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ABSTRACT 
 

This research investigates the effect of pressure gradient on wall-pressure fluctuations 

in turbulent boundary layers using a delayed detached eddy simulation (DDES) turbulence 

scheme. The results are compared to Goody’s and Efimtsov’s empirical single-point wall-

pressure spectrum models. Three different types of pressure gradient conditions were 

investigated numerically: zero pressure gradient (Flat Plate as a baseline model), favorable 

pressure gradient (Convex 10 , 20 , and 40  Plates), and adverse pressure gradient (Concave 

10 , 20 , and 40  Plates). The numerical results were subsequently compared with each other. 

For the zero pressure gradient case, results compared well with empirical solutions. It was 

observed that, for cases with adverse pressure gradients, the pressure fluctuations were more 

chaotic than for the favorable pressure gradient models. In contrast, the favorable pressure 

gradient models induced lower frequency noise relative to adverse pressure gradient models. 
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CHAPTER 1 

INTRODUCTION 

 
This research investigates the effect of the pressure gradient on wall-pressure 

fluctuations in a turbulent boundary layer using a delayed detached eddy simulation (DDES) 

turbulence scheme. Continual advancement in aviation technology motivates the trend for 

constructing larger aircraft. It is apparent that the complexity of the exterior design (fuselage, 

wing empennage, tail, etc.) of an aircraft is unavoidable and, thus, leads to extensive 

increments of pressure gradients. Ideal zero-pressure-gradient investigations have been 

inadequate to explain the aerodynamics of flow. The success in noise prediction utilizing 

computational fluid dynamics (CFD) could potentially be the solution for acoustic noise and will 

contribute to the development of larger aircraft designs as well as the capability of landing at 

smaller airports. 

 High capital cost in experimental studies has led numerous aviation companies to use 

computational methods. In addition, continuous improvements in numerical simulation 

methods have led aero-acoustic studies to a higher level of research in which experimental 

procedures were once considered impossible. One of the important design considerations 

involving expensive experimental investigations is acoustic noise measurement. Apart from the 

cost consideration, the instrumentation design for the experiment may contribute to noise 

pollution in the experimental results. Extensive research related to zero-pressure-gradient 

acoustic prediction and pressure fluctuation investigations have been performed. The area of 

acoustic prediction under the influence of a pressure gradient has not been further explored. 

Hence, this project was initiated to pioneer the study of acoustic prediction using a numerical 



2 

simulation method. The study began with the investigation of flow behavior under the effect of 

a pressure gradient. 

1.1 Literature Review 

Acoustic investigations and design considerations are necessary in several industries. In 

particular, the aviation industry tends to produce quieter airplanes, thus fulfilling the Federal 

Aviation Administration’s noise regulations. One of the efficient methods to investigate 

innovative design concepts is the application of numerical schemes. Over the past decades, 

researchers have been investigating, numerically and experimentally, the noise generated by 

pressure fluctuations underneath the flow boundary layer. 

It is essential to anticipate changes to the pressure gradient in aerodynamic flow 

according to the exterior shape. Interest in the pressure gradient toward outer and inner 

boundary layers has been ongoing since 1990. Changes near the boundary-wall layer velocity 

profile would significantly impact turbulent diffusion and production, thus affecting the noise 

produced. For instance, an experimental and numerical study on the effect of pressure gradient 

toward turbulent boundary layer was performed by Spalart and Watmuff [1]. Their flow 

configuration was in the shape of a nozzle allowing both favorable and adverse pressure 

gradients to be investigated simultaneously. Their applied pressure gradient can be 

represented by non-dimensional pressure gradient parameter,       [     ]   , where 

        was applied in the favorable pressure gradient (FPG) region, and       was 

applied at the adverse pressure gradient (APG). It was observed that the numerical results 

shown in the     profile of the buffer and the lower log layer shifted up into the favorable 

pressure gradient region. Meanwhile, the opposite effect was observed in the adverse pressure 
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gradient region. On the other hand, the streamwise intensity, wall dissipation rate, and other 

near-wall components increased under the adverse pressure gradient effect. The experimental 

results showed a similar direction but a weaker trend.   

Nagib et al. [2] investigated several pressure gradient conditions by changing the test-

section ceiling of a             flat plate in the National Diagnostic Facility to reproduce 

various pressure gradients. This investigation demonstrated the effect not only on the outer 

region but also the inner region of the boundary layer. It is noted that the inner boundary layer 

was significantly affected by the effect of the strongly favorable pressure gradients’ effect. The 

adverse pressure gradient contributed a higher    value compared to the aero pressure 

gradient case at the same    value.  

