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Project Overview 
A previous work by Clark et al. (https://doi.org/10.2514/6.2018-3124) presents a first-cut approach for quantifying the 
impact of boundary layer ingestion (BLI) due to distortions based on experiments; however, several factors may call such 
approaches into question. The first factor is the validity of an open rotor experiment for predicting the sound pressure level 
(SPL) impact to represent the tonal noise impact on an embedded turbofan engine. The second factor is the fact that there 
are many ways to achieve BLI, and interactions may vary significantly depending on the type and quantity of the distortion 
ingested and varying fan applications, such as applications for ducted electric fans, propellers, or turbofan engines. 
Therefore, Georgia Tech proposes to close this gap in the literature by developing a parametric fan noise module for a 
generic BLI propulsor based on the specifics of the BLI configuration and propulsor design. Parameters influencing the model 
will include distortion intensity, character (i.e., radial vs. circumferential), frequency, multiple-per-rev, fan design parameters, 
location on the airplane, embedded vs. flush mounted, and potentially other relevant physical parameters. The module will 
attempt to quantify the impact of BLI on turbulent ingestion and mean flow distortion noise based on lower-order methods 
but will seek to validate such methods against higher-fidelity approaches and publicly available experimental datasets, such 
as those used in the above paper or others. The module will also seek to model the effects of ducted vs. unducted shielding 
of BLI noise sources to quantify the validity of using “equivalent” experimental data sources for BLI approximations. A 
validation exercise will be conducted whereby the lower-order methods are tested against higher-fidelity analyses for a 
D8/HWB-type ingestion configuration and compared against empirical approaches.   

 
Task 1 – Literature Review and Problem Parameterization 
Georgia Institute of Technology 
 
Objective 
The objective of this task is to research existing approaches for quantifying noise sources related to BLI fans and to determine 
an appropriate modeling approach for the parametric modules. The approach should fit within the statement of work and 
numerical computational budget afforded to this project.   
 
Research Approach 
The approach for this task is to scan the literature associated with BLI and distortion-related noise generation for ducted 
fans. Each reference will be ranked by relevance and appropriateness and will be assessed to determine whether it is directly 
applicable or usable.   
 
Literature Review Results 
A literature review on BLI, noise generation and prediction, model validation, and other related topics was conducted. The 
topics and research goals covered within a subset of the review are shown in Table 1.  Most of the researched literature 
involved BLI, noise prediction, experimental validation, and numerical modeling. One limitation was the difficulty in finding 
literature that treated turbofans instead of open rotor engines. For the numerical models found, the reports emphasized that 
having well-understood correlations between the upwash of different rotor blades and the turbulence space–time correlations 
is critical for accurate noise estimation. These correlations are critical in part because the widely used rapid distortion theory 
(RDT) is not as useful in cases of inhomogeneous flow distortion; in such cases, sampling the correlation function is essential 
as a substitute to RDT. There also may be situations in which using this correlation function as a sampling distribution 
considerably accelerates the computational time.  
 
 
 



	
	

	
 

Table 1. Literature review topics. 
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- Modelling of A Boundary Layer Ingesting 
Propulsor X   X   X X  

- Predicting the Inflow Distortion Tone Noise 
of the NASA Glenn Advanced Noise Control 
Fan With a Combined Quadrupole-Dipole 
Model 

 X X  X  X X  

- Discretized Miller approach to assess 
effects on boundary layer ingestion induced 
distortion 

X   X X X X X  

- An Analytical Model for Predicting Rotor 
Broadband Noise Due to Turbulent 
Boundary Layer Ingestion 

X  X  X  X  X 

- Noise Produced by Turbulent Flow into a 
Rotor 

 X X    X  X 

- Noise from a rotor ingesting a thick 
boundary layer and relation to 
measurements of ingested turbulence 

X  X  X    X 

- Noise from a Rotor Ingesting a Planar 
Turbulent Boundary Layer X  X  X    X 

- Rotor Inflow Noise Caused by a Boundary 
Layer: Inflow Measurements and Noise 
Predictions 

