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• Tasks: 
4. Facility Development at Raytheon Technologies Research Corporation (RTRC): This task addresses the 

design of experiments that will be performed at RTRC. The task involves coordination between the teams to 
develop and define the aerodynamic design of an RQL combustor for this study. This task is led by Jeffrey 
Mendoza, Lance Smith, and Duane McCormick. 

5. Post-combustion Modeling: This task consists of both postprocessing and simulation efforts. First, the post-
combustion simulation data from the simulation of the GT experiment are mined to understand the dynamics 
of entropy fluctuations and their transport. Next, simulations are used to model noise propagation in the post-
combustion architecture of the engine. The simulations are split across the different sections: nozzle, turbine, 
and far-field. This task is led by Jeffrey Mendoza and Julian Winkler. 

 

Project Funding Level 
FAA funding: $3,000,000 split equally between GT and sub-awardee RTRC  
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Benjamin Emerson (GT): Co-Principal Investigator. Dr. Emerson is responsible for designing and maintaining experimental 
facilities, as well as experimental operations and management and the safety of graduate students. 
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as experimental operations and management and the safety of graduate students. 
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responsible for designing the post-combustion diagnostic capabilities for the GT experiment. 
Orlando Ugarte-Almeyda (GT): Postdoctoral Researcher. Dr. Ugarte-Almeyda reports to Professor Menon and works on 
simulations of the GT experiment. 
Sangjae Kim (GT): Graduate Student. Mr. Kim is working on large-eddy simulation (LES) studies for the GT rig. 
Amalique Acuna (GT): Graduate Student. Mr. Acuna works on and operates the experiment at GT. 
Shivam Patel (GT): Graduate Student. Mr. Patel works on and operates the experiment at GT. 
Parth Patki (GT): Graduate Student. Mr. Patki works on the hydrodynamics modeling subtask (pre-combustion disturbances). 
Tony John (GT): Graduate Student. Mr. John works on the entropy modeling subtask (post-combustion disturbances). 
Jeffrey Mendoza (RTRC): Co-Principal Investigator. Dr. Mendoza is the leader of the RTRC team and oversees their 
contributions to the project. He leads the subtasks related to modeling, measurements, and simulation for post-combustion 
disturbances, nozzle interactions, turbine interactions, and far-field sound propagation. 
Lance Smith (RTRC): Co-Principal Investigator responsible for the design and measurements of the RTRC experiment. He 
works closely with the GT team to ensure similarities between both experiment setups. 
Duane McCormick (RTRC): Co-Principal Investigator responsible for the design and measurements of the RTRC experiment 
as well as finite element calculations in the design process. 
Jordan Snyder (RTRC): -responsible for the design, measurements, and data processing using tunable diode laser absorption 
spectroscopy (TDLAS) and chemiluminescence in the RTRC combustor rig. 
Julian Winkler (RTRC): Co-Principal Investigator responsible for the simulation tasks at RTRC and focuses on the post-
combustion disturbances, nozzle interactions, turbine interactions, and far-field sound propagation. 
Kenji Homma (RTRC) is responsible for the far-field sound propagation simulations. 
Aaron Reimann (RTRC) is responsible for ROM and high-fidelity modeling of the propagation of direct and indirect noise 
sources through the turbine nozzle and supports the far-field sound propagation simulations. 



	
	

	
	

Sudarshan Koushik (RTRC) is responsible for post-processing the GT LES simulation data to model post-combustion 
disturbances. 
 

Project Overview 
The objective of this project is to develop and validate physics-based design tools that can predict noise production 
mechanisms and their relative significance and ultimately reduce the noise output from future engines. The motivation for 
this project stems from recent and future advances in aircraft engine technology. High-bypass engine technology has 
significantly reduced the traditionally dominant engine noise sources: namely, fan and jet exhaust noise. Noise generated in 
the combustor has become a dominant source of engine noise for future advanced aircraft designs. In addition, as 
combustors evolve to increase efficiency and reduce pollutant emissions, methods for predicting and mitigating combustion 
noise have severely lagged, with legacy methods being insufficient to predict noise from next-generation combustors. This 
drawback has motivated the objective of this project, which addresses the critical need for physics-based design tools. The 
resultant understanding of noise generation and propagation, along with validated noise prediction tools, will enable more 
rapid and cost-effective designs of low-noise engines for future aircraft. 
 
The project objectives will be achieved through a program of cooperative experiments, high-fidelity simulations, and physics-
based reduced order modeling (ROM). The physical processes involved are tightly coupled and directly determine the project 
tasks, as shown in Figure 1. 

 

 
 

Figure 1. Physical processes and project tasks for noise generation. 

The physics of noise generation begins with source disturbances upstream of the combustion zone, which involve unsteady 
dynamics in the flow and incoming fuel (spray), followed by the response of the combustion zone (flame) to these upstream 
disturbances. The fluctuations in the unsteady heat release lead to the generation of pressure fluctuations and entropy 
fluctuations. These fluctuations propagate further downstream in the combustor and interact with the nozzle and turbine 
and eventually lead to far-field sound generation. With the complex interplay of unsteady physics in the different parts of 
the engine, it is challenging to develop a ROMs.  
 
An important goal of this project is to generate high-quality reference data from both measurements and validated high-
fidelity simulations, including measurements of the flow, spray, and flame unsteadiness in the head end of the combustor. 
Subsequently, the secondary combustion zone is characterized. The generation of entropy and pressure disturbances is then 
characterized through measurements of temperature and pressure fluctuations, followed by measurements of noise 
reflection and transmission through the turbine and nozzle section and sound measurements in the far-field. The 
measurements are accompanied by large eddy simulations (LES) and finite element simulations that are validated against the 
measurements. Collectively, these data are generated across a range of operating parameters and provide a source database 
for the modeling task. 
 
The main goal of this project is to develop a robust design tool that can predict noise at operating points for which prior 
measurements/data are unavailable. To achieve this goal, two major tasks are needed. First, ROM and frameworks must be 
developed for different aspects of the engine architecture: flow/spray models, flame response models, entropy generation 



	
	

	
	

models, entropy propagation models, nozzle interaction models, turbine interaction models, and far-field noise generation 
models. The ROM for each of these aspects involves simplifications and assumptions that are validated against the source 
database. The validation study and iterative improvement of model predictions serve as the second task to achieve this goal. 
 
In this report, we summarize the efforts of both teams from October 2020 to September 2021. The efforts primarily include 
development, fabrication, and measurement campaigns conducted at the GT and RTRC facilities. In addition, frameworks for 
ROM and simulations have been advanced based on earlier learnings in the beginning of the project. A workflow has been 
established to transfer simulation data to ROM tasks, and different subtask benchmarking targets have been identified. 

 
Task 1 – Facility Development at GT 
Georgia Institute of Technology 
 
Objective(s) 
The objective of this task was to shakedown and take initial measurements with the RQL combustor designed in the previous 
year. The first portion of this year was dedicated to the manufacturing and assembly of new components. Once installed in 
the GT facility, diagnostic tools were installed to measure the flow, flame, and pressure dynamics in the RQL combustor. A 
test-matrix was developed and used to allow for comparison and validation of the GT and RTRC data, as well as for GT to 
investigate operating regimes by varying combustion parameters to study the dynamics of noise production across a range 
of aircraft-relevant conditions. 
 
Research Approach 
The goal of this task at GT was to leverage an existing combustor test rig facility developed in partnership with Pratt & 
Whitney (P&W). In this task, the facility was modified to utilize the existing plumbing, instrumentation, data acquisition 
systems, pressure vessel, and structural steel. With these modifications, the new experiment setup resulted in (a) a 
generalized hardware whose measurements can be shared in the public domain, (b) optical access and instrumentation 
access to measure flow, spray, flame, pressure, and temperature dynamics, and (c) a replication of the general physics and 
operational characteristics of a modern RQL combustor. These modifications resulted in a new liner, fuel/air injection system, 
and exhaust system. 
 
These new components were manufactured and assembled during this period to allow for initial shakedown tests of the new 
systems and of the diagnostic components. Non-scientific images from the first fire are shown in Figure 2. These tests help 
the GT experiment team to baseline the rig and determine the possible operation and data collection regimes. 

 

                                  
 

Figure 2. Images from the first fire of the GT experiment. 

