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Summary/Overview 
This is the final report on research combining experiments, numerical simulations, 
modeling, and instrumentation-development from 15 January 2007 to 31 December 2009. 
The research studied the dispersion and mixing in turbulent flows with applications to 
high-speed, air-breathing propulsion. Experiments investigating molecular mixing in 
high-speed internal flows demonstrated that fuel injection through a perforated inclined 
ramp can lead to considerable mix ing enhancement compared to free-shear layers, with 
small attendant total-pressure losses. Numerical large-eddy simulations (LES) with 
subgrid-scale (SGS) modeling successfully captured the large-scale features of this flow 
(except for near-wall separation), the observed recirculating flow, chemical product 
formation under lean- and rich-reactant conditions, and molecular mixing for the first 
time. A modification will enable investigations of inclined-jet injection, with and without 
a downstream shear layer. As part of the research on hydrocarbon flames, a new facility 
was designed and fabricated. Preliminary experiments demonstrated stable flame 
operation at pressures in excess of 5 atm. Separate investigations of scalar dispersion and 
mixing in grid turbulence elucidated the importance and role of injection details through 
their influence on the characteristics ofthe resulting flow. 

Much of the research conducted during this period derives from and builds on previous 
work under AFOSR Grant F A9550-04-1-0020, and benefitted from collaborations with 
U. Minnesota, CUBRC, and Virginia Tech MURI program partners under AFOSR Grant 
FA9550-04-1-0389 with which it overlapped in time (1 Jun 2004 - 31 May 2009) and 
focus in some areas. It also benefitted from progress in computational fluid dynamics 
realized under the Department of Energy (DOE)-funded Advanced Scientific Computing 
(ASC) Alliance Center at Caltech (PI: Dan Meiron) under Subcontract No. B341492 of 
DOE contract W-7405-ENG-48. The research and progress on scalar dispersion would 
not have been possible without instrumentation and data-acquisition equipment 
contributions developed under support by the National Science Foundation (NSF) Major 
Research Instrumentation (MRI) Grant EIA-0079871 (1 Sep 2000- 31 Aug 2004). 

Technical discussion 
Research conducted under this grant focused in three interrelated areas: mixing and 
combustion in high-speed flows, hydrocarbon combustion and flames, and scalar 
dispersion in a turbulent-flow environment. Results from this work are documented in the 
discussion below. 

Mixing and combustion in high-speed flows 

The aim of this part of the research is to probe and understand some of the fundamental 
issues related to mixing and combustion in high-speed air-breathing propulsion systems. 
Specifically, the research investigated fuel injection and mixing in complex, accelerating­
flow environments, with high density gradients, the effect of finite chemical kinetics over 
variable pressures, and combustion and heat release. The investigations extend into 
internal flows ranging from the high-speed subsonic regime to flows at M1 = 1.5 and 
M1 = 2.5, where M1 is the upper (high-speed) stream Mach number, with and without 
inclined-jet injection, both with and without chemical reactions and heat release. The 
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research entailed a combination of successful experimental investigations, in concert with 
detailed large-eddy simulations (LES) in concert with subgrid-scale (SGS) modeling. 

Experimental work 

This part of the research focused on experimental investigations, the development of 
necessary instrumentation and diagnostic techniques, as well as simulation of the three­
dimensional compressible flows that ensue, including those flows related to inclined-jet 
injection in air-breathing propulsion applications. 

Initial experimental work on compressible turbulent mixing under this grant was centered 
on studying the flow control and mixing achieved in a low total-pressure-loss, expansion 
ramp geometry (Fig. 1) that was first developed under a previous AFOSR core-program 
grant (F A9550-04-1-0020) and extended its capabilities with support derived from the 
AFOSR MURI program (F A9550-04-1-0389) funds, as discussed below. 

Fig. 1. The previous supersonic shear-layer facility expansion-ramp flow geometry 

In the geometry investigated, a high-speed upper (nominally) "air" stream is expanded 
over a ramp inclined at 30° to the flow. A low-speed "fuel" stream is injected through 
perforations in the ramp and generates a mixing layer between the two streams. A key 
feature of this flow is a purposely-designed recirculation zone that transports hot products 
back toward the fuel injection location and provides a low-strain-rate flameholding 
region (Johnson 2005, Bergthorson eta!. 2007). 