Experimental validations are required for any CFD solver. However, challenges remain as 

researchers continue to pursue the capture of fluctuation data from experimental efforts. One 

of these efforts by Lofdahl et al. [3] created micro-scale sensitive silicon sensors to replace a 

conventional microphone in measuring wall-pressure fluctuations. The power spectrum of the 

pressure fluctuation that measures directly from the flow agreed well with the     law of 

Kolmogorov in the inertial sublayer. In addition, the microelectronic design consideration of the 

silicon sensor was produced as small as the order of the Kolmogorov length scale. On the other 

hand, Farabee and Casarella [4, 5] investigated the incoming, down-stream mean velocity and 

wall-pressure fluctuation profile for forward and backward steps. Measurements showed that 

the wall-pressure fluctuation downstream of the reattachment flow has a higher root mean 

square (RMS) and pressure density value. In short, Farabee and Caserella hypothesized that the 

existence of a step along the wall surface significantly raises the noise produced and prolongs 
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the effect downstream of the flow. On the other hand, Liu et al. [6] claimed that the 

reattachment flow may be better represented using wall-pressure fluctuation analysis by 

introducing an array of pin-hole microphones right after the step instead of direct 

measurement of the flow structure. They verified the postulation by performing three forcing 

cases                       using multi-arrayed microphones. 

Efimtsov et al. [7] performed a wall-pressure fluctuation investigation particularly in the 

region of the shock wave and boundary layer. The presence of shock at high Strouhal numbers 

will cause an increase in pressure fluctuation intensity, especially at the interaction region of 

both incident and reflected shock waves. At low and moderate Strouhal numbers, shock 

intensity changes do not influence pressure fluctuation. Their report also indicated that the 

influence of Mach and Reynolds numbers toward pressure fluctuations is relatively weak. Berg 

and Barone [8] designed flatback airfoil with a 10% trailing edge thickness that was attached 

with a splitter plate for the inboard section of the blade. This design effectively reduces weight, 

increases lift, and reduces the noise generated, compared to conventional flatback airfoils 

without a splitter plate. 

The use of CFD in aeroacoustic applications has shown tremendous potential in many 

disciplines of science and technology. In light of finding an economical way to calculate the 

acoustic effect due to turbulent flow, many researchers have been working on acoustic 

prediction using CFD. Wang et al. [9] presented a review on computational techniques of flow-

noise prediction. The relationships of computational complexity, accuracy of the numerical 

solution, and computational cost were discussed. Ji and Wang [10] carried out large-eddy 

simulations of a turbulent boundary layer over different types of forward and backward facing 
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steps. Flow-induced noise and wall-pressure fluctuations were also studied. It was found that 

the forward-facing step produced more noise than the backward-facing step, which matches 

with previous experimental results. By comparing the wall-pressure frequency spectra of an 

equilibrium boundary layer, the boundary layer recovery of step flow was investigated. It was 

noted that the forward facing step flow recovers faster than the backward step flow.  

Meanwhile, Dietiker and Hoffmann [11] investigated the effect of pressure fluctuations 

produced by turbulent flow over a backward-facing step using the commercial CFD package 

Cobalt. This paper suggests that only the detached-eddy simulation turbulent scheme has the 

capability to reproduce velocity and pressure fluctuations in the CFD model, and the pressure 

spectral density calculated from simulated results compared well with empirical solutions. 

Urban and Hoffmann [12] investigated acoustic noise produced by turbulent flow over an 

aircraft windshield wiper using a backward-facing step as a validation model. However, it was 

later proven that the pressure fluctuations magnitude over-predicted utilizing the detached 

eddy simulation (DES) turbulent scheme, which concurred with other investigations. 

Mahmoudnejad and Hoffmann [13] calculated the wall-pressure fluctuations generated by flat 

plates and ducts using DES based on the Spalart-Allmaras (SA) turbulent scheme. The estimated 

pressure spectral density results compared well with empirical models that have been 

developed based on the experimental findings. Dietiker and Hoffmann [14] accurately predicted 

the mean flow properties for a turbulent flow over a backward-facing step using the 

commercial CFD solver Cobalt. Results showed that the power spectral density of pressure 

fluctuation at the recovery flow point is affected by distance away from the step. These findings 

were consistent with the results of Efimtsov et al. [15] and Efimtsov [16]. 
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One of the earliest studies in the empirical single-point wall-pressure spectrum is the 

model proposed by Chase [17]. This model is based on the hypothesis that velocity correlation 

functions in the mean convected frame are affected by planar separation and time delay. This 

model compares well with the theoretical result at low frequencies. Recently, an empirical 

single-point model was suggested by Goody [18]. In this paper, an empirical model was 

formulated based on the experimental surface pressure spectra measured by several groups of 

researchers. The model derivation based on the ratio of timescales of the outer boundary layer 

to the inner boundary layer also incorporates the effect of Reynolds numbers. The model 

solutions are consistent with the experimental data at Reynolds number in the range 

of                     . Rackl and Weston [19] conducted flight tests of the Tupolev 

144LL supersonic transport aircraft in order to record fluctuating surface pressure 

measurements on its window blanks. The results were compared to several empirical models. 