A test matrix was created to span various operating regimes and to allow for a detailed investigation of how various engine 
parameters affect flow and flame dynamics and ultimately noise production. The portions of the test matrix that were 
completed during the initial shakedown testing are listed in Table 1. The “Z0” and RX-X” test points allowed for direct 
comparison with one of the RTRC test points. Other sets of studies, such as the “BX” and “EX” series, aimed to determine 
how the combustion noise changed when the engine operated under low- or high-power conditions, namely via changes in 
the combustion air and fuel flow rates from a lean-burn configuration to an RQL regime. The remaining points in the test 
matrix will be captured during the next period of experimentation. 
 



	
	

	
	

Table 1. Completed test matrix. 
	

Date Test P4 [psia] T3 [K] Swirler ER Global ER Quench/Main Air Split 

8/10/21 B2 68 479 1.18 0.52 1.33 

8/10/21 E2 63 504 0.71 0.3 1.42 

8/10/21 B1 78 524 0.91 0.39 1.37 

8/10/21 E1 77 534 0.83 0.35 1.39 

8/11/21 R3-3 54 648 0.91 0.41 1.24 

8/11/21 R3-2 73 663 0.93 0.41 1.33 

8/11/21 R3-1 89 668 0.85 0.37 1.33 

8/11/21 R2-3 103 673 0.77 0.35 1.23 

8/27/21 Z0 105 677 0.86 0.37 1.36 
 

 
Under these conditions, high-speed chemiluminescence and pressure data were recorded to capture flame dynamics and 
combustor noise. For these shakedown data, we attempted to acquire PIV measurements of the flow field; however, due to 
facility and design constraints, the collection of high-quality PIV data was postponed to the next round of experimentation. 
This next attempt will also capture high-speed temperature measurements of the post-flame region to provide more 
information for the model validation tasks. Some of the chemiluminescence and acoustic data are shown below. Figure 3a 
presents a frame of chemiluminescence data showing the flame position, with blue arrows indicating areas in which air is 
injected. Figures 3b and 3c show normalized mean and root-mean-square heat release fields computed from 1200 frames 
of chemiluminescence data from the E2 condition in the test matrix.  

 

 
(a) 

 
(b) 

 
(c) 

 
Figure 3. Chemiluminescence images: a) an instantaneous image, b) mean chemiluminescence, and c) root-mean-square 

chemiluminescence. 
 

In the combustion chamber, acoustic data are collected in three locations, with two redundant acoustic ports at the ramp 
upstream and downstream locations, as shown in Figure 4. These data are acquired to capture the acoustic instability of 
interest in this study. These locations also match the RTRC positions and are useful as a comparison point between the two 
rigs. All acoustics sensors were calibrated using the same ITP correction approach employed at RTRC (shown in Figure 5) to 
ensure that calibration errors do not affect the results. 
 
RTRC and GT were able to obtain good agreement for the Z0 test conditions at the ramp upstream location (Figure 6, middle). 
The GT rig is inherently less tonal than the RTRC rig. The other two locations did not match well in amplitude, and recent 
investigation indicates that sensor degradation is likely an issue. Subsequent tests will have new and/or recalibrated acoustic 
sensors.  



	
	

	
	

 
 

Figure 4. Acoustic sensor locations. 

	
 

Figure 5. Example ITP calibration for acoustic sensors. 

The finalized liner design is shown in Figure 7a. The liner consists of four windows: one on the top, one on the bottom, and 
two on the top on either side of the quench hole section. Collectively, these optical access windows allow for highly detailed 
measurements of the flow, spray, and flame heat release. There are also three quench holes in the top and two quench holes 
in the bottom. The quench holes have a “stepped” design, as shown in Figure 7b. The flow into the quench hole comes in 
the transverse direction, as shown in Figure 8a. The stepped design takes advantage of the recirculation flow, as shown in 
Figure 8b. This design creates a “turbulator” effect that induces components to the flow other than just the transverse 
component. This design also closely represents the engine design and the rig designed and used by RTRC. 



	
	

	
	

 
Figure 6. Comparison of GT and RTRC acoustic data. 

	

 
(a) 

 
(b) 

Figure 7. Combustor section: (a) liner with windows and frames and (b) “stepped” quench hole design. 

	

 
(a) 

 
(b) 

Figure 8. Physics of the “stepped” quench hole design: (a) transverse flow over the liner coming to the quench and (b) flow 
physics at a backward-facing step. 

	
The post-combustion zone architecture of the combustor is designed to closely resemble that of a real engine. As shown in 
Figure 9a, the real engine architecture involves a post-combustion converging section that leads to a blade/vane array in the 



	
	

	
	

turbine section. This aspect is replicated in the GT design. The repeating array of turbine blades is replicated through a jail-
bar-type design. These designs for the GT rig are shown in Figures 9b and 9c. 
	
a) 

 

b) 

 

c) 

 

 
Figure 9. (a) Cross-section from a real engine showing the converging section and array of turbine vanes, (b) cross-section 

from the GT design showing the converging section followed by (c) “jail bars” to mimic turbine vanes. 

Finally, an important diagnostic feature of this rig is the measurement of post-combustion disturbances such as temperature 
and pressure fluctuations. Multiple pressure taps have been installed, and the available pressure probes can be mounted at 
any of the taps and varied across different experiment runs. For temperature fluctuations, the Tunable Diode Laser 
Adsorption Spectroscopy (TDLAS) method is used. For this purpose, a TDLAS ring geometry is installed in the convergent 
section between the combustion zone and the jail-bar exhaust, as shown in Figure 10a. In this ring, multiple lasers and 
absorption probes will be installed (see Figure 10b). Collectively, these measurement probes and lasers will allow for a 
detailed measurement of the temperature field, which can then be used to understand the entropy fluctuations that are a 
source of indirect noise. 
 

 
(a) 

 
(b) 

 
Figure 10. (a) Magnified view showing the combustion liner, TDLAS, and jail-bar exhaust system in the GT rig and (b) 

TDLAS probe array in the ring. 

Milestone(s) 
o The GT experiment shakedown has been completed. 
o Preliminary data analysis has started, and workflows developed for future detailed data campaigns. 
o GT has started facility improvements based on lessons learned from the shakedown.	



	
	

	
	

Major Accomplishments 
The designed RQL combustor was manufactured and installed at the GT facility. Preliminary data were collected to allow for 
comparison to and validation against the RTRC experiment. Given the initial data and lessons learned from the initial 
shakedown, facility and experimental improvements have been designed, and manufacturing has begun to allow for more 
detailed measurements of flame, flow, pressure, and temperature dynamics. These efforts will allow GT to obtain detailed 
and reliable measurements across a range of operating regimes and will provide a trove of validation data for the reduced 
order models that are being developed in other tasks. 
 
Publications 
None 
 
Outreach Efforts 
None  
 
Awards 
None 
 
Student Involvement  

o Amalique Acuna, a graduate student, has taken the lead in the design of the GT experiment.  
o Shivam Patel, a graduate student, has taken the lead in the operation and data collection for the GT experiment. 

 
Plans for Next Period 
In the second year of this project, the improved GT rig design will be machined and installed in the pressure vessel, as shown 
in Figure 11. The first step is to shakedown the experiment, followed by initial measurements which include flow, spray, 
flame, pressure, and temperature dynamics. The initial array of operating conditions and corresponding measurements will 
serve as validation data for high-fidelity simulations. In addition, measurements from the GT experiment campaign will be 
compared against those from the RTRC experiment campaign under similar operating conditions. The outcome of future 
experiments will focus on laser diagnostics and TDLAS measurements. 
 
GT will also upgrade its rig stand and plumbing supporting the FAA campaign. The upgraded stand and lines are optimized 
for minimum line lengths and footprints to minimize maintenance and preheat times. Overall, this step will improve the 
quality of life of the experiment, enabling troubleshooting and experiment campaigns to operate more quickly and allowing 
more time for data collection.  
 



	
	

	
	

 
Figure 11. Experiment assembly at the GT combustion lab. 

 
	 	



	
	

	
	

Task 2 – Simulations of the GT Experiment 
Georgia Institute of Technology 
 
Objective 
The objective for the second year of this task is to update the geometry and flow conditions for the continued LES studies, 
including adding the swirler to the computational domain and revising the boundary conditions with respect to the 
experimental conditions. In addition, a key objective is to simulate both cold and reacting flow conditions using LES 
capabilities in the GT compressible solver (LESLIE) and to transfer the output data to RTRC.  
 