Figure 2 shows a composite (spliced) schlieren image from a pair of experiments with a 
M1 = 1.5 upper stream flow and a lower stream injection with a ramp velocity of 
UR = 5 m/s. The flow expands down the ramp, creating a perturbed (enhanced 
entrainment) mixing layer that interacts with waves reflected off the upper guidewall. 
The adverse pressure gradient results in separation of the top-wall boundary layer 
upstream of the measurement rake. As found for a subsonic top-stream, this flow can be 
controlled by varying the mass injected through the perforated ramp. Figure 3 is a 
composite schlieren image for a lower stream injection of UR = 45 m/s and the same top­
stream conditions, illustrating the efficacy of the control that can be exercised. 

The shear layer can be seen to be almost horizontal, indicating that streamwise pressure 
gradients are nearly eliminated, the upper-stream wave system remains uniform, and no 
boundary-layer separation occurs. A measure of the aerodynamic performance of the 
device is the overall pressure coefficient, Cp = 2 (pe- Pi) I (p u2

) , where Pe and Pi are the 
exit/exhaust and inlet pressures, respectively, and p u2/2 is the dynamic pressure. 
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Fig. 2. Composite Schlieren image of the expansion-ramp flow for M1=1.5 and UR=5 m/s. 

Fig. 3. Composite schlieren image of the expansion-ramp flow for M 1 = 1.5 and UR = 45 m/s. 

Measured pressure coefficients are plotted in Fig. 4 for the M 1 = 1.5 (diamonds) and 2.5 
(circles) supersonic-flow experiments conducted with variable injection and heat release. 
The slope of this profile has the opposite sign as for subsonic flow (Johnson 2005, filled 
symbols), as would be expected for one-dimensional compressible flow that provides an 
adequate simplification of the pressure behavior in this respect. Similarly to the subsonic­
flow results (Johnson 2005), mass injection exerts significant control authority. 
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Fig. 4. Measured overall pressure coefficient vs. mass-injection ratio and chemical heat release. 
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Fig. 5. Normalized temperature and mixed-fluid probability profiles 
M 1 = 2.5 and UR = 60 m/s. 

for flip experiments at 

Heat release allows the same pressure coefficient to be achieved with a mass injection 
almost a factor of four lower than for non-reacting flow (Bergthorson et a!. 2007, 
Bonanos et a!. 2008). Molecular scale mixing was measured using the "flip" experiment 
technique (Mungal and Dimotakis 1984, Dimotakis 2005). Mixing measurements in this 
flow geometry were completed at various speeds, up to a top stream Mach number of 
M1 = 2.5. For a top-stream Mach number of M1 = 1.5 and a velocity ratio UR/U1 = 0.1 , an 
estimated 44% of fluid in the duct was mixed at a molecular scale after 4.3 duct heights, 
and 58% was mixed after 5.4 duct heights. For M2 = 2.5 and UR/U1 = 0.1, an estimated 
47% of fluid was (molecularly) mixed after 5.4 duct heights. Normalized temperature­
rise profiles for the two flip experiments and the estimated probability profile for mixed 
fluid for M 1 = 2.5 flow are shown in Fig. 5 (Bonanos et a!. 2008). The previously 
observed trends of decreasing levels of molecular mixing with increasing flow speed 
(upper-stream velocity) persist. 

To explore further increases in molecular mixing, the facility was modified to 
accommodate transverse jets in the upper (high-speed) flow. These jets can excite 
additional instabilities in the shear layer and enhance mixing. The modified facility can 
accommodate adjustable ramp heights and variations in ramp-injection mass fluxes. 

Fig. 6. The new Supersonic Shear Layer (S3L) facility test section incorporates a modular 
injector block. Mass injection and momentum flux through angled jets can be varied to influence 
shear-layer entrainment prior to reattachment, providing additional mixing enhancement/control. 
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The modified test section (Fig. 6) enables the investigation of several injector 
configurations. In addition, the boundary-layer thickness of the incoming flow, which is 
an important parameter in a scramjet combustor, can potentially be controlled via 
injection through a perforated plate. These modifications will enable the exploration of 
the effects of inclined-jet injection on mixing and combustion, while creating a valuable 
data set that would be important in support of code development and validation. 