X  X  X    X 

- Enhanced Fan Noise Modeling for 
Turbofan Engines 

  X  X  X X  

 
 
Problem Parameterization and Approach 
Based on the literature review results, an approach to parameterize the problem was developed. To develop a noise module 
that parametrically accounts for the impact of BLI across a range of different applications, this module was developed using 
a “delta” approach. This approach will utilize a baseline non-BLI fan noise prediction from NASA’s Aircraft Noise Prediction 
Program (ANOPP) tool and will attempt to correct noise based on a semi-empirical model that accounts for the impact of BLI 
on fan noise. To achieve this goal, the Georgia Tech team proposes to use computational aeroacoustics to capture the 
acoustic impact of BLI parametrically, starting with one BLI configuration/architecture: a BLI tail cone thruster similar to 
NASA’s STARC-ABL concept. This aim will be accomplished by parametrizing the modeling approach according to Figure 1. 



	
	

	
 

	
Figure 1. Proposed modeling approach to create a parametric BLI noise module. 

 
To capture the sensitivity of the noise impact to a wide range of BLI conditions, we will attempt to capture the acoustic impact 
of BLI for various fan geometries, operating conditions, and flow fields. To achieve the required number of runs needed to 
develop such a noise model, the scope of the varying parameters under each category was limited.  
 
Milestone(s) 
Task 1 has been completed. 
 
Major Accomplishments 
Task 1 was completed, and an approach for defining the methodology was established and finalized with FAA sponsor 
approval. 
 
Publications 
None 
 
Outreach Efforts 
The Source Diagnostic Test (SDT) geometry was retrieved from NASA. An approach for modeling noise was presented to 
NASA acoustic engineers, and feedback was received for this approach.   
	 	



	
	

	
 

Awards 
None 
 
Student Involvement  
Two graduate students are involved with this work:  Ross Weidman and José Zavala. These students are graduate research 
assistants in their first year at Georgia Tech.   
 
Plans for Next Period 
No steps are planned for the next reporting period because the task has been completed. 

 
Task 2 – Development of a Parametric Noise Model 
Georgia Institute of Technology 
 
Objective 
The objective of this task is to develop a parametric noise model, which will be the primary deliverable for this project. This 
module should be compatible with ANOPP.   
 
Research Approach 
Baseline Clean Fan Geometry with the SDT Fan and Modifications 
The baseline configuration chosen for the current project is based on the STARC-ABL geometry and the NASA SDT fan. The 
former was chosen because of its BLI effect on the rear electric propulsor, while the latter was chosen because it is a 
benchmark geometry for acoustic fan studies. These two geometries are integrated, with the SDT fan geometry replacing 
the original STARC-ABL propulsor geometry. A few modifications are needed to accomplish this integration. 
 
The first modification concerns the NASA SDT fan. The SDT is a 1/5-scale model of a representative high-bypass turbofan, 
with three different vane variants. The first variant has 54 vanes, focusing on cutting-off the blade passing frequency (BPF) 
rotor–stator interaction tone, the second has 26 vanes cut-on for reduced broadband noise, and the third has 26 swept vanes 
for reduced BHP noise. The SDT, provided by NASA, for the current project is the first variant, and it is termed SDT-A hereafter. 
The SDT-A has a flat surface at the rear because it was developed to address fan noise only, and thus, there was not a focus 
on noise that would otherwise be generated from the rear part of the core. In the current project, the chosen STARC-ABL 
utilizes an electric propulsor at the rear of the fuselage. Because the original STARC-ABL fan geometry is replaced with that 
of the SDT-A, while maintaining the concept of an electric propulsor, there is no core flow. Consequently, the SDT-A geometry 
is modified to have a plug shape at the rear such that it resembles the original STARC-ABL propulsor. The SDT-A geometry 
was modified in CAD with a conical shape starting at the axial location of the trailing edge of the nacelle. The half-angle of 
the cone is 20º, and the cone vertex is smoothed with a small spherical cap. The resulting geometry is shown in Figure 2. 