Research Approach 
Our previous effort focused on the LES of cold flow, using a reduced geometry without a swirler. To capture the physics of 
the shear flow and a swirl-stabilized spray flame, a swirler is included in the CAD geometry, as shown in Figure 12. The multi-
block structured grid has 6.8 million cells and 4571 blocks, and grid clustering is applied to the near region of the shear 
flow from the swirler and the jail bars. All inlet boundary conditions are now updated to the constant mass flow inlets based 
on experimental data inputs, and the mass flow rate for the main inflow is set as 0.093 kg/s (based on GT rig inputs). The 
total mass flow rates at the top or bottom dilution holes are both 0.117 kg/s. The incoming air is at 8 atm and 673.3 K. The 
flow through the jail bar chokes and pressurizes the combustor to the nominal target. With choking, the outflow is supersonic 
at the domain outlet. As a key difference between the current LES and the GT experiment, in the latter setup, additional air 
flow to cool the windows is included, but the exact amount is unclear at present and is, therefore, ignored. 
 

 

 

 
Figure 12. Revised computational domain with a swirler for LES. Left: Addition of a swirler to the CAD model. Right: 

Schematics for the new multi-block structured grid (main combustor at the centered xy plane, region behind the jail bars at 
the centered xz plane, and shear layer region at the yz plane located at one third of the axial length of the main 

combustor). 
 
The reacting flow uses kerosene fuel and two-step finite-rate reactions with six species (based on past LDI studies; Patel and 
Menon, Combustion and Flame, 2008). LES closure is accomplished with the well-established partially stirred reactor (PaSR) 
subgrid combustion model (also used in earlier studies; Panchal and Menon, Combustion and Flame, 2021- submitted). The 
fuel mass flow rate is 0.0048 kg/s, and the equivalence ratio is 0.622. The initial droplet distribution is log normal, the SMD 
is 36 µm, and no droplet breakup is considered. The constant coefficient one-equation KSGS model is used for subgrid stress 
modeling, closure in the PaSR, and for the stochastic dispersion in the particle phase. 
  



	
	

	
	

 

 
(a) 

 
(b) 

 
(c) 

Figure 13. (a) Snapshot of the temperature in the centered xy plane, (b) pressure in the central xy plane beyond the jail 
bars, and (c) a one-dimensional profile of pressure and Mach number along the dotted red line behind the jail bars. 

 
Figure 13a shows the instantaneous contour of temperature at the central (z=0) xy plane in the main combustor. A 
statistically stationary swirl spray flame is anchored downstream of the swirler exit, and turbulent mixing and combustion 
occur very close to the dump plane and is mostly completed by the dilution jet. The flow is choked at the jail bars and 
becomes supersonic past the bars, as shown in Figure 13b. The cyan lines in Figure 13b indicate a Mach number isoline 
equal to unity. Beyond the bars, oblique shocks and rarefaction waves are observed. The one-dimensional (1D) profile of 
pressure and Mach number along the red dotted line in Figure 13c shows the existence of a shock at approximately x=0.2m, 
which is the end of the Mach cone. Beyond the bars, the pressure is below 5 atm, and the exit pressure is less than 1 atm. 
However, the pressure in the combustor is nominally maintained at the target pressure of approximately 8 atm.  
 
Milestone 
LESs of reacting flow with a new grid that includes the GT rig swirler were completed under target conditions, and analyses 
of combustion noise are underway. 
 
Major Accomplishments 
The new grid has been established, the reacting spray flame has been stabilized at the proper location, and a statistical 
steady state at high pressure has been established. Data from LES showing the temporal evolution have been provided to 
the RTRC and GT modeling groups.  
 
Publications 
None 
 
Outreach Efforts 
None 
 
Awards 
None 
 



	
	

	
	

Student Involvement  
Sangjae Kim, a PhD student, is now working full-time on this project. 
 
Plans for Next Period 
In the next period, further simulations and comparisons with data from the GT rig will be conducted. Additionally, 
postprocessing tools, which are currently being tested, will be used to study both direct and indirect noise sources. Most of 
the data acquisition and analysis process conducted in the GT experiments will be reproduced in the LES, and direct 
comparisons will be performed. Additionally, the data will be provided to RTRC and GT to allow those teams to process and 
evaluate the assumptions used in their ROM approach. The correlations of direct and indirect noises with respect to the heat 
release rate and other contributing factors will also be analyzed to elucidate the physics of the combustion noise and to 
provide inputs to and assessment of the ROM. 

 
Task 3 – Reduced-order Modeling 
Georgia Institute of Technology 
 
Objectives 
The overarching objective of this task is to create quick-action, reduced order models to accurately predict different aspects 
of noise generation mechanisms that then collectively feed into a design tool for noise prediction. The specific objective of 
the GT reduced order modeling task focuses on the head-end physics in the architecture, namely the flow and spray 
dynamics, flame dynamics, and generation of entropy disturbances by the flame. The spray/flow dynamics feed into the 
flame dynamics, which cause direct combustion noise. The flame dynamics also result in entropy disturbances, which then 
lead to indirect combustion noise at the nozzle. The flame response modeling and the model for the generation of entropy 
disturbances are provided as inputs to the post-combustion models that will be developed by RTRC. Depending on the 
prediction results obtained from the RTRC models, these “head-end” models will be iteratively refined. 
 
Research Approach 
In this reporting period, we focused on reduced order modeling tasks that applied the flame response framework to an 
example configuration. In addition, we further studied the contributions of different chemical source terms to entropy 
generation at the flame and studied the generation of entropy disturbances at the flame using heat release models. 
 
Flame Response Modeling  
In the prior reporting period, we presented the new flame response framework for a spray flame that connects the spray 
phase to the gaseous phase and identified the different model input parameters for the spray combustion problem. In this 
reporting period, we applied perturbation expansion theory to this framework to understand the effect of input disturbances 
on disturbances in the flame response. The configuration used for this framework is shown in Figure 14, with fuel droplets 
injected in a center duct and air injected in the outer ducts. The fuel flows in the inner duct with 0 < 𝑟 < 𝑅! , and the 
air/oxidizer flows in the outer ducts with 𝑅! < 𝑟 < 𝑅. The fuel exits the duct and enters the combustion zone as a mix of fuel 
gas and a spray of liquid fuel droplets, which, after evaporation and diffusive mixing, result in the spray diffusion flame 
being modeled. 
 



	
	

	
	

 

Figure 14. Schematic of the ducted spray flame configuration. Fuel droplets are injected in the center duct (shown in blue), 
and oxidizer gas is injected in the outer ducts. 

 
The gaseous ( ) and droplet mixture ( ) fractions are one-way coupled through vaporization of the droplet, which 

generates fuel gas. In non-dimensional form, the governing equations become: 

   (1) 

   (2) 

Here, 

   (3) 

The Peclet numbers for the gas ( ) and droplet phase ( ) denote competing effects between the diffusive time-scales 

and convective time-scales, and  denotes competing effects between the convective and vaporization time-scales. The 

boundary conditions at the inlet are given by: 

   (4) 

Here, , and  is the droplet loading, indicating that fuel droplets are injected only in the center port along with 

fuel gas. When , the fuel is injected only as a gas, and when , the fuel is injected only as droplets, which need to 

evaporate to fuel gas before combustion. The outer port consists of pure oxidizer, and thus,  indicates the oxidizer 

mixture fraction (oxidizer mass fraction normalized by the total mass fraction of the fuel). The boundary conditions at the 
wall (no diffusion, penetration) imply: 

   (5) 

Next, consider the first order decomposition of the velocity/mixture fractions around the non-dimensional velocity amplitude 
parameter ( ): 
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   (6) 

By substituting in the earlier governing equations, we obtain steady-state mixture fractions governed by: 

   (7) 

   (8) 

The fluctuations in the mixture fractions are then governed by: 

   (9) 

   (10) 

The boundary conditions can also be decomposed, resulting in: 

   (11) 

   (12) 

The above system is solved for both the droplet and gaseous mixture fractions. For the purpose of illustration, we consider 
an axial-only mean flow field as follows: 

   (13) 

Assuming that transverse diffusion dominates axial diffusion and that the main axial transport mechanism is the mean flow 
convection, we have . The analytical solutions for the mean mixture fractions are: 

   (14) 

   (15) 

Here,  and .  