The injector fits into the splitter plate ofthe S3L wind-tunnel shown in Figs. 6 and 7. The 
diamond injectors have a long dimension of 12.7 mm (0.5 in) and a short dimension of 
2.3 mm (0.09 in). The round injectors have a diameter of 3 mm (0.12 in). The injector 
insert developed under this grant is shown in Fig. 8. The depicted geometry consists of 
five jets (two diamond and three circular) transversely angled at 30° relative to the 
downstream direction. This configuration was chosen based on the experience and work 
by Schetz and coworkers (e.g., Barber eta!. 1997). The equidistant alternation between 
diamond and circular injectors has a centered circular injector. 

Non-reactive flow experiments were performed at a nominal top-stream Mach number of 
M1 = 1.5. Freestream conditions were fixed at a total pressure of 300 kPa and total 
temperature of approximately 295 K. The lower stream was set to a ramp injection 
velocity of UR = 8.5 m/s. Nitrogen was used as the injectant with a sonic injection Mach 
number. The jet-to-freestream momentum flux ratio, q = (p U2)j I (p U2)~, quantifies the 
control exerted by the injector. The present injector array, at q = 2, resulted in an 
injected mass-flow rate through the ramp ofrhR = 84 g/s. 

Fig. 7. Typical composite schlieren images obtained in the modified test section and 
nomenclature. Top: Ramp-injection only (without jet injection). Bottom: Combined ramp and 
inclined-jet injection. Both upper and lower streams are 100% [N2]. 
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SECTIO S-8 

Fig. 8. Jet-injector insert detail. Dimensions given in inches. 

Diagnostics included upper- and lower-guidewall pressure transducers that registered 
pressure at taps installed along the top guidewall, as well as in the upper- and lower­
stream plena. During a run, data were recorded at a rate of l kHz/channel through a 
National Instruments LabView hardware/software data-acquisition and control system. 
The schlieren imaging system employed a nanosecond duration light source 
(MiniStrobokin power supply with K-L lamp) and a high-speed CMOS camera (Phantom 
v7.1) operated at framing rates up to 1000 fps. The schlieren system was mounted to rails 
that allowed translation and imaging of different portions of the test section. 

Experiments, conducted at moderate compressibility (M1 = 1.5) in a non-reacting 
environment, illustrate some of the phenomenology associated with transverse-jet 
injection and shear layer interaction. Schlieren side-view images of these experiments 
with U1 = 430 m/s (ni1 = 3 kg/s) top-stream flow and a ramp-injection velocity of 
UR = 8.5 m/s (ni2 = 0.15 kg/s) are shown in Figs. 9a and 9b. 

Fig. 9. Color schlieren image data. a) No Jet injection. b) Inclined jet injection at q = 2. 
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The flow depicted in the schlieren images in Fig. 9 are with ramp injection and (a) no 
jets, as well as (b) with inclined-jet injection. Figure 9a depicts spliced instantaneous 
side-view schlieren images for a flow configuration with ramp injection only (no jet 
injection). Figure 9b depicts side-view schlieren data with jet injection at a jet-to­
freestream momentum flux ratio of q = 2. 

Jet injection (Fig. 9b) is found to be responsible for an increase in the mixing-layer 
transverse extent (thickness), compared to the no-jet-injection case (Fig. 9a). The initial 
mixing layer behavior does not change significantly, leading to the inference that the 
increased thickness is attributable to an enhancement in growth rate (entrainment) with 
downstream distance. The difference between the two flows is registered in the difference 
between the stand-off shock in front of the probe array, with the shock closer to the 
probes with no jet injection, as compared to the flow with jet injection. 

Based on results in non-reactive flows, injector geometries will be selected and 
investigated in reacting flows in the future. We anticipate that the documented increase in 
shear-layer entrainment and mixing will be augmented by that resulting from the flow 
from the inclined jets themselves to yield a substantially increased overall amount of 
molecularly mixed fluid in the combustor duct, with minimal (additional) total-pressure 
losses. A new instrumentation rake will be used to measure the temperature field. Mach 
number and total pressure will be measured using the micro-probe technology 
documented previously (Maddalena et al. 2008a). 