	 	



	
	

	
 

 

 
 

Figure 2. Modification to the SDT-A geometry. 

 
The second modification concerns changes in the STARC-ABL fuselage so that it can be integrated with the modified SDT-A 
geometry. This integration uses two geometrical references to replace the original electric propulsor with that of the modified 
SDT-A. The first reference is the distance between the nose of the fuselage and the leading edge of the nacelle, which is held 
constant. The second reference is the axis of the original propulsor, which is also maintained. These geometrical references 
are shown in Figure 3. Next, the modified SDT-A fan geometry is scaled up by a factor of 2.7272 so that it approximately 
meets the dimensions at the hub of the STARC-ABL propulsor. Then, the rear part of the fuselage is modified to allow a 
smooth transition with the scaled and modified SDT-A geometry. These modifications are shown in Figure 4. 
 
 

 
 

Figure 3. Geometry references for integration between the STARC-ABL and modified SDT-A. 

	 	



	
	

	
 

 
 

Figure 4. Modification at the fuselage for integration. 

 
Baseline Fan Performance Model for ANOPP 
To create a baseline ANOPP noise model for a ducted SDT fan, it is necessary to model the performance of the fan over a 
range of flight conditions. For this purpose, a fan map was digitized from the reference material for the SDT fan, as shown 
in Figure 5. The data points in the plots represent data digitized from the SDT results, and the lines are the output of a 
computer code called “CMPGEN,” a NASA code that was used to approximately match the SDT fan map. This map is used to 
model the fan performance under off-design conditions. 
 

	 	



	
	

	
 

	
Figure 5. SDT fan map digitized from the SDT test data references. The lines represent the CMPGEN fan map performance 

matched to the SDT dataset. 

Next, the SDT fan needed to be scaled up to the size of the STARC-ABL geometry. To perform this step, the fan shaft power 
was held constant at 3,500 hp, a value taken from the STARC-ABL aircraft design. The criteria for scaling was to create a 
geometrically similar fan with a size corresponding to 3,500 hp. The scaling exercise results are shown in Table 2. The scale 
factors for each of the main fan parameters are shown in the right column. The power of 3,500 hp was used to determine 
the fan weight flow scale factor of 5.378. Therefore, the square root of this number (2.31905) is the geometric scale factor 
because the corrected flow is proportional to the area, which is proportional to the radius of the fan squared. Therefore, the 
scale factor on the radii is 2.31905. The RPM of the machine is also adjusted to hold the tip speed of the fan constant in 
order to maintain a roughly constant aerodynamic performance. In this process, the stage pressure ratio and corrected 
specific flow are held constant. An NPSS model of the ducted fan with these specifications and the fan map above was created 
and then used to produce state tables to feed into the fan noise model. 
 

Table 2. Parameters for the SDT and geometrically scaled SDT and scale factors derived to scale the fan. 

Parameter SDT Scaled SDT Scale Factor 
Tip Diameter 22 in 51.0191 in 2.31905 
Hub Diameter 6.6 in (assuming 0.3 h/t ratio) 15.30573 in 2.31905 
Corrected Rotational Speed 12657 rpm 5457.83 rpm 1/2.31905 
Corrected Tip Speed 1,215 ft/s 1,215 ft/s 1.0 
Corrected Fan Weight Flow 100.5 lbm/sec 540.49 5.378 (2.31905^2) 
Corrected Specific Flow 41.8 lbm/sec-ft2 41.8 lbm/sec-ft2 1.0 

Stage Pressure Ratio 1.47 1.47 1.0 
 
Baseline Fan Noise Model 
Before developing the parametric noise model, a baseline ANOPP noise model was created using only the fan’s performance 
and geometry. This ANOPP model was used to predict the hard-wall forward and aft fan noise, using the Heidmann fan noise 
module within ANOPP. The baseline noise model will be used alongside a computational aeroacoustics model, with the results 
for an identical non-BLI baseline case used to create a set of “baseline deltas” between ANOPP and computational 
aeroacoustics (CAA) results. These deltas will serve as a calibration tool for developing the BLI integrated model. This step 
is applied to ensure that the application of the module within ANOPP is accurately captured, only the magnitude of the BLI 
impact on noise is represented, and the variance due to the different modeling methods is limited. An outline of this process 
is shown in Figure 6. 
 