 
To understand the effect of the spray on the mean mixture fraction field, we focus on two main parameters for the spray: 
the droplet loading  and vaporization Damkohler number . Figure 15 shows the effect of the droplet loading (left) and 

the vaporization Damkohler number (right) on the location of the stoichiometric mixture fraction. First, consider the effect 
of the droplet loading, as shown on the left. For the case of , we have no spray, and this corresponds to the pure 

gaseous diffusion flame, denoted by the black curve. Note that as the droplet loading is increased, the contour locations 
move to locations in which the flame becomes taller. This increase in flame height can be attributed to the delay in formation 
of gaseous fuel due to vaporization of the droplets. In addition, note the unique flame shapes that occur at , 

where the flame near the inlet curves inward toward the centerline. This can be attributed to the diffusion of the oxidizer 
into the radial locations above the fuel inlet region due to the delayed generation of the fuel gases resulting from 
vaporization. Next, consider the effect of vaporization Damkohler number , as shown on the right. As , the solution 

tends to the pure gaseous diffusion flame case, as shown by the dashed black curve (denoted as NP) coinciding with the 
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largest  case shown. For , the solution is insensitive to this parameter; however, the mean flame height varies 

greatly in the  region. 

 

 
 

Figure 15. Variation in stoichiometric mixture fraction location due to changes in (left) droplet loading  for fixed  

and (right) vaporization Damkohler number  for fixed . NP: pure gaseous non-premixed diffusion flame. 

Geometry fixed at . Peclet numbers set to . 

Next, we consider the unsteady dynamics that occur when the system is subjected to spatially uniform harmonic velocity 
disturbances of the following form: 

   (16) 

The unsteady mixture fraction solutions are then given by: 

   (17) 

   (18) 

Here, 

   (19) 

The  terms indicate that disturbances propagate axially at the mean flow velocity, similar to purely gaseous 
flames. 
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Figure 16. Spatial-temporal changes in flame shape due to bulk forcing for . Left: St = 0.5, Right: St = 

1.25. NP: pure gaseous non-premixed diffusion flame. Geometry and Peclet numbers fixed as before. 
 
Next, we consider the dynamics of the stoichiometric flame location due to the dynamics in the mixture fraction field. Figure 
16 shows the temporal changes in the flame shape due to forcing at two different frequencies. For the lower St value, the 
flame shows a bulk-like axial pulsing with some spatial wrinkling, while the larger-St case shows a predominant spatial 
wrinkling nature. This is expected because the wavelength of wrinkling is inversely proportional to the St value. Additionally, 
the flame height oscillates with a larger amplitude for the lower-St case than for the higher-St case. This result can be better 
understood by considering the dynamics of the flame at the tip. By assuming that the flame length  can be decomposed 

into its mean and perturbation and by further decomposing the mixture fraction at the dynamic flame tip, we can express 
the perturbation in flame height as: 

   (20) 

The fluctuations in flame height are directly proportional to fluctuations in the gaseous mixture fraction, which in turn vary 
as 1/St. Thus, as St increases, the fluctuations in flame height decrease. The instantaneous mixture fraction and 
instantaneous local flame position fluctuations will be used later in expressions for spatially integrated unsteady heat release 
rate fluctuations. 
 
Generation of Entropy Disturbances 
At the flame, where molecular transport processes are negligible compared with chemical reaction processes, the governing 
equation for the entropy dynamics is given by: 

   (21) 

By expanding this chemical potential term further, we obtain: 

   (22) 

Here, 𝑆",$ or �̇� is the chemical heat release term. Several prior research efforts on entropy dynamics during combustion have 
assumed, without evidence, that only the heat release term contributes to the generation of entropy disturbances at the 
flame and that the other terms are negligible. The first focus of this task was to investigate the relative contributions of the 
heat release term compared with the entire chemical source term, 𝑆". 𝑆",% and 𝑆",& can be expanded by assuming a constant 
specific heat and ideal gas relations to gain more insight: 

   (23) 

0.5, 10.0d Vs = G =

( )fL t

,0

1 ,0
,1

0

( 0, )

( 0, , )
( )

f

f
f

r z L

Z r z L t
L t

Z
z = =

= =
= -

¶
¶

1

N

i i
i

DsT w
Dt

r µ
=

= -å ! "

0

,1 ,3,2

0
, .

1 1 1 1

e ee

TN N N N

e i i f i i i p i i i
i i i iT

S SS

S w h w w c dT Ts wµ
= = = =

= - = - - +å å å åò! " " " "

#$%$& #$%$&#$$%$$&

0
,2 1e

n T TS p
n T

g
g

é ùæ ö -æ ö= ê úç ÷ç ÷ -è ø è øë û

!



	
	

	
	

   (24) 

To test the dominance of the heat release rate over the remaining terms, a 1D Cantera simulation was conducted for various 
hydrocarbon fuel combustion scenarios. The following ratios can be computed to reflect the behavior of the terms: 

   (25) 

	

 
(a)  

(b) 
 

Figure 17. 𝑆",$, 𝑆",%, and 𝑆",& for (a) methane–air and (b) methane–oxygen combustion at  𝑇' = 500 K, 𝜙 = 0.75, and 𝑝 =
1	atm. 

Figure 17 shows flame profiles of the three terms for premixed methane–air and methane–oxygen flames at 𝑇' = 500 K, 𝜙 = 
0.75, and 𝑝 = 1	atm. Figure 17a clearly shows that 𝑆",$ is dominant for methane–air combustion, in which case the entropy 
production terms can be equated with the heat release rate. Figure 17b displays results for oxygen, showing that although 
𝑆",% and 𝑆",&	are smaller than 𝑆",$, they are not negligible. Figure 18 displays the results for the same conditions used in Figure 
17, but with a spatial integration. This figure shows that 𝑆",$ is the largest contributor and is dominant for air-fueled systems, 
whereas for oxygen–fuel combustion, 𝑆",% and 𝑆",& provide a contribution of approximately 35%.  

 

 
Figure 18. α, β, and κ for methane–air and methane–oxygen combustion at T( = 500 K, ϕ = 0.75, and p = 1	atm. 

Similar analyses were conducted for a variety of hydrocarbon n-alkane fuels and jet fuels. Ratios are displayed in Figure 19 
for four hydrocarbon fuels. It must be noted that dissociation has a significant influence on 𝑆",& and 𝑆",% due to molar 
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production. The bar 𝜅 − 𝜅)*+,- measures the effect of dissociation. In a similar analysis for common jet fuel, the results were 
comparable to those of n-dodecane for combustion in air, as shown in Figure 20. 
 

	

 
Figure 19. Flame-integrated ratios 𝛼, 𝛽, 𝜅, and 𝜅)*+,- for four oxygen–fuel cases at 𝑇' = 500 K, 𝜙 = 0.75, and 𝑝 = 1	atm.  

 
(a) 

 
(b) 

 
Figure 20. Flame-integrated ratios 𝛼, 𝛽, and	𝜅 for jet fuel combustion at at 𝑇' = 500 K, 𝜙 = 0.75, and 𝑝 = 1	atm. 

 
Based on the figures and analysis provided above, it can be seen that the exothermic heat release, 𝑆",$ , is by far the dominant 
term in air-breathing systems. However, the combined influence of the terms 𝑆",% and 𝑆",& can sometimes exceed that of 𝑆",$  
in pure oxygen systems. In turn, 𝑆",% and 𝑆",& are heavily influenced by dissociation. In other words, any effect that incites 
dissociation will tend to influence the contributions from 𝑆",% and 𝑆",& and, as a result, will reduce the relative contribution 
from 𝑆",$.  
 
Estimation of Flame-generated Entropy  
We have now established that for air-breathing systems, under relevant operating conditions, the heat release is the major 
source term at the flame for entropy generation. Hence, the entropy dynamics at the flame can more or less be determined 
by the following equation: 

   (26) 

By decomposing the entropy into its base state (subscript 0) and fluctuating component (subscript 1) and assuming that the 
base state is spatially uniform, we can obtain the governing equation for the dynamics of the entropy fluctuations: 

   (27) 
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The algebraic relation 𝑠$ = 𝑐. 𝑇$ 𝑇/⁄  is used to rewrite the last term on the RHS of above equation. Thus, the governing 
equation for entropy disturbances can be obtained in the isothermal limit (note that the base state is assumed to be uniform) 
as follows: 

   (28) 

The unsteady heat release rate disturbance term is the source of the entropy disturbance generation at the flame. Depending 
on the heat release model, expressions for the entropy transfer function, which is a normalized measure of entropy 
fluctuations generated by the flame, can be derived. Two velocity-coupled heat release response models corresponding to 
premixed and non-premixed flames were analyzed. The entropy transfer function obtained through this approach was 
compared to the entropy decay due to turbulent mixing over a flame length (see Figure 21). The results show that the decay 
of entropy disturbances through laminar processes for premixed and non-premixed flames is comparable in magnitude to 
the results for the turbulent mixing effect; neither effect is dominant for physically interesting values of 𝛽 (ratio of flame 
length to a relevant geometry length) for a premixed flame.    