Following the test section upgrade, a successful supersonic (M1 = 1.5) shear-layer run 
with reactive jets (Top: 1.95% [H2] ; Bottom: 0.1% [NO], 2% [F2]) was performed, with 
a bottom-to-top stream mass-flow ratio of0.12. 

The injected transverse jets interact with the primary shear layer to produce a three­
dimensional flow with moderate swirl. The old rake that was designed to make 
measurements in configurations that produced two-dimensional flows with little spanwise 
variation cannot be used to capture the new flow-field features. A new thermocouple 
rake with 40 channels organized as an 8x5 array was designed. The rake design (Fig. 1 0) 
takes the global and local blockage effects in the test-section into account to avoid 
choking, i.e., driving the flow to locally sonic conditions. 

Fig. 10. The newly developed 5x8 thermocouple rake array holder. Left: Computer-design 
model. Right: Stanless-steel assembly produced using rapid-prototyping fabrication. 

This part of the experimental work was begun by Michael Johnson, who was followed by 
Jeff Bergthorson and Aris Bonanos, and continued by Luca Maddalena as the lead 
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investigator up and until the end of this grant. Starting in October 2009, Prakhar Mehrotra 
joined the research group as a graduate student. He had the opportunity to overlap with 
Luca Maddalena, undergoing 8 weeks of training on laboratory operating procedures and 
safety engineering before Dr. Maddalena's departure from Caltech at the end of 
November 2009 to assume his responsibilities at the University of Texas at Arlington. 

Numerical simulations 

An accompanying computational effort focused on simulations of the flow field and 
turbulent mixing in the expansion ramp injection geometry and jets into a supersonic 
cross-stream. The simulations utilize large-eddy simulation with subgrid scale modeling 
techniques (LES-SGS) to represent the physics of the unresolved scales. The 
computational framework developed as part of the Caltech ASC DoE program (Pantano 
et a/. 2007) was used for all simulations. The computational framework has adaptive 
mesh refinement (AMR) capability, employs advanced low-dissipation finite-difference 
discretizations with shock-capturing capabilities in supersonic flows, in combination with 
the stretched-vortex LES- SGS model of Pullin and co-workers (e.g., Misra & Pullin 
1997, Voelkl, Pullin & Chan 2000; Pullin 2000; Pullin & Lundgren 2001), and the ghost­
fluid method for the application of boundary conditions in complex geometries. Prior to 
the simulation of turbulent flows, the numerical solver was subjected to a thorough 
verification program (Matheou 2008, Matheou eta/. 2008). 

Simulations corresponding to the experiments in the expansion ramp injection geometry 
with a subsonic top stream show that the flow and mixing predictions of the LES are in 
good agreement with experimental measurements. The recirculating flow between the 
ramp and the reattachment ofthe shear layer is reproduced by the LES (Fig. 11, between 
bottom wall and bottom green layer). The magnitude of the velocity of upstream-moving 
flow near the lower wall is 10- 15% of the top free stream velocity for mass injection 
ratios of about 1/10 but becomes negligible as the flow tends towards a free-shear layer 
for higher mass-injection ratios of about 1/5. The agreement in the pressure coefficient 
profiles along the top and bottom walls and the total pressure profiles along the transverse 
direction is satisfactory. 

Fig. 11. Instantaneous isosurfaces of mixture fraction, Z, in the LES of turbulent mixing in the 
expansion-ramp configuration with a subsonic top stream (M1 = 0.3). Three isosurfaces are 
plotted at Z = 0.2, 0.5 and 0.8. The top stream carries a value of Z = I and the bottom Z = 0. 
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Total (resolved-scale plus subgrid contribution) probability density functions (PDFs) of 
mixture fraction were estimated using a presumed beta-distribution model for the subgrid 
field. The PDF shapes illustrate the improved mixing characteristics of the expansion­
ramp geometry, compared to free-shear layers at equivalent conditions. Computed mixing 
statistics were found to be in good agreement with the experimental measurements, with 
no adjustments necessary, indicating that mixing on a molecular scale is predicted 
correctly by the LES-SGS model developed. 

