure ratio of 3.18, as indicated by the figures. Additionally, the 
contour analysis highlights that the reattachment distance, indicating the duct's distance from the 
nozzle exit to the point where the flow reattaches to the duct, is approximately half the diameter of 
the duct. 
 

 
Fig. 12. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 6 and without cavity 

 

 
Fig. 13. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 6 and cavity at 0.5D 
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Fig. 14. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 6 and cavity at 1D 

 

 
Fig. 15. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 6 and cavity at 1.5D 

 

 
Fig. 16. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 6 and cavity at 2D 

 
3.1.4 Pressure contours: Mach no. = 1.4, L/D = 6 and NPR = 8 
 

Figure 17 to Figure 21 present pressure contours for a length-to-diameter ratio of six, a Mach 
number of 1.4, and a nozzle pressure ratio of 8. These figures illustrate pressure distributions for 
cases without a cavity and with a cavity placed at varying positions: 0.5D, 1D, 1.5D, and 2D from the 
nozzle exit. 

Upon scrutiny of Figure 17 to Figure 21, it becomes evident that the flow from the converging-
diverging (CD) nozzle experiences significant under-expansion. The contour analysis also reveals that 
the reattachment distance, indicating the duct's distance from the nozzle exit to the point where the 
flow reattaches to the duct, is roughly half the diameter of the duct. 
 

 
Fig. 17. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 8 and without cavity 
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Fig. 18. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 8 and cavity at 0.5D 

 
Fig. 19. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 8 and cavity at 1D 

 

 
Fig. 20. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 8 and cavity at 1.5D 

 

 
Fig. 21. Pressure contours: Mach No. = 1.4, L/D = 6, NPR = 8 and cavity at 2D 

 
3.2 Results: Base Pressure for Mach No. 1.2 
 

Figure 22 to Figure 25 present the analysis of base pressure variations considering different 
parameters, including nozzle pressure ratios, presence or absence of a cavity, and various cavity 
locations, all for a Mach number of 1.2. 

The observations from Figure 22 to Figure 25 indicate the efficacy of the cavity in manipulating 
the base pressure. Specifically, at nozzle pressure ratios of four and six, the cavity proves beneficial 
in altering the base pressure. Notably, when the nozzle pressure ratio is set at six, the cavity 
demonstrates consistent effectiveness in augmenting the base pressure across all locations, including 
0.5D, 1D, 1.5D, and 2D. Particularly at the 0.5D location, the cavity exhibits a significant impact on 
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base pressure enhancement. However, for nozzle pressure ratios of two and eight, the influence of 
the cavity on base pressure remains negligible, with minimal differences observed in the outcomes. 
 

 
Fig. 22. Base pressure Vs NPR for Mach number 1.2 
and L/D 3 

 

 
Fig. 23. Base pressure Vs NPR for Mach number 1.2 
and L/D 4 

 

 
Fig. 24. Base pressure Vs NPR for Mach number 1.2 
and L/D 5 
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Fig. 25. Base pressure Vs NPR for Mach number 1.2 
and L/D 6 

 
3.3 Results: Base Pressure for Mach No. 1.4 
 

Figure 26 to Figure 29 provide detailed insights into base pressure variations, considering various 
parameters such as nozzle pressure ratios, presence or absence of a cavity, and different cavity 
locations, all for a Mach number of 1.4. 

The analysis from Figure 26 to Figure 29 underscores the strategic effectiveness of the cavity in 
influencing the base pressure. Specifically, at nozzle pressure ratios of four and six, the cavity 
demonstrates significant utility in modifying the base pressure. Notably, at a nozzle pressure ratio of 
six, the cavity consistently enhances the base pressure across all locations, including 0.5D, 1D, 1.5D, 
and 2D. Conversely, for nozzle pressure ratios of two and eight, the impact of the cavity on base 
pressure remains marginal, resulting in negligible differences in the outcomes. 
 

 
Fig. 26. Base pressure Vs NPR for Mach number 1.4 
and L/D 3 
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Fig. 27. Base pressure Vs NPR for Mach number 1.4 
and L/D 4 

 

 
Fig. 28. Base pressure Vs NPR for Mach number 1.4 
and L/D 5 

 

 
Fig. 29. Base pressure Vs NPR for Mach number 1.4 
and L/D 6 

 
 
 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 114, Issue 2 (2024) 32-49 

44 
 

3.4 Results: Base Pressure for Mach No. 1.6 
 

Figure 30 to Figure 33 present detailed analyses of base pressure variations, incorporating 
parameters such as nozzle pressure ratios, presence or absence of a cavity, and different cavity 
locations, all for a Mach number of 1.6. 