	
 

Figure 21. Comparison of the dependence of magnitude of the laminar entropy transfer function on Strouhal number (𝑆𝑡0!) 
for an axisymmetric premixed wedge flame (solid lines) and a Burke–Schumann non-premixed flame (dot-dashed line) with 

the turbulent transfer function (dashed line). 

The above calculation was performed in the isothermal limit. Because non-isothermal effects may be significant for entropy 
generation, a control volume analysis can be adopted to estimate the entropy generated by a flame element. A schematic of 
the control volume drawn around the flame element is shown in Figure 22(a). The following integral form of the entropy 
transport equation can be applied to this flame element: 

   (29) 
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Figure 22. (a) Schematic showing control volume around a flame element and (b) heat release rate profile through the 
flame as a function of normalized temperature. 

Note that the integral appearing on the RHS is an integral of heat release rate per volume weighted by . This means that 

the functional form of the heat release profile through the flame is important when estimating the entropy generated by a 
flame. For single-step chemistry, the heat release rate profile through the flame as a function of temperature can be written 
as: 

   (30) 

For the above profile, in the high-activation-energy limit, the following relationship holds: 

   (31) 

Here, the entire heat release will be concentrated around a small region near the burned side in the high-activation-energy 
limit (Figure 22b), which leads to a simplification. This simplification means that in the high-activation-energy limit, the 
generated entropy is a function of the integrated heat release rather than the heat release profile through the flame. For a 
premixed flame, this simplification implies the following: 

   (32) 

Here, ℎ1 is the heat release per mass of the reactant consumed. For a non-premixed flamelet, the generated entropy is given 
by: 

   (33) 

Here, 𝜑23 is the stoichiometric mass ratio of oxidizer to fuel, 𝑢4 is the velocity at the flame, 𝐷 is the diffusion coefficient, and 
𝑍 is the mixture fraction. By comparing expressions for premixed and non-premixed flames, we see that the generated 
entropies have significant differences. For a premixed flame, the entropy production is independent of the mass burning 
rate; in contrast, for the non-premixed flame, the entropy generation is proportional to the mass burning rate, as evidenced 
by the mixture fraction gradient. The flame response modeling work feeds the heat release model to this framework. The 
resultant entropy fluctuations generated by the above model are then provided as inputs to the RTRC entropy wave modeling 
subtask. 
 
Milestones 

o Illustrated how spray parameters affect local flame responses 
o Deduced that for air-breathing systems under elevated operating conditions, heat release is the dominant 

contributor to entropy generation 
o Extended our framework for non-isothermal effects on the generation of entropy disturbances due to an unsteady 

heat release 
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Major Accomplishments 
The spray flame response framework was used to derive a perturbation framework in which input disturbances can be 
connected to output flame response disturbances. The effects of spray parameters on flame response were illustrated using 
an example configuration. This work provides the beginning framework to model both the local and global unsteady heat 
release from a spray flame, a key input to the direct noise model as well as the source term for entropy disturbances that 
eventually model indirect noise. 
 
Prior research on entropy dynamics has assumed that the heat release is the only dominant source for the generation of 
entropy disturbances at the flame. However, this assumption was never validated. Our chemical kinetics analysis showed 
that the heat release term accounts for 80%–100% of the source term, thus validating the assumption that the heat release 
is the sole contributor to the generation of entropy disturbances at the flame. This analysis was extended to consider a wide 
variety of aviation fuels to deduce that air-breathing systems at elevated conditions satisfy this assumption but any system 
where dissociation effects dominate cannot be modeled using just the heat release. Thus, this work validated the assumption 
of the entropy generation model used in a non-isothermal framework to model the generation of entropy disturbances by a 
premixed and non-premixed flame. As a key deduction, we found that the mass burning rate dynamics did not affect 
premixed flames, implying that velocity disturbances cannot generate entropy disturbances but that equivalence ratio 
fluctuations are required to generate entropy disturbances. In contrast, non-premixed flames respond to mass burning rate 
dynamics.  
 
Publications 
Acharya, V. (2021, January). Modeling the response of spray flames to velocity disturbances [Presentation]. AIAA SciTech 

2021 Virtual Meeting. 
Patki, P., Acharya, V., & Lieuwen, T. (2021, May). Entropy source terms from exothermic chemical reactions: Implications for 

indirect, premixed combustion noise [Presentation]. 12th US National Technical Meeting of the Combustion Institute 
Virtual Meeting. 

John, T., Acharya, V., & Lieuwen, T. (2021, May). Entropy wave generation by harmonically forced, convectively non-compact 
flames [Presentation]. 12th US National Technical Meeting of the Combustion Institute Virtual Meeting. 

Vishal Acharya’s accepted submission to AIAA SciTech 2022 on Spray flame response heat release modeling. 
Tony John, Vishal Acharya, and Tim Lieuwen’s accepted abstract submission to ASME Turbo Expo 2022 on entropy generation 

modeling. 
Parth Patki, Vishal Acharya, and Tim Lieuwen’s manuscript preparation for submission to International Symposium on 

Combustion 2022. 
 
Outreach Efforts 
None 
 
Awards 
None 
 
Student Involvement  

o Graduate student Parth Patki has been involved in investigating the entropy budget of the entropy dynamics 
equation to determine the dominant source terms for entropy disturbances. 

o Graduate student Tony John has been involved in modeling the generation of entropy disturbances due to a heat 
release source term.  

 
Plans for Next Period 
In the next year, the reduced order modeling task will expand to include hydrodynamics stability analysis to model the pre-
combustion flow disturbances. The velocity model generated from this analysis feeds directly into the flame response model. 
In addition to this, the spray measurements and spray DNS will be used to generate model parameters for the spray droplets 
used in the flame response model. The flame response model will be further improved to relax assumptions made in the 
current model. Furthermore, the results from the models will be validated against the new measurement and simulation data 
and iteratively improved. 
 
The model for entropy generation at the flame will be used with the validated flame response model to generate source 
entropy disturbances, which are then input into the entropy wave transport subtask by RTRC. The predictions from RTRC’s 



	
	

	
	

model at the nozzle will be validated against measured temperature fluctuations. This work will then iteratively feedback to 
improvements in both the GT entropy source model and the RTRC entropy wave transport model. 

 
Task 4 – Facility Development at RTRC 
Raytheon Technologies Research Center 
 
Objective 
The objective of this task is to design an RQL combustor that closely mirrors the GT design, with the specific goal being to 
focus on the higher-pressure operating points not possible for the GT rig. Collectively, the GT and RTRC rig capabilities will 
encompass a broad range of operating conditions, resulting in a robust dataset for training the design tools.  
 
Research Approach 
Fabrication of the RTRC rig was completed in early 2021, with installation and shakedown at the RTRC facility occurring in 
Q2 to confirm full operational capability of the rig with all instrumentation and optical equipment in place. Operation of the 
combustion rig was confirmed at pressures up to 250 psia, with the choked exit (“jail bars”) providing backpressure to the 
rig at the full operating flow rate and firing temperatures and providing a combustor exit-plane acoustic boundary condition 
representative of a turbine inlet. 
 
Following shakedown, a one-month test program was executed in which extensive diagnostic measurements were obtained 
for four operating conditions of interest: idle acceleration, approach, cutback, and sideline. The latter three represent 
conditions that are part of engine noise certification. For each operating condition, combustion parameter variations of FAR, 
inlet pressure (P3), inlet temperature (T3), and mass flow (i.e., flow parameter, FPb), were evaluated, giving a total of 13 
separate operating points for characterizing the effect of these parameters on combustion noise. Diagnostic data consisted 
of dynamic pressures at eight locations, chemiluminescence (as a surrogate for the unsteady heat release field), and TDLAS 
(unsteady combustor exit temperature).  
 
Using the dynamic pressure data, the combustor noise characteristics were compared to the legacy scaling laws of NASA 
(Aircraft Noise Prediction Program [ANOPP]) and Pratt & Whitney (Matthews-Rekos [MR]). Figure 23 shows this comparison, 
which suggests that the current noise data follow the scaling laws equally well, with similar R-squared correlation and 
standard deviation values (the dashed lines correspond to ±2 standard deviations). 