	
	

	
 

	
 

Figure 6. Modeling process to capture differences between ANOPP and CAA. 

The baseline noise model was designed around three representative flight conditions for noise certification: sideline, flyover, 
and approach. Each condition used the engine parameters given in Table 1 for fan noise estimations using the General 
Electric-revised Heidmann method, an updated formulation for improved large fan predictions. The resulting forward-
radiated and aft-radiated noise was calculated using the NASA hard-wall engine noise estimations. For the baseline case, no 
additional noise sources or reflections were included. Additionally, we decided to forego modeling acoustic liners in 
developing the BLI noise module, with the intent of capturing the impact of BLI and removing acoustic liner assumptions. 
 

	
 

Figure 7. GT ANOPP baseline SDT model approach comparison. 

Table 3. ANOPP baseline model approach error. 

Comparison GT ANOPP – EXP SDT NASA ANOPP – EXP SDT NASA ANOPP – GT ANOPP 
Directivity Angle 45° 135° 45° 135° 45° 135° 
RMS Error (dB) 4.8579 2.5529 4.7523 2.549 0.15597 0.074428 

	



	
	

	
 

	
Figure 8. GT ANOPP baseline SDT model cutback comparison. 

Table 4. ANOPP baseline model cutback error.	

Comparison GT ANOPP – EXP SDT NASA ANOPP – EXP SDT NASA ANOPP – GT ANOPP 
Directivity Angle 45° 135° 45° 135° 45° 135° 
RMS Error (dB) 4.1761 3.4692 4.0591 3.5218 0.41517 0.47159 

	
	

	
Figure 9. GT ANOPP baseline SDT model takeoff comparison. 

Table 5. ANOPP baseline model takeoff error. 

Comparison GT ANOPP – EXP SDT NASA ANOPP – EXP SDT NASA ANOPP – GT ANOPP 
Directivity Angle 45° 135° 45° 135° 45° 135° 
RMS Error (dB) 2.6080 5.0944 2.5755 3.4633 0.42983 8.1166 

 

	 	



	
	

	
 

Integrated Geometry Design [COMPLETE] 
The aircraft geometry considered for CFD analysis is shown in Figure 7.  The vehicle is similar in size to the 737-8. Based on 
findings in the literature [1,2], the vertical tail and wing wakes are expected to have non-negligible contributions to the 
ingested distortion and are thus included in the model. 
 

 
Figure 10. BLI aircraft geometry model. 

The nacelle is a scaled version of the SDT geometry. The highlight and throat areas were increased further (for a fixed fan 
area), based on preliminary RANS CFD findings that showed a strong shock at the throat for typical cruise conditions, as 
displayed in Figure 8.  As a result of these modifications, the peak upper throat Mach number decreased from 1.27 to 1.14, 
and the peak lower throat Mach number decreased from 1.18 to 0.9.  

 
 

Figure 11. Comparison of performance for the original scaled SDT inlet and modified SDT inlet under cruise conditions. 