2~---------------, 2~--------------~ 2~---------------, 
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0o 0.2 0.4 1 °o 0.2 0.4 o.6 o.8 1 °o 0.2 0.4 o.6 o.8 1 

N/~ N/~ ~ 
Fig. 12. Plots depict the normalized temperature rise for H2-rich (left) and FTrich (middle) 
chemically reacting flow conditions, and the probability profile of mixed fluid (right). Symbols 
correspond to experimental measurements and lines to LES at three grid-resolutions: fine (red), 
medium (green) and low resolution (blue). Profiles are plotted along the transverse (vertical) 
direction, y, at the location of the measurement rake about x = 6 half-duct heights downstream of 
the ramp-injection. 

Flow-statistics were found to be resolution-independent by computing the flow at three 
grid resolutions, at two and four times the resolution of the coarsest simulation. Figure 12 
shows a comparison of the mixing statistics between experiments and simulations. LES 
results are seen to converge at the two highest grid resolutions used and match the 
experimental measurements, except near the lower wall , where the absence of wall and 
turbulent boundary layer modeling did not allow flow separation effects to be captured. 
The statistical variability observed between the cases simulated was shown to be 
attributable to differences in LES predictions rather than insufficient statistical 
convergence, as discussed in Matheou et al. (2010). 

Overall, the LES predictions reproduced the observed flow field and elucidated 
characteristics of the flow that are difficult to measure. For the first time, grid­
convergence was demonstrated for a LES of passive mixing in a complex flow. This 
work is part of the graduate and postdoctoral research of Georgios Matheou. 

LES-SGS of an inclined circular jet (helium at Mj = 1) into a supersonic turbulent 
boundary layer (air at Moo = 3.6) also was performed. In the present numerical 
investigation, the jet geometry and flow parameters matched those in the experiments of 
Maddalena et al. (2006) with a single injector. The numerical study of Ferrante et al. 
(2009) showed that the main flow features generated by the gas dynamic interactions of 
an inclined jet with a supersonic cross-flow, such as the barrel shock, Mach disk, shear 
layer, and the counter-rotating vortex pair, are captured numerically by the LES- SGS 
modeling framework. However, the transition and spatial development of the helium jet 
were shown to be strongly dependent on the cross-flow inflow conditions. These results 
indicate that correct turbulent inflow conditions are required for reliable predictions of 
the dispersion and mixing of a gaseous jet in a supersonic, turbulent cross-flow. 
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A novel methodology for the generation of synthetic turbulent inflow conditions for LES 
of spatially-developing, supersonic, turbulent wall-bounded flows has been developed 
(Ferrante et a/. 20IO) based on the approach of Ferrante & Elghobashi (2003). This 
approach was applied to the study of a supersonic turbulent flow over a flat wall 
interacting with an inclined jet (Ferrante eta/. 20IO), as illustrated in Fig. 13. This work 
was part of the postdoctoral research of Antonino Ferrante (currently Assistant Professor 
at the University of Washington). The fluid dynamics video "LES of an inclined jet into a 
supersonic turbulent crossflow" shows five animations (AI to AS) that can be 
downloaded (Ferrante eta/. 2009v): 

(a) 

(c) 

AI. Mach-number, M, contours in the mid-span plane; 

A2. contours of density-gradient magnitude in the mid-span plane; 

A3. isosurface of helium mass-fraction, YHe = 0.2S; 

A4. isosurface ofA.2 (vortical structures); 

AS. overlapped isosurface of helium mass-fraction YHe = 0.2S (yellow), and 
vortical structures (blue). 

(b) 

(d) 

Fig. 13. (a) Instantaneous density-gradient magnitude in the mid-span plane; (b) instantaneous 
Mach number in the mid-span plane; (c) instantaneous YH. = 0.25 helium mass-fraction 
isosurface; (d) instantaneous vortical structures identified with the A.2 method (Jeong & Hussain 
1995). 

Each animation lasts about 23 s at 30 fps for a total of 696 frames. The temporal 
development of the flow is shown for about I 0-3 s. Thus, the flow is shown 23,000 times 
slower than would occur in real time. Instantaneous frames from the animation are shown 
in Fig. 13. 