 
 

Figure 23. Legacy scaling laws (ANOPP and MR) for current dynamic pressure data. 

Two approaches for separating direct and indirect combustion noise have been investigated. The first approach involves a 
dynamic pressure array upstream of the choke, which was used to separate downstream propagating noise from upstream 
propagating noise (see Figure 24). For a passive choke (i.e., no noise created by the choke), the area change of the choke 
reflects approximately the same amount of sound power as is incident on the choke (for a hard wall, the ratio of downstream 
to upstream propagating noise is unity, or ΔdB=0). Some noise would transmit through the choke, particularly at higher 
frequencies. The black line in Figure 24 shows this ratio for the passive choke condition (computed from an FEA pressure-
acoustics model). The red line shows the measured values, which indicate the indirect noise. These results are preliminary 
and will be refined in the second rig test entry and through high-fidelity modeling of the rig. 



	
	

	
	

The second method is to compare the measured dynamic pressure at, for example, the bulkhead with the direct noise 
computed from the chemiluminescence/Green’s function analysis. This analysis indicates a similar result to the wave 
decomposition described above (increasing indirect noise level with increasing frequency). The absolute level of the direct 
noise is still being checked. 
 

 
 

Figure 24. Wave decomposition to characterize indirect noise levels. 
 
In addition, unsteady temperature measurements immediately upstream of the choke and downstream of the reacting region 
will be used to compute indirect noise using compact nozzle and/or actuator disk theory. During RTRC’s first test entry, the 
TDLAS probe system was utilized to acquire data upstream of the choked exit. The TDLAS system was configured for near-
IR operation, and data was acquired over the range of operating conditions. This effort successfully demonstrated the 
performance of the integrated optical probes in the harsh combustion environment (i.e., survivability, alignment, and signal 
quality), and data processing is currently in progress. These measurements will be refined for the next entry based on lessons 
learned and/or an alternative dual-TC approach will be utilized to capture unsteady temperature data and to enable indirect 
noise computations. 
 
Milestones 

o RTRC rig fabrication, installation, and operational shakedown completed 
o First RTRC experiment entry successfully completed 
o Assessment of legacy scaling laws performed, wave decomposition methodology applied to characterize indirect 

noise, chemiluminescence/Green’s function analysis applied to compute direct noise 
 
Major Accomplishments 
Successful execution of the test program over a wide range of combustor parameter space provided quality data for 
quantifying indirect noise and validating noise prediction tools. 
 
Publications 
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Outreach Efforts 
None  
 
Awards 
None 
 
Student Involvement  
None 
 
 



	
	

	
	

Plans for Next Period 
With the first RTRC test entry now successfully completed, the next experimental step will be to return for a second test 
entry, focusing on improved unsteady temperature measurements and further evaluations of the effects of parameter and/or 
geometry variation on combustion noise. 

 
Task 5 – Post-combustion Modeling 
Raytheon Technologies Research Center 
 
Objectives 
The goal of this task is to develop transfer functions from the combustion zone to the nozzle, nozzle to turbine, and turbine 
to far-field. This task involves modeling the physics for: 

a) Entropy wave transport post-combustion, as unsteady heat release rate disturbances at the flame generate entropy 
disturbances that are then transported through the post-combustion zone, 

b) Direct noise modeling using a numerical Green’s function approach with the heat release model, 
c) Nozzle interactions for the dynamics of pressure disturbances through the nozzle, specifically the effect of the jail 

bar configuration used in both the GT and RTRC rigs,  
d) Turbine interactions for the dynamics of pressure disturbances through the turbine, and 
e) Far-field sound propagation. 

 
Research Approach 
The post-combustion-zone physics involves the effects of the combustion unsteady heat release rate disturbances and the 
post-combustion geometry on the eventual noise generation outside the engine. This modeling involves: 

a) The direct generation of combustion noise due to heat release and the interaction of these pressure disturbances 
with the remainder of the engine geometry, which lead to far-field noise, and 

b) The entropy disturbances generated by the flame interacting with geometric changes at the nozzle and causing 
pressure disturbances that then interact with the remainder of the engine geometry and lead to far-field noise. 

 
Entropy Wave Transport Modeling 
Initial simulations were performed using Fluent LES for an N+3 combustor design. The results were then used to interrogate 
the different terms of the entropy transport equation. This exercise (shown in Figure 25) confirmed that the primary 
contributors to the entropy transport are the heat release rate (𝑄5̇) and advection terms (𝐴5). The dissipation term (𝐷5)	and 
production term (𝑃5) are small compared with the other two terms downstream of the flame and can be neglected. These 
findings imply that the entropy transport downstream of the flame can be considered as a scalar transport phenomenon 
within the combustor. 
 

	
 

Figure 25: Relative magnitudes of the entropy transport equation terms. 



	
	

	
	

The mean advection time of a scalar can be estimated using streamlines, and the entropy transport can be represented as a 
transfer function. The estimate of the transfer function computed for these simulations is shown in Figure 26 for both flames. 
When the GT LES results become available, a similar approach will be used to estimate the entropy transfer function for the 
current combustor. Furthermore, the LES results will be used to estimate the acoustic pressures propagating through the jail 
bars and to model the direct and indirect noise. 
 

	
 

Figure	26. Flame-to-exit entropy transfer function estimate. 

Direct Noise Modeling 
Direct noise modeling is performed using a numerical Green’s function approach, that uses an appropriate Green’s function 
in conjunction with either a measured or simulated/modeled unsteady heat release rate disturbance field, in order to 
calculate the pressure disturbance at a particular location in the combustor. While this modeling was not performed during 
the current reporting period, a prior workflow established by RTRC under a NASA program has been reviewed and will be 
leveraged for this work. This work was summarized earlier in Task 4. 
 
Nozzle Interaction Modeling 
The goal of this task is to establish and improve a reduced order model (ROM) for the transmission and/or generation of 
direct and indirect combustion noise through a nozzle or geometrical representative of the first set of turbine vanes. The 
first iteration of the nozzle ROM is based on the compact nozzle theory (CNT) and the work of Marble and Candel. The ROM 
was validated through comparisons with existing data from a DLR entropy wave generator(EWG) experiment. A set of test 
cases was available from the experiment, and the test case that had undergone the most examination in the literature by 
other researchers was chosen for the validation case. For validation, the temperature profile was used to set an entropy 
profile of the test case as input to the ROM along with flow profile information at select locations within the nozzle. As shown 
in Figure 27, the temperature profile matches the experimental data. In addition, the good agreement with the test data for 
the downstream pressure spectra confirms the implementation of the CNT in the ROM. 
 

 
Figure	27. Snapshot of the temperature field for two different frequencies. Left: Lower frequency. Right: Higher frequency. 



	
	

	
	

In addition to the simple nozzle geometry mentioned above, work continued on the more complex RTRC combustor jail bar 
rig, as shown for the computational model in Figure 28. The new high-fidelity LBM simulations were performed for two 
purposes. The first purpose was to obtain flow field data that were not captured during the testing to support the application 
of the nozzle ROM. As a caveat, the model does not include any reacting flow; hence, the model is focused on matching the 
flow conditions of the as-tested points without combustion processes. This approach is sufficient for the input required for 
the ROM. The second purpose was to support further investigations into the test data, as the simulations provide a means 
for extracting and viewing full fluid fields as compared to what is possible in certain locations for the test. To better represent 
the test rig setup, the high-fidelity LBM model was extended to incorporate more of the features of the test rig, compared 
with what was described in the last annual report. In particular, a dump plenum downstream of the jail bars was included, 
which represents the area change in the test rig. The piping downstream was approximated in length, and a numerical 
sponge zone was set to start where the test rig water mist was sprayed into the duct to damp out the acoustic waves before 
reaching the backpressure valve. The static outlet pressure in the simulations is defined at the approximate distance where 
it was measured in the experiments (location P5). This new setup is more representative of the actual flow field in the rig, 
and it presents more accurate acoustic boundary conditions downstream of the jail bars.  
 

 
 

Figure 28. Extended computational domain for the RTRC jail bar rig. 
 