 
RANS CFD Methodology [COMPLETE] 
To determine which variables have significant impacts on inlet distortion, it was prudent to conduct preliminary CFD studies 
under steady-state conditions with a simplified propulsor model. For this purpose, a one-dimensional powered boundary 
condition (BC) representation of the engine is considered, where the fan face is treated as a pressure outlet and the fan exit 
is modeled as a stagnation inlet. A target mass flow rate is specified at the fan face, with the static pressure and temperature 
being iteratively updated by the CFD solver to meet this requirement. At the fan exit, total pressure and temperature BCs 
obtained from one-dimensional engine cycle analysis are imposed in the CFD model. While this level of fidelity for CFD 



	
	

	
 

analysis and propulsor modeling is not adequate for CAA, it is sufficient to gain some preliminary insight into how the 
ingested boundary layer is affected by certain operation and geometry parameters. In addition, the significantly lower cost 
of steady-state RANS makes it easier to conduct several studies, which can then be used to prioritize certain variables over 
others when conducting the final CAA runs with a higher-fidelity model.  
 
For the steady-state RANS cases, an unstructured Cartesian grid is developed using STAR-CCM+’s grid generation tools.	Prism 
layers are used for near-wall refinement to capture the boundary layer. The near-wall spacing is calculated such that the wall 
y-plus of less than one is achieved. Volumetric refinement zones are defined over critical regions of the geometry, such as 
around the tail cone and engine. Standard atmosphere properties and fully turbulent conditions are assumed for this study, 
using the SST k-ω turbulence model. The geometric and flow symmetry around the X-Z plane (for all cases considered) allows 
for half of the domain to be modeled.  
 
Variable Sensitivity Study and Down-Selection [COMPLETE] 
The primary objective of this sub-study was to determine which parameters can be varied to produce significant and 
meaningful changes in fan noise. In this case, the term “significant” implies that the sensitivity of noise to a parameter 
change must be high, whereas the term “meaningful” implies that the change in parameter value cannot be arbitrary and 
should be relevant in conceptual design. At this early stage, without CAA, there is no way to directly link variable changes to 
fan noise. However, because there is a correlation between noise and the level of inlet distortion, it is logical to assume that 
significant changes in the fan face distortion profile will correlate with significant changes in fan noise. As such, the current 
goal is to assess the sensitivity of the ingested boundary layer and the corresponding distortion profile to certain variables. 
This study is conducted under takeoff conditions, defined by the flight Mach number, altitude, angle of attack (AoA), and 
fan RPM. RPM in this lower fidelity CFD study is modeled by a change in target mass flow rate. From studies in [1,3] some 
variables typically considered in conceptual design can be investigated: 
 

• Angle of attack (AoA) 
• Fan diameter 
• Fuselage length 

 
All of these variables have been shown to influence the characteristics of the ingested boundary layer. The AoA captures the 
impacts of the control surface, wing, and airframe design on distortion and noise through the weight–required lift–AoA 
relation and exhibits a strong impact on distortion. Additionally, changing the AoA is easy in a CFD simulation, as it does 
not involve any geometry changes or re-meshing. Fan diameter is another key variable that impacts the magnitude of the 
ingested boundary layer and thus fan face distortion. However, changing the fan diameter involves changing both the hub 
and tip diameters (to maintain the same hub-to-tip ratio), which in turn requires changing the tail cone design for this 
particular geometry. Not only is this variable change more difficult than a simple AoA perturbation, owing to the geometry 
changes involved, but a one-to-one mapping between the fan diameter alone and distortion changes is not possible because 
of the required changes in tail cone design. However, the fan diameter is a major parameter that varies in conceptual design 
and, as such, cannot be ignored for this study despite these challenges. Fuselage length is a relatively easier geometry 
parameter to investigate and also impacts the ingested distortion through Reynolds number effects on the developing 
boundary layer. The following cases were considered in this study: 
 

• Angle of Attack: Baseline (8.5°) +25%, +50% 
• Fan Diameter: Baseline (51 in), +10% 
• Fuselage Length: Baseline (131 ft), +25% 

 
The baseline case was run to obtain reference values for distortion, fan face pressure recovery, and qualitative assessments 
of the flow field through various scalar views. Each perturbation was then considered individually. To calculate the distortion 
at the fan face, the ARP 1420 standard was used to define the probe locations, as shown in Figure 12. 
 