The Auto-Spectra model proposed by Efimtsov is the closest comparison to flight data over the 

other models. The group further modified Efimtsov’s original model, and the new model had a 

better comparison to the experimental results. A comparison of several empirical models with 

experimental data was performed by Miller et al. [20]. Miller [21], using a Spirit         duct, 

found that the experimental single-point wall-pressure spectrums for subsonics bounded 

between both the Goody [18] and Efimtsov [22] models. 

This literature review sets a basis of background in support of the objective of this 

current research utilizing delayed detached-eddy simulation with the Spalart-Allmaras 

turbulent scheme, or DDES-SA. A numerical approach was used to investigate the pressure 
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fluctuation beneath the turbulent boundary layer under the influence of pressure gradient. The 

computational results are subsequently verified by comparison with other empirical models. 

  



8 

CHAPTER 2 

SIMULATION METHODOLOGY 

 
2.1 Governing Flow Equations 

The governing equations used in this simulation are three-dimensional, compressible, 

time-dependent Navier-Stokes equations. In the present work, Navier-stokes equations were 

solved with the commercial CFD code Cobalt. The compressible flow equations were solved 

based on Godunov’s first-order accurate, cell-centered, finite volume, and exact Reimann 

solution method. The system of equations that govern fluid flow in the computational domain 

include conservations of mass, momentum and energy: 

Continuity Equation: 

   

  
  ⃑⃑  (  ⃑⃑ )    (1)  

   
Momentum Equation: 

     ⃑⃑  

  
  ⃑⃑  (  ⃑⃑   ⃑⃑    )̿   ⃑⃑   ̿ (2)  

   
Energy Equation: 

       

  
  ⃑⃑  [       ⃑⃑ ]   ⃑⃑    ⃑⃑   ̿   ⃑⃑   ⃑  (3)  

   
Eight turbulence models are provided by Cobalt: Reynolds-averaged Navier-Stokes 

(RANS) based on Spalart-Allmaras, Delay Detached Eddy-Simulation based on SA, Menter’s 

Baseline (BSL), Menter’s Shear Stress Transport (SST), DDES based on SST, Wilcox’s 1998     

model, Spalart-Allmaras rotation correction (SARC), and DDES based on SARC. 
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All cases were conducted using the DDES SA model in order to maintain consistency. 

This turbulent model, initiated by Spalart et al. [23], is a hybrid model of a large eddy simulation 

(LES) and a RANS formulation. The RANS model is well known for its cost effectiveness, 

especially for boundary-layer problems. The LES model is activated where the computational 

solution focuses on large eddy regions. In short, DDES is the most effective solution in capturing 

large-eddy flow structures and has the least computational cost in solving wall-boundary 

problems. 

2.2 Boundary Condition 

In order to maintain the consistency of the investigation, the same set of boundary 

conditions was used for all cases. The boundary conditions were defined using the built-in 

boundary condition functions as shown in the Cobalt User’s Manual [24]. Multiple choices of 

boundary conditions are available in Cobalt, including Fixed-Farfield (fixed, modified Riemann 

invariants, modified Riemann invariants with random velocity perturbations, original Riemann 

invariants, and user profile), Solid Wall (adiabatic no-slip, isothermal no-slip, general no-slip, 1-

D heat equation no-slip, slip, and symmetry), Sink (static pressure, total pressure, mass flow, 

and corrected mass flow), Source (Riemann invariants, total pressure and temperature, and 

mass flow), and Periodic (linear and circumferential).  

Following a couple of attempts, the most suitable boundary conditions to implement in 

this investigation were identified. The domain’s inlet was set as a “Riemann Invariants Source” 

boundary condition. This setting allowed the Riemann invariant along the C+ characteristic line 

to be calculated from static pressure, static temperature, and Mach number. All boundary 

quantities were then calculated from Riemann invariants and enforced as boundary conditions. 
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The farfield and outlet of the domain were set as the Fixed-Farfield boundary condition. This 

setting is suitable for an external flow boundary condition when the flow leaves through the 

boundary patch because the values of the interior cells of the boundary are used for boundary 

values. 

The domain’s wall was set as a Solid Wall adiabatic no-slip boundary condition. This 

method enforced zero relative velocity at the boundary, zero gradients for pressure and 

temperature along the wall, and density at the wall determined by the equation of state. Last, 

but not least, a Periodic linear boundary layer was applied to both side walls in the domain to 

create a loop flow in the direction perpendicular to the streamwise direction. 