Mach number contours (AI) show that boundary-layer the interaction between the 
turbulence and the bow shock produces shock-wave unsteadiness that affects the roll-up 
of the shear-layer (formed between air stream and helium jet) and, consequently, 
modulates in time the size and shape of the barrel shock (black region near the jet exit). 
The contours ofthe density gradient magnitude (A2) show the bow shock and the shear­
layer formed in between the air stream after the bow shock and the expanded helium jet. 
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Both contours show large-scale structures that are advected downstream. Jet 
unsteadiness, lateral and wall-normal helium dispersion, and three-dimensional structure 
of the helium jet are shown in the animation of YHe = 0.25 isosurface (A3). The vortical 
structures (isosurface of 'A2 shown in A4) are sheets near the jet exit where the shear 
formed between the air stream and the helium jet is large. Downstream the jet exit, the 
vertical structures are mostly tilted tubes that sometimes look like discontinuous rings. In 
AS, the isosurface of YHe = 0.25 (yellow) mostly envelopes the isosurface of A.2 (blue). 
The two isosurfaces, showing helium-jet puffs and vortical structures, are well correlated 
in space and time. The vortical structures look like muscles that move the isosurface of 
helium mass-fraction, contributing to helium dispersion and the convoluted helium mass 
fraction isosurface. Both computational efforts (ramp and jet) were in collaboration with 
Carlos Pantano, at the University of Illinois at Urbana-Champaign. The images in Fig. 13 
were generated by Paul Adams and his group at the Data Analysis and Assessment 
Center, U.S. Army Engineer Research and Development Center (HPCMP/DoD), MS 
39180, USA. (Ferrante et al. 20 I 0). 

Hydrocarbon combustion and flames 

Work on hydrocarbon combustion under this grant focused on laminar, premixed high­
pressure methane-air flames and atmospheric methane-air, ethane-air, ethylene-air, 
propane-air, and propylene-air flames. 

Benezech et al. (2009) showed that the comparison of high-quality axial velocity and 
CH-radical profile measurements in strained premixed flames stabilized in a jet-wall 
stagnation flow can be used to validate and compare chemical-kinetic mechanisms, and 
applied this methodology to C1-C2 hydrocarbon flames. They also showed that flame 
location provides a good surrogate for flame speed in this configuration. See also Sone 
(2007). 

Benezech (2008) and Benezech et al. (2009) extended the measurements to C3 

hydrocarbon flames and implemented a new particle tracking velocimetry (PTV) 
technique that improved spatia-temporal resolution of velocity measurements. 
Experimental data were compared with the results of simulations performed with the 
CANTERA reacting-flow software package. The simulations rely on a one-dimensional 
hydrodynamic model, a multi-component transport formulation including thermal 
diffusion, and several detailed chemical kinetic mechanisms. The kinetic models used in 
Benezech (2008) and Benezech et al. (2009) are GR!-MECH 3.0 (referred as G3) by 
Smith et al.; the C3 mechanism by Davis, Law, and Wang (1999), hereafter referred as 
DLW; the latest (2005112) release of the C1-C3 San-Diego mechanism (S5); the C3 

mechanism of Battin-Leclerc et al (Gueniche et al. 2006), referred as BL; and the C1-C3 

Konnov (2000) mechanism (KON). A novel continuation technique between mechanisms 
was developed to obtain solutions with the less-robust BL and KON mechanisms. 

In most practical applications, including anticipated scramjet propulsion applications, 
combustion takes place at elevated pressures. Pressure affects the combustion kinetics, 
with the relative importance of two-body versus three-body reactions decreasing with 
increasing pressure. As a result, reaction paths are pressure-dependent and high-pressure 
kinetics cannot be inferred based on models validated with atmospheric-pressure data. 
There is a dearth of validation data at elevated pressures. 

To remedy this deficiency, the development of the variable pressure flame facility 
(VPFF) was begun under the sponsorship of this grant at Caltech that allows 
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measurements in laminar, axisymmetric, premixed, stagnation flames while dynamically 
controlling the pressure in the range from 0.1 to 12 atmospheres. 