	
	

	
 

 

Figure 12. ARP 1420 distortion rake at the fan face.	
 
Figure 13 shows the circumferential distortion intensity while Figure 14 shows the radial distortion intensity. The baseline 
case is shown in dark blue. Figure 13 shows that the AoA and fuselage length perturbations produce the largest change in 
circumferential distortion relative to the baseline case. However, there is no clear candidate for radial distortion, as shown 
in Figure 14, where the peak changes in radial distortion caused by the three parameter perturbations occur at different 
locations.  

 
Figure 13. Circumferential distortion at takeoff for all cases. 

	
 



	
	

	
 

	
Figure 14. Radial distortion at takeoff for all cases. 

	
Based on these results, we proceeded with only the AoA as an input to the noise model, in addition to the rotational speed 
RPM. As such, the noise model is now parametric with respect to operating conditions only, and not geometry. While the 
diameter and fuselage length also have a relatively equal claim for consideration, the increased dimensionality of the input 
space for the noise model would have required substantially more CAA runs, which would have exceeded the computational 
time and budget constraints for this project. The final sampling space for constructing the noise surrogate model is shown 
in Figure 15. The ranges of AoA and RPM are sufficiently large to consider takeoff, approach, and flyover, the three main 
noise measurement conditions. Training points are circled in red, with the blue ‘V’s’ showing additional cases that could be 
run for model validation, depending on time and budget availability.  
	
	

	
Figure 15. RPM and AoA sampling space for parametric noise model generation. 

	
 



	
	

	
 

CFD/CAA Setup  
Approach for Creating an ANOPP Module  
Continued development from the ANOPP baseline will focus on the implementation of aircraft geometry and parametric 
ability. To pursue this aim, the baseline model will be updated from ANOPP standards to ANOPP2, which provides decreased 
run times and enables integration into Python. Python will provide flexibility for testing multiple cases, which is crucial for 
developing the response equations used to parametrically model the input variables.  
 
After integrating the basic aircraft geometry, ANOPP will calculate reflection effects due to the airframe and other aircraft 
components, adding a layer of complexity and detail to the baseline model. The integrated model will then be used in 
junction with a hemispherical surface below the aircraft to generate a mapping of noise levels about the aircraft (see Figure 
16). The same surface will then be generated and filled with CAA data, providing a direct comparison with the noise estimates 
from ANOPP.  
 

	
Figure 16. Example of a noise surface.  

Because ANOPP lacks accuracy and detail compared with CAA methods for unsteady flow simulations, the integrated ANOPP 
model will not take distorted flow effects into consideration, leaving these effects to be calculated solely by CAA.  
 
The resulting noise level surfaces will be compared to calculate the overall impact of distorted flow due to the fuselage 
elements. This process will be repeated for each experiment detailed in Figure 15. 
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Milestones 
• A baseline SDT fan performance model has been created. 
• A baseline ANOPP model has been created, and validation exercises were conducted. 

 
Major Accomplishments 

• A baseline SDT fan performance model has been created. 
• An integrated BLI scaled fan performance model has been established. 
• A baseline ANOPP model has been developed. 
• A baseline CFD/CAA geometry and mesh have been created. 
• An integrated, scaled CFD/CAA geometry and mesh have been created. 
• Sets of cases to be performed in CAA have been defined by conducting lower-fidelity RANS CFD cases to identify 

key sensitivities. 
 
Publications 
None 
 
Outreach Efforts 
None 
 
Awards 
None 
 
Student Involvement  
Two graduate students are involved with this work:  Ross Weidman and José Zavala. These students are graduate research 
assistants in their first year at Georgia Tech.   
 
Plans for Next Period 
The plan for the next reporting period is to complete all of the tasks specified in the research approach under Task 3 and to 
fully finish the first phase of the task before the end of the current period of performance. 

 
Task 3 – Model Validation Exercises 
Georgia Institute of Technology 
 
Objective 
The purpose of this task is to validate the parametric noise models created with existing data or high-fidelity simulations. 
 