Similar to what was previously reported, the new simulations were performed for different back pressure ratios 
(𝑝5,2'67"6 𝑝5,897"6⁄ ) in order to assess the reflection and transmission of sound through the jail bars. A snapshot of the results 
from one of the back pressure cases is shown in Figure 29. The area change downstream of the jail bars corresponds to the 
transition from a rectangular to a circular duct, with the area change shown in Figure 28. In the absence of any acoustic 
forcing (i.e., in the absence of combustion noise in the simulations), it was found that a large amount of rig self-noise is 
produced downstream of the jail bars, as indicated by the time derivative of the pressure contours in Figure 29. For the 
operating conditions studied here, the jail bars were always found to be choked, and no rig self-noise traveled upstream, 
indicating there is no anticipated impact of rig self-noise on the combustion process or combustion noise sources. Therefore, 
the Kulite data upstream of the jail bars in the experiments should only include combustion-noise-related pressure signals. 
In contrast, the Kulite sensors downstream of the jail bars are expected to measure a significant amount of rig self-noise.    
 

	 	



	
	

	
	

 
 

Figure 29. Snapshot of pressure field (grayscale) and vorticity (colors) for a high-power condition. 
 

Some preliminary comparisons between the LBM results and the rig data were completed, as shown in Figure 30. The main 
focus of this initial comparison was to determine what level of background noise (rig flow noise) is expected to be present 
in the rig. As described above, the simulations were performed without acoustic forcing; hence, they include only rig self-
noise, with no combustion noise. In contrast, the test data include both rig self-noise (inherently included) and direct and 
indirect combustion noise downstream of the jail bars. The overall agreement between the simulation and test data is good 
for the operating condition, as shown in Figure 30, indicating that a large amount of rig self-noise is present downstream of 
the jail bars. In turn, this result means that it is more difficult to separate the rig self-noise from combustion noise in the 
measured pressure signals downstream of the jail bars. Additional simulations with acoustic forcing are planned for further 
assessment. 
 

 
 

Figure 30. Comparisons of pressure power spectral density for the experimental data (blue) and LBM simulation (orange). 
 



	
	

	
	

 
 

Figure 31. Simulation domain with virtual acoustic drivers for studying direct noise propagation through the turbine stage. 
 
Turbine Interaction Modeling 
This task focuses on simulations of a high-pressure public domain turbine rig from the Polytechnic University of Milan (PoliMi) 
and the German Aerospace Center (DLR) to understand the direct and indirect noise propagation through a representative 
high-pressure turbine stage. A comprehensive set of high-fidelity LBM simulations were performed for high-subsonic and 
transonic turbine flow conditions. The simulation results were validated using experimental data from DLR. As shown in 
Figure 31, the simulation setup includes a full-wheel simulation of the turbine stator and rotor rows, situated in a long 
annular duct with sponge zone buffer regions upstream and downstream to damp out waves. The numerical buffer zones 
are sized to absorb the lowest expected frequency (largest expected wavelength). Direct noise studies were performed for 
frequencies between 200 Hz and 1200 Hz. To be able to absorb very low frequency startup transients in the ducted 
simulation domain, with wavelengths well below those used to size the numerical buffer zones, additional wall absorbing 
boundary conditions are used on casing walls at the ends of the duct. The flow is driven via total pressure and static 
temperature boundary conditions at the inlet and a static pressure boundary condition at the outlet. For the direct noise 
study, the experimental setup is mimicked by placing four virtual speakers circumferentially on the outer duct wall. The 
speaker membranes are flush with the duct wall, and the speakers are excited in phase at a single frequency. These speakers 
are realized by vibrating wall boundary conditions. 
 
The reflected and transmitted noise was extracted from the simulations using a mode-matching approach to determine the 
sound power coefficients. Figure 32 shows a comparison of the LBM simulation and experimental results for direct noise 
propagation through the turbine under high-subsonic flow conditions. The sound power reflection coefficient and 
transmission coefficient agree well between simulation and experiment. The remaining portion of the sound power (1-R-T), 
which is neither reflected nor transmitted, is not accounted for. This part corresponds to 60% of the total sound power, and 
it is hypothesized that this part is related to sound dissipation caused by the conversion of acoustic energy into shed vorticity 
from the blade and vane trailing edges and other sharp geometry features. Further analysis is underway to substantiate this 
hypothesis and will be reported in the future. Less than 10% of the sound power is transmitted through the turbine stage. 
These observations are consistent between simulation and experiment, indicating that the simulations are capable of 
predicting the correct physical processes involved in the turbine–wave interaction.  
 
 

	 	



	
	

	
	

 

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

 
Figure 32. Sound power coefficients from LBM simulations and experiments for the high-subsonic flow condition. (a) 

Reflection (R), (b) transmission (T), (c) unaccounted portion (1-R-T), and (d) frequency-averaged values. 
 
The results for the transonic flow condition are shown in Figure 33. The level of agreement between simulation and 
experiment as well as the overall trends are similar to those for the high-subsonic flow results. The transmitted noise tends 
to be lower than that for high-subsonic conditions, with only approximately 5% of the overall sound power being transmitted 
through the turbine. It should be noted that the transonic operating condition is more realistic for an actual high-pressure 
turbine stage in an engine. 
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Figure 33. Sound power coefficients from LBM and experimental results for the transonic flow condition. (a) Reflection (R), 

(b) transmission (T), (c) unaccounted portion (1-R-T), and (d) frequency-averaged values. 
 
Additional simulations were performed to determine the influence of the rotor row on wave interactions, meaning that direct 
noise studies were repeated as stator-only simulations in which the rotor was removed from the simulation, but the mass 
flow rate was kept the same. Figure 34 summarizes the results for the transonic flow condition. It is found that the wave 
reflection behavior is comparable between both configurations, while the sound transmission is higher in the stator-only 
case, consistent with the expectation that acoustic dissipation is reduced when one blade row is removed. Indeed, the 
unaccounted portion, 1-R-T, decreases by an average of 6% from approximately 62% to 56% of the total sound power when 
the rotor is removed. The observations for the high-subsonic flow conditions were found to be similar and are not shown 
here for brevity. 
 
 
 



	
	

	
	

	 	 	
(a) (b) (c) 

 
Figure 34. Sound power prediction comparisons between the turbine stage (stator-rotor) and an isolated nozzle guide vane 
(stator only) for the transonic operating condition. (a) Reflection coefficient, (b) transmission coefficient, and (c) frequency-

averaged coefficients. 
 

 
 

Figure 35. Wave interaction considerations with a vane row in ADT. 
 
To further investigate the wave propagation behavior, the stator-only simulation results were compared with the Actuator 
Disk Theory (ADT) of Cumpsty and Marble, which is a quasi-1D reduced-order model for turbine–wave interactions. The 
theory considers wave interactions with a blade row, where the blade row is simplified to provide simple jump conditions for 
flow quantities across it. This theory is expected to be valid in the low-frequency range, where the wavelength of the 
impinging wave type is much larger than the chord length of the blade row. Different wave types (acoustic, entropy, and 
vorticity) are included in the theory (see Figure 35). Thus far, we have focused on acoustic wave interactions. 
 

	 	
(a) (b) 

 
Figure 36. Comparison of ADT and LBM simulations for transonic flow conditions. (a) Reflected and (b) transmitted 
pressure. 
 
The validity of the ADT was verified by applying the validated LBM simulation approach and by comparing the ADT results 
to the stator-alone LBM simulation results. As shown in Figure 36, the ADT results agree well with the simulation results for 
the pressure amplitude of the reflected wave. However, the transmitted wave amplitude is overpredicted compared with the 
LBM. This difference was anticipated, considering our previous discussion where a significant portion of the sound power 
was found to get lost in the turbine–wave interaction. The leading hypothesis is that this difference is due to acoustic 



	
	

	
	

dissipation. This aspect is currently under investigation to determine if and how the ADT model can be improved as an ROM 
tool for turbine–wave interaction predictions. 
 
The work described thus far has focused on direct noise (acoustic wave) interactions with a turbine stage. Additional 
simulation work was performed to investigate indirect noise generation and transmission through the turbine stage, in the 
form of injected unsteady temperature perturbations upstream of the turbine. High-fidelity simulations were performed, 
similar to the direct noise studies, in which the acoustic driver upstream of the turbine was replaced with circumferentially 
positioned injection ports. As shown in Figure 37, this setup closely mimics the experimental setup of the PoliMi/DLR rig. In 
the simulations, a constant elevated injection temperature was initially applied to create hot streaks, and then, the 
temperature was adjusted to provide a sinusoidal time variation with a frequency of 90 Hz. In this way, a maximum 
temperature ratio of 1.08 was generated in an effort to create entropy waves that are consistent with the DLR validation test 
data. The unsteady temperature field interacts with the turbine and creates acoustic waves as the temperature hot spots 
convect through the accelerated non-uniform turbine flow field. Figure 38 shows the total temperature field for one 90-Hz 
injection cycle. 
 