In order to avoid back flow boundary problem at the outlet, the flow exiting the outlet is 

checked to make sure the flow exiting the domain with the direction parallel to the wall surface. 
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CHAPTER 3 

SINGLE-POINT WALL-PRESSURE SPECTRUM EMPIRICAL MODELS 

 
Simulation results can be verified in several ways: velocity profile, root mean square 

pressure coefficient, and near-wall skin friction coefficient comparisons. However, for the 

present study, empirical single-point wall-pressure spectrum models were chosen to verify the 

simulation model. Pressure fluctuation collected throughout the simulation period was 

transformed into pressure spectrum density using the fast Fourier transform algorithm, and the 

resultant pressure spectrum was compared with the empirical models that were verified 

through the experimental approach. In this section, Goody’s and Efimtsov’s single-point wall-

pressure spectrum models were to compare with simulation results. 

3.1 Efimtsov Model 

The Efimtsov investigation [22] revealed significant relationships between the Strouhal 

number (  ), Mach number ( ), and Reynolds number (  ), using the single-point wall-

pressure spectrum model. Efimtsov gathered a series of flight test data with Mach numbers 

ranging from      to     and Reynolds numbers ranging from         to         .  Data 

was collected from various zones along the surface of the fuselage. The collecting zones were 

assumed to be fully developed turbulent flow with zero pressure gradients. Recently, Efimtsov 

[16] updated his model after considering the results of in-flight pressure-fluctuation 

measurements in low- and high-speed TsAGI wind tunnels—Tu144 and Tu22. His last empirical 

model was used in this study and is given as 
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3.2 Goody Model 

Based on the scaling behavior observation from seven different research groups over a 

range of Reynolds numbers,                   , Goody [18] successfully modified the 

single-point wall-pressure model from the work of Chase [17]. This single-point wall-pressure 

spectrum model proposed by Goody is given as 
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CHAPTER 4 

SIMULATION MODELS 

 
 4.1 Flat Plate 

The main goal of this study was to present the effect of pressure gradient on pressure 

fluctuations produced by the turbulent boundary layer. The first case study focused on a 

             flat plate, as shown in Figure 1. The Flat Plate model served as the baseline 

model to study simulation behavior performed by the Cobalt CFD solver. Simulation conditions 

included a free-stream Mach number         and Reynolds number             . An 

atmospheric condition was used to simulate flow over the flat plate.  

 

Figure 1: Schematic of Flat Plate configuration. 
 

Using the grid generator, Pointwise, a mesh model was generated, as shown in Figure 2. 

An unstructured grid highly clustered in the middle section of the plate, as shown in Figure 2 (b) 

and (c), was used. In order to capture pressure fluctuations effectively, a layer of dense mesh as 

thick as            (equivalent to Blasius turbulent boundary layer thickness of     flat 
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plate) was constructed on top of the wall surface. The total grid elements were approximately 

1,500,000, and the time step,   , was      seconds. Sensor points were distributed along the 

middle section of the plate to collect pressure fluctuations near the wall surface. 

 

(a) 

          
          (b)      (c) 

 
Figure 2: Mesh system for Flat Plate: (a) isometric view, (b) Y-Z plane with concentrated mesh in 

middle section at location of sensor points, and (c) clustering toward middle section of plate. 
 

Positions of the sensor points for the Flat Plate model are shown in Figure 3, and their 

respective coordinates are listed in Table 1. In order to eliminate the effect of the initial flow 

solution, the first simulation time of 1 second was removed and the simulation time restarted 

from time zero to collect pressure fluctuations from the sensor points. For better comparison, 

the first 0.1 second of pressure fluctuation is presented for every sensor point.  
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Figure 3: Location of sensor points along middle of Flat Plate model. 

 
TABLE 1 

 
COORDINATES OF SENSOR POINTS ALONG MIDDLE SECTION OF FLAT PLATE MODEL 

 

Point 
  

    
  

    
  

    

FP 1 0.150 0.000 0.000 
FP 2 0.300 0.000 0.000 
FP 3 0.450 0.000 0.000 
FP 4 0.600 0.000 0.000 
FP 5 0.750 0.000 0.000 
FP 6 0.900 0.000 0.000 
FP 7 0.600 0.003 0.000 
FP 8 0.600 0.007 0.000 
FP 9 0.600 0.020 0.000 
FP 10 0.600 0.050 0.000 

Note:       are coordinate measures from leading edge of plate. 

 
4.2 Concave Plate 

The second part of the investigation focused on a concave plate, which induces a 

positive pressure gradient. The Concave Plate models were an extended version of the Flat 

Plate model, based on a      flat plate,     concave plate, followed by another      flat plate, 

and connected 10  tangentially at the end of the plate’s curvature. The Concave 10  Plate 

model is illustrated in Figure 4. Due to the limitation of the computational cost and the qualities 

of structural mesh (high aspect ratio near the wall), all Concave Plate models were constructed 

using an unstructured mesh method. Employing a similar pattern by changing the deflection 
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angles to 20  and 40 , Concave 20  and 40  Plates were constructed and are shown in Figure 5 

and Figure 6. 

 
 

Figure 4: Schematic of Concave 10° Plate configuration. 
 

 
 

Figure 5: Schematic of Concave 20° Plate configuration. 
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Figure 6: Schematic of Concave 40° Plate configuration. 
 