Research Approach 
 
Baseline Validation Approach 
To validate the baseline fan noise, the fan noise predicted by the ANOPP model will be compared with published acoustic 
results for the SDT fan, and the difference will be documented. If there is a significant difference between the ANOPP 
predictions and published data, a correction function in the ANOPP model can be introduced to minimize these differences. 
To account for differences between the CAA results generated for the study and ANOPP results, we will apply the proposed 
method described in Section 1.2 and Figure 6. Further validation exercises may be needed depending on the results of the 
parametric model. The module will be used to generate both BLI and non-BLI noise results for various flight/operating 
conditions, which will be compared with CAA results obtained for corresponding conditions.  
 
High-fidelity Computational Aero-Acoustics Modeling (CAA) 
Because the objective is to understand the effect of BLI on noise, the effect of distortion on noise must be addressed. BLI, as 
well as other flow perturbations upstream of the fan, leads to nonuniformity in the axial flow ingested by the fan, which in 
turn causes variations in blade loading in the azimuthal direction. Consequently, the aeroacoustics performance is degraded.  
 



	
	

	
 

To capture the effects of nonuniformity in the ingested flow, the aerodynamics analysis must be unsteady. In this study, the 
adopted analysis for performing computational aeroacoustics (CAA) is a hybrid approach, consisting of an unsteady CFD 
approach and an integral method based on the Ffowcs Williams and Hawkings (FW-H) equations. The unsteady CFD simulates 
the aerodynamic flow field, which in turn provides noise sources. The FW-H approach is then used to propagate the noise 
sources to the far-field. 
 
To assess the ability of our chosen numerical approach, validation was conducted with experimental acoustic data from a 
turbofan. Details and results from the validation are described below. 
 
Validation Case and Experimental Data 
Validation was based on SDT experiments performed by NASA [1,2]. The SDT is a GE-designed turbofan wind tunnel model 
(1/5 scale) with a rotor diameter of 22 in. The rotor is composed of 22 blades, whereas the stator is composed of 54 vanes. 
In this validation, we focus on the approach condition, as shown in Table 6. 
 

Table 6. Validation case details.	

 Value  Unit 

Mach number 0.10  

Pressure 101,325 Pa 

Temperature 288.15 K 

Angle of attack 0 degree 

Rotor speed 7809 RPM 

 
Acoustic measurements were acquired at 48 sideline microphones at a distance of 89.3 in. For our validation purposes, a 
subset of these receivers is considered. Therefore, a total of 21 sideline receivers are considered and arranged as shown in 
Figure 17. 
 

 

Figure 17. Arrangement of sideline receivers. 
 
Numerical Approach 
The unsteady aerodynamics are obtained by utilizing a commercial lattice Boltzmann method (LBM) solver, PowerFLOW. 
Unlike the traditional CFD method, which solves for macroscopic fluid quantities via Navier–Stokes (N-S) equations, the LBM 
solves for microscopic particle distributions. Thus, modeling occurs at a level where the physics are more fundamental. Such 
solvers exhibit low dissipation properties, rendering them appropriate for aeroacoustics applications.  



	
	

	
 

 
The boundary conditions (BC) are as follows: for the outer boundaries, pressure/velocity BC types are prescribed, whereas 
non-slip wall BCs are used in surfaces of the rotor, vanes, center body, and nacelle. However, in the extension of the center 
body, slip walls are used in order to avoid the influence of boundary layers. Spatial discretization is accomplished by means 
of variable refinement (VR) regions. Note that the discretization sizes decrease by half with each variable refinement level. 
The smallest discretization sizes are located in regions between the tip of the blades and nacelle, the second smallest sizes 
are located in regions in the leading and trailing edges of the blades and vanes, and the third smallest in the boundary layers 
of the blades and vanes. Some details regarding the simulation setup are given in Table 7. 
 

Table 7. LBM simulation setup. 
 