 
(a) (b) 

 
(c) 

 
Figure 37. Magnified view of the simulation domain for indirect noise studies, with 11 circumferentially arranged injectors 

for entropy wave generation. (a) Side view, (b) front view, and (c) cut-away view of a single injector. 
 

 
 

Figure 38. Entropy wave injection cycle (rotor blades not shown) for a high-subsonic turbine flow. 
 
Following the DLR data processing steps, the increase in entropy wave noise was calculated between the case with injection 
and a reference solution with the injectors turned off. The results are shown in Figure 39. The LBM-predicted generation of 
upstream propagating noise is on the order of 18 dB higher, while the downstream propagating generated noise increase is 
on the order of 17 dB, compared with the reference case with the injectors turned off. The DLR test data show a much higher 
noise increase both downstream and upstream (~37 dB and ~26 dB, respectively) while similar trends are observed, with the 



	
	

	
	

upstream propagating noise being higher than the downstream propagating noise. It must be pointed out that due to the 
nature of the entropy wave generation caused by flow injectors, a certain amount of vorticity wave generation is inherently 
included. While the injection temperature was carefully controlled in the present simulations, the amount of vorticity wave 
generation has not been examined separately. Therefore, it is possible that some of the observed discrepancies between 
simulation and experiment are due to a lack of properly accounting for the vorticity waves. In fact, DLR researchers have 
shown that when  injectors operate without a temperature increase, called “cold entropy wave generation” the upstream 
propagating noise is even higher than that with temperature injection, while the downstream generated noise is a few dB 
lower than that with temperature injection. These results indicate that a strong component of vorticity waves is present in 
the test data. The direct noise validation cases were well-defined, and the agreement between experimental results and LBM 
simulations was very good. Due to the nature of the entropy wave generation in the experiments, there is no comparable 
well-defined dataset available for validation. The indirect noise trends are predicted reasonably well, but more analysis is 
needed to explain the observed differences in amplitude between experiment and simulation.  
 

 
 

Figure 39. Comparison between simulation and experimental results of acoustic power generation by entropy wave 
injection for 90-Hz excitation with a peak-to-peak temperature amplitude of 25 K for a high-subsonic flow turbine 

operating condition. 
 
Far-field Noise Modeling 
In this task, the acoustic mode identified at the turbine exit is used as an input, and the different physics involved in far-
field noise propagation are simulated. This task includes refraction due to sheared flow and temperature gradients before 
sound is perceived in the far-field.  
 

 
 

Figure 40. Simulation approach for the turbine exit for far-field pressure and perceived noise levels. 
 
The simulation approach is shown in Figure 40. First, the acoustic modes from the turbine exit are injected into the near-
field simulation, which uses a linearized Euler equation approach in Actran DGM. From the near-field simulation output, the 
input to the far-field analysis is provided and calculated using the Ffowcs–Williams–Hawking equations. The far-field is set at 
150 ft, and from the far-field mics, the pressure is used to measure the effective perceived noise level using ANOPP. 
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The workflow for the developed far-field simulation tool was first exercised to calculate far-field pressures based on a generic-
geometry engine model. Calculations were performed for three flight conditions (sideline, cutback, and approach) and were 
recorded in the form of far-field transfer functions relating turbine exit duct modes to far-field pressures as a function of 
frequency. Combustion noise directivity results were calculated using the far-field transfer functions, with some simplifying 
assumptions pertaining to the duct source mode and frequency distribution. As shown in Figure 41, reasonable agreement 
was achieved between the computed directivity results and reference combustion noise directivity curves from the literature. 
Figure 41 shows that the computed directivity results have some sensitivity depending on the particular source mode 
distribution, which was an unknown and is typically not measured or computed at the engine level. It has been observed that 
the main directivity peak angle is relatively insensitive and in good agreement with the reference models. In addition to 
simulating a generic engine geometry, far-field directivities were also calculated for an actual engine from the previous FAA 
CLEEN I program and showed reasonable agreement with the measured data, although this work is still in progress. 

 
Figure 41. Computing the overall combustion noise directivity based on simulated far-field transfer functions and assumed 

noise source frequency spectra and model distributions. The results are for a generic-geometry engine model. 
 
Milestones 

o Entropy wave transport: Established a workflow from simulation to data processing to transfer function calculation 
o Nozzle interactions: Established a validated nozzle ROM for a simple nozzle geometry based on the DLR entropy 

wave generator (EWG) experiment and applied an expanded LBM simulation framework to the RTRC jail bar rig to 
simulate as-tested conditions 

o Turbine interactions: Validated the high-fidelity LBM simulation approach with DLR test data; implemented the ADT 
and compared simulation data to ROM results 

o Far-field sound generation: Applied the multi-framework simulation workflow/ROM to a generic engine 
configuration and to a P&W-relevant GTF engine geometry from the FAA CLEEN I program. 

 
Major Accomplishments 
For the entropy wave transport modeling effort, a robust workflow has been established to perform simulations in Fluent, 
post-process the data in Tecplot, and calculate the final transfer functions in MATLAB. The simulations confirmed that the 
entropy transport can be considered as a scalar phenomenon downstream of the flame for the simulated combustor, and a 
transfer function approach has been developed. A technique for decomposing the downstream and upstream convective 
acoustics and entropy disturbances has been identified and will be applied to the GT LESLIE simulation results when available. 
 
For the nozzle interaction task, a MATLAB-based ROM was established and validated for a simple nozzle based on DLR EWG 
test data. The LBM simulation framework was expanded to include more physical features of the RTRC jail bar rig to better 
represent the downstream boundary conditions, and simulations were performed for select as-tested conditions. 
 
For the turbine interaction task, high-fidelity LBM simulations were successfully validated with experimental data from the 
PoliMi/DLR turbine rig. The actuator disk theory of Cumpsty and Marble was implemented as a reduced order model and the 
results were compared with high-fidelity LBM simulation results. It was verified that the turbine reflection behavior is 
accurately predicted by the ADT ROM, but a significant amount of sound power is lost during the turbine–wave interaction, 
which is not predicted by the ADT ROM. This discrepancy presents an opportunity to refine the model going forward.  



	
	

	
	

For the far-field modeling task, the developed simulation tool workflow was exercised to calculate far-field pressures based 
on a generic-geometry engine model first. The predicted directivity results show reasonable agreement with generic 
combustion noise directivity curves found in the literature. The process was then repeated with the model of an actual engine 
from the previous FAA CLEEN I program. The directivity calculations showed reasonable agreement with the test data and 
were within the range of angles around the directivity peak angle.  
 
Publications 
Winkler, J., & Mendoza, J. (2021). Lattice Boltzmann simulations of wave propagation through a high-pressure turbine stage 

[Presentation]. AIAA Aviation Forum Virtual Meeting. 
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Plans for Next Period 
For the entropy wave modeling task, the GT LES data will be processed using the workflow described above and estimates 
made of direct and indirect noise. 
 
For the nozzle interaction task, the team will focus on applying the ROM to the RTRC jail bar rig and on performing 
comparisons with test data for the transmission and reflection of pressure waves. This effort will include extracting parameter 
values from the recently performed LBM simulations to obtain any necessary inputs for the ROM that are not directly available 
from the test. Additional simulations are also planned to assess the signal-to-noise ratio (combustion noise vs. rig self-noise) 
downstream of the jail bars.  
 
For the turbine interaction task, the team will investigate the nature and physical cause of the unaccounted or lost sound 
power that was observed in the turbine–wave interaction study. The leading hypothesis that a significant amount of sound 
power is dissipated by the conversion of acoustic energy into shed vorticity will be assessed with additional high-fidelity 
simulations and comparisons to available low-order models for sound dissipation mechanisms. Additional simulations and 
analysis will also be performed to further refine the entropy wave interaction study with the turbine described above. Insight 
from all these investigations will help improve the existing ADT reduced order model that is needed for the low-order 
computational tool chain for combustion noise prediction. 
 
For the far-field noise propagation task, the focus will be on completing additional comparisons of the transfer function-
based far-field ROM to the FAA CLEEN I far-field engine data. In addition, the team will continue working on the ROM as part 
of the integration effort for the overall combustion noise model framework that can be used to compute the propagation of 
the combustion noise from combustor to far-field. 
 