 The mesh model for the Concave 10  Plate is shown in Figure 7. As can be seen in the 

isometric view in Figure 7(a), an unstructured grid was used and was highly clustered to the 

middle section of the plate, as shown in Figure 7(b) and (c). In order to capture pressure 

fluctuation effectively, a layer of dense mesh as thick as             (equivalent to Blasius 

turbulent boundary layer thickness of      flat plate) was constructed on top of the wall 

surface. Total grid elements for this mesh model were approximately 3,270,000, and the time 

step used was      second. Using a similar method with different deflection angles, mesh 

models for Concave 20  and 40  Plates were constructed and are shown in Figure 8 and Figure 

9. Total grid elements for the Concave 20° Plate were approximately 3,332,000 and for the 

Concave 40   Plate approximately 3,360,000. 

  



19 

 

 

 

(a) 
 

 

(b) 
 

 
Figure 7: Mesh system for Concave 10° Plate: (a) isometric view, (b) center plane with mesh 

clustered toward plate surface, and (c) close-up view of sensor points location. 
 
 

 

 

 
(a) 

 

 

(b) 
 

 
Figure 8: Mesh system for Concave 20° Plate: (a) isometric view, (b) center plane with mesh 

clustered toward plate surface, and (c) close-up view of sensor points location. 
 

 
(c) 

 
(c) 
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(a) 

 

(b) 
 

 
Figure 9: Mesh system for Concave 40° Plate: (a) isometric view, (b) center plane with mesh 

clustered toward plate surface, and (c) close-up view of sensor points location. 
 
 

Positions of the sensor points for the Concave 10 , 20 , and 40  Plates are shown in 

Figure 10, Figure 11, and Figure 12. Their respective coordinates are listed in Table 2, Table 3, 

and Table 4. The sensor points were concentrated at the deflection corners of the plates in 

order to capture pressure fluctuations (largest pressure gradient effect). In order to eliminate 

the initial flow solution problem, the result of the first  -second simulation time was removed. 

The simulation time was then restarted to zero in order to collect pressure fluctuation on the 

sensor points. For a better comparison, only the first 0.1 second of the pressure fluctuation is 

presented for every sensor point. 

 
(c) 
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Figure 10: Locations of sensor points along middle of Concave 10° Plate model. 

 

 
Figure 11: Locations of sensor points along middle of Concave 20° Plate model. 

 

 
Figure 12: Locations of sensor points along middle of Concave 40° Plate model. 
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TABLE 2 

COORDINATES OF SENSOR POINTS ALONG MIDDLE SECTION OF CONCAVE 10° PLATE MODEL 

Point 
  

    
  

    
  

    

CC10 1 0.300 0.000000 0.000000 
CC10 2 0.600 0.000000 0.000000 
CC10 3 0.900 0.000000 0.000000 
CC10 4 10.000 0.000000 0.000000 
CC10 5 10.300 0.004606 0.000000 
CC10 6 10.600 0.020000 0.000000 
CC10 7 10.900 0.056411 0.000000 
CC10 8 10.600 0.023000 0.000000 
CC10 9 10.600 0.027000 0.000000 
CC10 10 10.600 0.040000 0.000000 
CC10 11 10.600 0.070000 0.000000 

Note:       are coordinate measures from leading edge of plate.  

 

 
TABLE 3 

COORDINATES OF SENSOR POINTS ALONG MIDDLE SECTION OF CONCAVE 20° PLATE MODEL 

Point 
  

    
  

    
  

    

CC20 1 0.300 0.000000 0.000000 
CC20 2 0.600 0.000000 0.000000 
CC20 3 0.900 0.000000 0.000000 
CC20 4 10.000 0.000000 0.000000 
CC20 5 10.300 0.009212 0.000000 
CC20 6 10.600 0.040000 0.000000 
CC20 7 10.900 0.112822 0.000000 
CC20 8 10.600 0.043000 0.000000 
CC20 9 10.600 0.047000 0.000000 
CC20 10 10.600 0.060000 0.000000 
CC20 11 10.600 0.090000 0.000000 

Note:       are coordinate measures from leading edge of plate.  
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TABLE 4 

COORDINATES OF SENSOR POINTS ALONG MIDDLE SECTION OF CONCAVE 40° PLATE MODEL 

Point 
  

    
  

    
  

    

CC40 1 0.300 0.000000 0.000000 
CC40 2 0.600 0.000000 0.000000 
CC40 3 0.900 0.000000 0.000000 
CC40 4 10.000 0.000000 0.000000 
CC40 5 10.300 0.023030 0.000000 
CC40 6 10.600 0.100000 0.000000 
CC40 7 10.900 0.282055 0.000000 
CC40 8 10.600 0.103000 0.000000 
CC40 9 10.600 0.107000 0.000000 

CC40 10 10.600 0.120000 0.000000 
CC40 11 10.600 0.150000 0.000000 

Note:       are coordinate measures from leading edge of plate. 