LBM Simulation Value Remark 

Smallest spatial discretization 
0.125 mm 

Gaps between 
 blade tips & nacelle 

0.250 mm 
LE & TE  

 blades & vanes 

Time step 0.1626 ×10-6 s  

Mesh size ~ 400 million  

 
The aeroacoustics are predicted using a FW-H solver. This solver uses flow data recorded from the unsteady simulation at a 
chosen surface. The surface is permeable and surrounds the SDT turbofan. Moreover, the FW-H surface is an open shell with 
an opening in the downstream end in order to avoid contamination from wakes. The far-field acoustic receivers set to the 
FW-H solver are located as shown in Figure 17. Some details regarding the FW-H simulation are given in Table 8.  
 

Table 82. FW-H simulation setup. 
 

FW-H Simulation Value Remark 

FW-H spatial discretization 4.00 mm Permeable surface 

FWH Time step 5.2 ×10-6 s  

Maximum frequency resolved 6.4 kHz  

Time for collecting flow data 10 rev Time for one revolution 

 
Results 
Numerical predictions of the sideline directivity overall sound pressure level (OASPL) along with experimental values are 
shown in Figure 17.  Moreover, for reference, results from previous LBM simulations [3] are also plotted. Excellent agreement 
is found for upstream emission angles lower than 70º. However, the OASPL values exhibit some overprediction for emission 
angles between 70º and 100º with a maximum discrepancy of approximately 2 dB near 80º. The downstream OASPL 
directivity, i.e., for emission angles larger than 100º, is progressively underpredicted. Despite these discrepancies, the 
predicted OASPL directivity exhibits correct trends.  
 



	
	

	
 

 

Figure 18. Comparison between numerical prediction and experiments, along with previous numerical simulations. 
 
The predicted OASPL directivity compares well with those of previous simulations [1,2,3]. Note that these simulations span 
a smaller range of angles, between 30 and 140, and are apparently not converted from geometric angles to emission angles 
and are thus shifted to the right. Quantification of the discrepancy – root mean squared error (RMSE) - between simulations 
and experiments is shown in Table 9. It is noted that the discrepancy level in our simulation is in agreement with those of 
previous simulations. 

Table 9.3. Comparison of average discrepancies for simulations. 
 

 
Discrepancy 

(RMSE) 

CAA 1.70 dB 

Sim 1 [*] 1.78 dB 

Sim 2 [*] 2.04 dB 

Sim 3 [*] 1.77 dB 

 
Milestones 
Our CFD/CAA approach was validated for the baseline SDT geometry. 
 
Major Accomplishments 
The high-fidelity numerical CAA approach was validated for the SDT turbofan under approach conditions. 
 
Publications 
None 
 
Outreach Efforts 
None 



	
	

	
 

Awards 
None 
 
Student Involvement  
Three graduate students are involved with this work:  Grant Stevenson, Ross Weidman, and José Zavala. These students are 
graduate research assistants in their second year at Georgia Tech.   
 
Plans for Next Period 
During the next period, we will implement the simulation campaign for the integrated geometry. 

 
Task 4 – Tool Documentation 
Georgia Institute of Technology 
 
Objective 
The purpose of this task is to create documentation of the parametric noise tool created. 
 
Research Approach 
Georgia Tech will thoroughly document the tool and each of its modules, including the parameters involved, theoretical 
approach, algorithms utilized, output structure, and example use cases. This theoretical manual will be developed in addition 
to the validation results, which will be documented as a separate report.   
 
Milestone(s) 
None; this task has not yet begun. 
 
Major Accomplishments 
None; this task has not yet begun.  
 
Publications 
None 
 
Outreach Efforts 
None 
 
Awards 
None 
 
Student Involvement  
Three graduate students are involved with this work:  Grant Stevenson, Ross Weidman, and José Zavala. These students are 
graduate research assistants in their first and second years at Georgia Tech.   
 
Plans for Next Period 
The documentation for the modules will be completed during the next annual period of performance. 
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