As part of the work sponsored by this grant, C3Hs- and C3H6-air flames were investigated 
experimentally at p = 1 atm. Figure 14 compares experimental PTV axial velocity, u, and 
CH-PLIF profiles with numerical predictions based on DL W in a stoichiometric propane­
air flame. The chemistry seems modeled adequately by DL W in this flame. The modeled 
PT profile (Benezech 2008) accurately captures the shape of the experimental velocity 
profile, even within the flame region where steep gradients occur, as well as in the 
vicinity of the wall. 
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Fig. 14. <I> = 1.0 C3H8-air flame profiles simulated using the DL W mechanism. 

Figure 15 shows the difference between the predicted CH-profile peak location, Xc H,sim, 

and the measured CH-profile peak location, XcH,exp, scaled by the stoichiometric CH-Iayer 
thickness simulated with S5, i.e. , 8 cH,SS,<D= J. Positive values of ( XcH,sim -

XcH,exp) I XcH,SS,<I>= J indicate that the simulated CH profile is centered upstream of the 
measured profile and, by inference, that simulated flame speed is higher than measured 
flame speed. Figure 15 also shows that S5 and BL are the best mechanisms to use to 
simulate the C3H8 and C3H6 flames investigated, respectively, but that there is a 
systematic variance between C3H6 flame predictions and experiment with increasing 
equivalence ratio. Except for the very rich C3H6 flame (for which flame speeds are 
overpredicted by all the mechanisms tested), BL and KON predict similar results in C3H8 

and C3H6 flames. Better agreement was found in C3Hs flames for DLW and S5 . 
Nevertheless, DL W and S5 show larger variation with experiment in C3H6 flames. This 
finding suggests that reaction pathways for the (unsaturated) C3~ may be missing in 
DL W and S5 that are present in the larger reaction-number mechanisms BL and KON 
(Benezech 2008, Benezech eta/. 2009). 

In the newly developed flame facility, the gas delivery system (Fig. 16) is equipped with 
high-accuracy Corio lis mass flow meters, MicroMotion CMFO 10 for air and 
MicroMotion LF2M for fuel , with NIST-traceable accuracy of 0.35% and 0.5%, 
respectively. These meters allow monitoring the fuel-air mixture equivalence ratio with 
high precision, as required to reduce uncertainty in the fuel-air mixture composition and 
equivalence ratio. 
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Fig. 15. Differences between simulated and measured CH-peak locations for: (a) C3H8-air and 
(b) C3H6-air flames (C3H6 is not included in the G3 mechanism). 

Co-flow plena, nozzles, and a stagnation plate developed for atmospheric-pressure flames 
(Bergthorson 2005) are installed in a pressure vessel (Fig. 17) that is pressurized by inert 
gas. The chamber pressure is controlled dynamically with a PID controller in a back­
pressure configuration (Alicat Scientific PCR-300PSIA-D) and monitored with a high­
accuracy pressure transducer (Omega PX1Kl-300AI). Temperatures of the fuel-air 
mixture nozzle and ofthe stagnation plate are monitored with K-type thermocouples. A 
data-acquisition system (National Instrument cDAQ-9178 chassis with NI 9203 module) 
records the data generated by these instruments. 
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Fig. 16. Simplified schematic of the Variable Pressure Flame Facility, showing only the gas 
delivery and pressure control systems. 
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The pressure vessel has a cylindrical inner chamber (30cm diameter x 40cm height) and 
an octagonal outer shell. The latter allows the cameras used for PTV and PLIF to be at a 
135° angle from each other (Fig. 17), preventing direct line-of-sight between cameras and 
enabling simultaneous PTV and PLIF measurements. 

Fig. 17. Octagonal pressure vessel. Left: cutaway computer design model showing co-flow 
plena and nozzles, and stagnation plate inside the chamber. Right: photo of final chamber. 
Orange reflections in the view port are from the heat-blocking mirror installed in it. 

Experiments and optical measurements at atmospheric pressure can be conducted in an 
open facility that requires no windows. At high pressure, however, laser and optical 
access must be provided through windows that impose challenges. All windows in the 
Variable Pressure Flame Facility are made of fused silica, which has a low coefficient of 
thermal expansion and a high tolerance to thermal shock, as well as good transmittance in 
the near UV where the PLIF measurements are made. Two large view ports allow the 
cameras to be positioned as closely as possible from the flame, maximizing the viewing 
solid angle and therefore the signal recorded by the cameras. Due to the close proximity 
of the camera port windows to the flame, heat-reflecting mirrors (Precision Glass Optics 
HRM) blocks IR radiation from the flame, keeping the fused silica windows cool and 
reducing the risk of window failure. 