 
4.3 Convex Plate 

The third investigation for this study focused on a convex plate, which generates a 

negative pressure gradient. Similar to the Concave Plate model, the Convex Plate model was 

based on a      flat plate,     convex plate, followed by another      flat plate, and 

connected 10   tangentially at the end of the plate’s curvature. The Convex 10° Plate model is 

illustrated in Figure 13. Due to the limitation of computational cost and the qualities of 

structural mesh (skewness angle and aspect ratio), this model was constructed using an 

unstructured mesh method. Employing a similar pattern by changing the deflection angles to 

20  and 40 , Convex 20  and 40  Plates were constructed and are shown in Figures 14 and 15.  
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Figure 13: Schematic of Convex 10° Plate configuration. 
 

 
Figure 14: Schematic of Convex 20° Plate configuration. 

 

 
 

Figure 15: Schematic of Convex 40° Plate configuration 
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The mesh model for the Convex 10° Plate is shown in Figure 16. As can be seen in the 

isometric view in Figure 16(a), an unstructured grid is used and is highly clustered in the middle 

section of the plate, as shown in Figure 16(b) and (c). In order to capture pressure fluctuations 

effectively, a layer of dense mesh as thick as             (equivalent to Blasius turbulent 

boundary layer thickness of      flat plate) were constructed on top of the wall surface to 

ensure that the boundary layers were steadily developed. The approximate total grid elements 

for the Convex 10° Plate model was 3,670,000, and the time step was      second. Employing 

a similar method using deflection angles of 20  and 40 , mesh models for Convex 20  and 40  

Plates were constructed, as shown in Figures 17 and 18. The total grid elements for the Convex 

20° Plate were approximately 3,750,000, and for the Convex 40° Plate  approximately 3,855,000. 

 

 

 

(a) 
 

 

(b) 
 

 
Figure 16: Mesh system for Convex 10° Plate:  (a) isometric view, (b) center plane with mesh 

clustered toward plate surface, and (c) close-up view of sensor points location. 
 

 
(c) 
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(a) 

 

 
(b) 

 
 

 
 

Figure 17: Mesh system for Convex 20° Plate: (a) isometric view, (b) center plane with mesh 
clustered toward plate surface, and (c) close-up view of sensor points location. 

 
 
 

 

 
(a) 

 

 
 

(b) 
 

 
 

Figure 18: Mesh system for Convex 40° Plate: (a) isometric view, (b) center plane with mesh 
clustered toward plate surface, and (c) close-up view of sensor points location. 

 

 
(c) 

 
(c) 
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 Positions of the sensor points for the Convex 10 , 20 , and 40  Plates are shown in 

Figure 19, Figure 20, and Figure 21. Their respective coordinates are listed in Table 5, Table 6, 

and Table 7. The sensor points are concentrated at the deflection corner of the plates in order 

to capture pressure fluctuation (largest pressure gradient effect). In order to eliminate the 

initial flow solution problem, the result of the first  -second simulation time was removed. The 

simulation time was then restarted to zero in order to collect pressure fluctuation on the sensor 

points. For better comparison, only the first 0.1 second of the pressure fluctuations is 

presented for every sensor point. 

 
Figure 19: Locations of sensor points along middle of Convex 10° Plate model. 

 

 
Figure 20: Locations of sensor points along middle of Convex 20° Plate model. 
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Figure 21: Locations of sensor points along middle of Convex 40° Plate model. 

 
 

TABLE 5 

COORDINATES OF SENSOR POINTS ALONG MIDDLE SECTION OF CONVEX 10° PLATE MODEL 

Point 
  

    
  

    
  

    

CV10 1 0.300 0.000000 0.000000 
CV10 2 0.600 0.000000 0.000000 
CV10 3 0.900 0.000000 0.000000 
CV10 4 10.000 0.000000 0.000000 
CV10 5 10.300 -0.004606 0.000000 
CV10 6 10.600 -0.020000 0.000000 
CV10 7 10.900 -0.056411 0.000000 
CV10 8 10.600 -0.023000 0.000000 
CV10 9 10.600 -0.027000 0.000000 
CV10 10 10.600 -0.040000 0.000000 
CV10 11 10.600 -0.070000 0.000000 

Note:       are coordinate measures from leading edge of plate. 
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TABLE 6 

COORDINATES OF SENSOR POINTS ALONG MIDDLE SECTION OF CONVEX 20° PLATE MODEL 

Point 
  

    
  

    
  

    

CV20 1 0.300 0.000000 0.000000 
CV20 2 0.600 0.000000 0.000000 
CV20 3 0.900 0.000000 0.000000 
CV20 4 10.000 0.000000 0.000000 
CV20 5 10.300 -0.009212 0.000000 
CV20 6 10.600 -0.040000 0.000000 
CV20 7 10.900 -0.112822 0.000000 
CV20 8 10.600 -0.037000 0.000000 
CV20 9 10.600 -0.033000 0.000000 
CV20 10 10.600 -0.020000 0.000000 
CV20 11 10.600 0.010000 0.000000 

Note:       are coordinate measures from leading edge of plate. 
 