The observations derived from Figure 30 to Figure 33 emphasize the strategic role of the cavity 
in influencing the base pressure. Specifically, at nozzle pressure ratios of four, six, and eight, the cavity 
demonstrates notable efficacy in altering the base pressure. Notably, at a nozzle pressure ratio of six, 
the cavity exhibits significantly enhanced effectiveness in augmenting the base pressure. Conversely, 
at a nozzle pressure ratio of two, the impact of the cavity on base pressure remains minimal, resulting 
in negligible differences in the outcomes. 
 

 
Fig. 30. Base pressure Vs NPR for Mach number 1.6 
and L/D 3 

 

 
Fig. 31. Base pressure Vs NPR for Mach number 1.6 
and L/D 4 
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Fig. 32. Base pressure Vs NPR for Mach number 1.6 
and L/D 5 

 

 
Fig. 33. Base pressure Vs NPR for Mach number 1.6 
and L/D 6 

 
3.5 Results: Base Pressure for Mach No. 1.8 
 

Figure 34 to Figure 37 depict detailed analyses of base pressure interpretations, considering 
nozzle pressure ratios, the presence or absence of a cavity, and various cavity locations, all for a Mach 
number of 1.8. 

The findings illustrated in Figure 34 to Figure 37 underscore the strategic significance of the cavity 
in influencing the base pressure. Specifically, at nozzle pressure ratios of six and eight, the cavity 
demonstrates notable efficacy in altering the base pressure. Particularly at a nozzle pressure ratio of 
six, the cavity exhibits significantly enhanced effectiveness in augmenting the base pressure, 
highlighting its critical role in this scenario. 
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Fig. 34. Base pressure Vs NPR for Mach number 1.8 
and L/D 3 

 

 
Fig. 35. Base pressure Vs NPR for Mach number 1.8 
and L/D 4 

 

 
Fig. 36. Base pressure Vs NPR for Mach number 1.8 
and L/D 5 
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Fig. 37. Base pressure Vs NPR for Mach number 1.8 
and L/D 6 

 
3.6 Results: A Case Study Based on the Literature 
 

The literature, particularly the work by Pandey and Rathakrishnan [31], presents a consistent 
trend in the results. For the research, three models without a cavity, with a cavity having an aspect 
ratio of 1, and with an aspect ratio of 2 were employed. Figure 38 displays the CFD and experimental 
outcomes for different length-to-diameter ratios. Notably, the trend observed in the CFD analysis 
results aligns closely with the experimental findings documented in the literature. 
 

 
Fig. 38. CFD and experimental Result [31] 

 
4. Conclusion 
 

Based on the findings derived from this research, several significant conclusions can be drawn. 
The effectiveness of the cavity in manipulating the base pressure is notably demonstrated at NPR 
values of 4 and 6 for Mach numbers 1.2 and 1.4. This effectiveness arises from the strategic 
interaction between the cavity and the flow dynamics. Specifically, at NPR = 4 and 6, the cavity 
successfully influences the base pressure by intelligently engaging with the flow patterns in the 
enlarged duct after the cavity, resulting in a controlled pressure environment. 
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Conversely, the cavity is ineffective at NPR values of 2 and 8 for Mach numbers 1.2 and 1.4. This 
ineffectiveness can be attributed to specific flow behaviors: at NPR = 2, the flow reattaches to the 
enlarged duct post-cavity, rendering the cavity interaction negligible. Similarly, at NPR = 8, the flow 
reattaches to the enlarged duct before reaching the cavity, nullifying any impact the cavity might 
have on the flow dynamics and base pressure in the region of interest. 

Further observations reveal the cavity's effectiveness in manipulating the base pressure at NPR 
values of 4, 6, and 8 for Mach numbers 1.6 and 1.8. In these cases, the cavity successfully interfaces 
with the flow reattachment points and the base region, orchestrating a controlled pressure 
environment conducive to the desired outcomes. 

In summary, this study underscores the intricate relationship between cavity placement, NPR 
values, Mach numbers, and their collective influence on base pressure manipulation. The results 
provide invaluable insights into the nuanced interplay of these variables, offering crucial information 
for the optimization of duct designs in practical engineering applications. 
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