 

TABLE 7 

COORDINATES OF SENSOR POINTS ALONG MIDDLE SECTION OF CONVEX 40° PLATE MODEL 

Point 
  

    
  

    
  

    

CV40 1 0.300 0.000000 0.000000 
CV40 2 0.600 0.000000 0.000000 
CV40 3 0.900 0.000000 0.000000 
CV40 4 10.000 0.000000 0.000000 
CV40 5 10.300 -0.023030 0.000000 
CV40 6 10.600 -0.100000 0.000000 
CV40 7 10.900 -0.282055 0.000000 
CV40 8 10.600 -0.103000 0.000000 
CV40 9 10.600 -0.107000 0.000000 

CV40 10 10.600 -0.120000 0.000000 
CV40 11 10.600 -0.150000 0.000000 

Note:       are coordinate measures from leading edge of plate. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

 

In order to verify the accuracy and consistency of this investigation, sensors were placed 

at locations of            , and      , respectively, relative to the flow inlet in order to 

capture wall-pressure fluctuation. Figure 22 and Figure 23 illustrate the pressure fluctuations 

collected from the numerical models of the flat plate, concave plates (10 , 20 , and 40 ), and 

convex plates (10 , 20  and 40 ). All cases showed consistent pressure fluctuations in which the 

magnitudes were in the range of         at location         and         at location 

       . However, due to the nature of adverse pressure gradients of the concave plates, as 

the deflection angle increased, the inlet pressure fluctuation’s intensity as well as fluctuating 

pattern were disturbed, as shown in Figure 22 (f) and (h). Figure 24 and Figure 25 show next-to-

wall-pressure spectrum densities at locations         and         from the inlet location. 

Generally, pressure spectrum density plots compared well with both Goody’s and Efimtsov’s 

near-wall empirical models. These observations showed very good agreement, as reported in 

the previous literature survey. However, a distortion pattern was spotted in the pressure 

spectral densities of Concave 20   and Concave 40° Plates, as shown in Figure 24 (e) to (h). 

These were due to irregular pressure fluctuation patterns occuring at those sensor points.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
Figure 22: Near-wall-pressure fluctuations: (a) FP 4, (b) FP 6, (c) CC10 2, (d) CC10 3,  

(e) CC20 2 (f) CC20 3, (g) CC40 2, and (h) CC40 3.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

(e) (f) 

 
(g) 

 
(h) 

Figure 23: Near-wall-pressure fluctuations: (a) FP 4, (b) FP 6, (c) CV10 2, (d) CV10 3,  
(e) CV20 2, (f) CV20 3, (g) CV40 2, and (h) CV40 3.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) (f) 

 
(g) 

 
(h) 

 
Figure 24: Next-to-wall-pressure spectrum densities: (a) FP 4,(b) FP 6, (c) CC10 2,(d) CC10 3,  

(e) CC20 2,(f) CC20 3, (g) CC40 2, and (h) CC40 3.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

(e) (f) 

 
(g) 

 
(h) 

 
Figure 25: Next-to-wall-pressure spectrum densities: (a) FP 4, (b) FP 6, (c) CV10 2, (d) CV10 3,  

(e) CV20 2, (f) CV20 3, (g) CV40 2, and (h) CV40 3. 
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An investigation was also conducted at the turning points of both concave and convex 

plate models, where the changes of pressure gradient happened rapidly. Figure 26 shows the 

comparison of near-wall-pressure fluctuations located at          and        for three 

different deflected angles (               ) of the concave plate models.  As the Reynolds 

number increased from          to         , the amplitude of pressure fluctuation also 

increased. On the other hand, it can be observed from Figure 26 and Figure 27 that the 

pressure fluctuation pattern becomes more chaotic and its intensity increased as the deflection 

angle increased. This may be due to the influence of turbulent eddy viscosity produced by 

adverse pressure gradients, as shown in Figure 28.  The increase in the deflection angle of 

concave plates causes the eddy viscosity at the deflection corner to increase. Subsequently, the 

eddy viscosity at the inlet also increases due to the nature of the adverse pressure gradient of 

concave plates. 
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(a) 

 
(b) 

(c) (d) 

 
(e) 

 
(f) 

 
Figure 26: Near-wall-pressure fluctuations along center line of Concave     Plate: (a) CC10 6,  

(b) CC10 7; Concave     Plate: (c) CC20 6, (d) CC20 7, and Concave     Plate: (e) CC40 6, 
(f) CC40 7. 
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(a) 

 
(b) 

 

 
(c) 

Figure 27: Near-wall-pressure spectrum density along center line of (a)  Concave   ° Plate 

CC10 6 (b) Concave   ° Plate CC20 6, and (c) Concave   ° Plate CC40 6. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
Figure 28: Turbulent eddy viscosity generated due to adverse pressure gradient: (a) Concave 10° 

Plate, (c) Concave 20° Plate, and (e) Concave 40° Plate. Close-up view of curvature surface: 
(b) Concave 10° Plate, (d) Concave 20° Plate, and (f) Concave 40° Plate.  

 
  



39 

Figure 29 shows a comparison of the near-wall-pressure fluctuations located at 

         and        for three different deflected angles (               ) of the convex 

plate models. As the Reynolds number increased from          to         , the 

amplitude of the pressure fluctuation also increased. On the other hand, it was observed that 

the pressure fluctuation intensity became smaller as indicated in Figures 30 (a) and (b) when 

the deflection angle increased from     to    . This may have been due to the influence of 

turbulent eddy viscosity produced by favorable pressure gradients, as shown in Figure 31.  An 

increase in the deflection angle of the convex plates caused eddy viscosity at the deflection 

corner to decrease. However, the separation effect at the Convex     Plate, causing the 

deflected angle to be lower than the actual physical angle, formed an induced angle,         . 

This reduced the effect of the favorable pressure gradient on the turning corner of the convex 

plate, as shown in Figure 32. 
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(a) 

 

 
(b) 

 

(c) 
 

(d) 
 

 
(e) 

 
(f) 

 
Figure 29: Near-wall-pressure fluctuations along center line of Convex 10° Plate: (a) CV10 6, 

(b) CV10 7; Convex 20° Plate: (c) CV20 6, (d) CV20 7; and Convex 40° Plate: (e) CV40 6,  
(f) CV40 7. 
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(a) 

 
(b) 

 

(c) 

Figure 30: Near-wall-pressure spectrum density along center line of (a)  Convex   ° Plate 

CV10 6 (b) Convex   ° Plate CV20 6, and (c) Convex   ° Plate CV40 6. 
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 

 
(f) 
 

Figure 31: Turbulent eddy viscosity generated due to adverse pressure gradient: (a) Convex 10° 
Plate, (c) Convex 20° Plate, and (e) Convex 40° Plate. Close-up view of curvature surface: 

(b) Convex 10° Plate, (d) Convex 20° Plate, and (f) Convex 40° Plate. 
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Figure 32: Formation of induced angle reducing pressure gradient effect of Concave     Plate 
due to separation effect. 

 
A vertical plane pressure fluctuation study was performed by locating a series of sensor 

points along the   direction at           . Figure 33 and Figure 34 show a comparison of the 

pressure fluctuations above the wall at           for both concave and convex plate models. 

As expected, all cases showed a similar pattern where the pressure fluctuation magnitude 

decreased when the sensor points were positioned away from the wall surface. However, the 

pressure fluctuation of concave plates was at a relatively higher intensity compared to the 

convex plates due to the adverse pressure gradient of concave plates, which produce higher 

eddy viscosity compared to the favorable pressure gradient of convex plates. 
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(a-i)         from wall 

 
(a-ii)         from wall 

 
(a-iii)        from wall 

 
(b-i)         from wall 

 
(b-ii)         from wall 

 
(b-iii)        from wall 

 
(c-i)         from wall 

 
(c-ii)         from wall 

 
(c-iii)        from wall 

 
Figure 33: Vertical direction comparison of pressure fluctuation at constant distance from flow inlet at         :  

(a) Concave 10° Plate , (b) Concave 20° Plate, and (c) Concave 40° Plate. 
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(a-i)         from wall 

 
(a-ii)         from wall 

 
(a-iii)        from wall 

 
(b-i)         from wall 

 
(b-ii)         from wall 

 
(b-iii)        from wall 

 
(c-i)         from wall 

 
(c-ii)         from wall 

 
(c-iii)        from wall 

 
Figure 34: Vertical direction comparison of pressure fluctuation at constant distance from flow inlet at         :  

(a)   Convex 10° Plate, (b)   Convex 20° Plate, and (a) Convex 40° Plate.
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CHAPTER 6 

CONCLUSION 

 
The present work focused on the effect of the pressure gradient on pressure fluctuation. 

The commercial computational fluid dynamics software Cobalt was utilized throughout the 

simulation work. The pressure fluctuations for three different pressure gradients were 

investigated. Three different deflection angles were investigated for adverse and favorable 

pressure gradients, respectively. Simulated results showed the stochastic pattern on the 

pressure fluctuation for adverse pressure gradient models. In contrast, it was found that the 

favorable pressure gradient model showed less of a stochastic pattern on pressure fluctuation. 

This implies that eddy viscosity on the concave plate is higher than that on the convex plate, 

implying a low eddy viscosity dissipation rate under adverse pressure gradient conditions.  
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