Measurements in high-pressure flames are challenging for various reasons: cellular and 
pulsating instabilities in the flame front produce unsteadiness (Law 2006), enhanced 
aerooptical effects complicate and compromise optical diagnostics, and soot-formation is 
(thermodynamically) favored at higher pressures. While the latter could, in principle, be 
included in the kinetics and overall modeling, the maturity of soot physics is not as far 
along and would compromise the validation of single-phase gas kinetics that is the aim of 
these experiments. To assess those effects in our geometry, PTV measurements along the 
flame axis were conducted to determine applicable operational limits. 
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Fig. 18 C~-air flame start up sequence at p = 5 atm. Cellular instabilites at <1>=0.85 (upper left 
photo) are overcome by decreasing <D to 0.75 . In the last photo of the sequence the flame edges 
are detached from the nozzle and a stable flat flame is obtained. The sequence duration is lOs. 

At pressures greater than 5 atm, cellular instabilities can appear in the flame. However, 
the flame transitions through a hysteresis cycle and stable flat-flame operation can be 
achieved at low strain rates by initially decreasing the equivalence ratio to that of a very 
lean mixture. Once a flat flame is established, the equivalence ratio can be increased to 
the values of interest, while the flame remains stable (Fig. 18). 

The pressure and temperature dependence of a pure gas refractive index is modeled by 
the Gladstone-Dale coefficient, /30 , defined by the relation (e.g., Dimotakis et al. 2001), 

ngas -1 = f3o .!_To ' 
Po T 

where To and Po are a reference temperature and pressure, respectively. This dependence 
of the index of refraction on pressure - on number density, to be more exact- illustrates 
the expected increasing importance of aerooptical effects with increasing pressure. For 
p > 5 atm using, the previous gas mixtures, aerooptical aberrations can blur the flame 
front location (Fig. 19). These effects can be mitigated using helium as a diluent and 
buffer gas. In particular, cold helium has a refractive index within 2x 1 o-4 of that of the 
flame at elevated pressures and yields good results when used both as a co-flow and 
background chamber gas (Fig. 20). Figure 20 also shows that flames can be stable at a 
pressure of 5 atm and that aerooptical effects at high pressures can be mitigated 
significantly by such means. 

Stable flame operation has been demonstrated to pressures in excess of 5 atm. PLIF and 
PTV measurements are presently in progress over a range of pressures up to 5 atm and 
beyond, and combustion kinetics and transport models are being tested against this data 
using the CANTERA reacting-flow simulation package. 
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Fig. 19 Illustration of aerooptical effects. C~-air flame, p = 6 atm, <I> = 0.80 with N2 used for 
both the co-flow and background gas. PTV trajectories are blurred by differences in refractive 
index between the flame and surrounding gases. 

This part of the work was begun as the graduate and post-doctoral research of Jeff 
Bergthorson, continued as part of the graduate research of Laurent Benezech, and is 
conducted as part of the post-doctoral research of Philippe Bardet as the lead investigator. 

Fig. 20 C~-air, p = 5 atm, <I> = 0.85, with He as both the co-flow and background gas. 
Aerooptical effects are mitigated allowing quantitative PTV trajectory measurements. 

Experiments at this writing are in progress at pressures between 1 and 7 atmospheres that 
focus on refining flame investigation diagnostics (PTV and PLIF) at elevated pressures. 
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They are proceeding under support provided by the Caltech Northrop Chair and the 
Caltech Provost. 

Scalar dispersion in turbulent flows 

The injection of fuel in a high-speed combustor couples with the flow dynamics in many 
ways. For its primary purpose, injection provides the supply of fuel to be burned with the 
air stream. Secondarily, however, injection details play a major role in the entrainment, 
dispersion, and resulting mixing. The discussion on high-speed mixing above 
documented the experimental and numerical simulation work undertaken to investigate 
mixing and mixing enhancement in internal flows of relevance to high-speed propulsion. 
The investigations discussed below aim to address specific issues that arise with respect 
to momentum added or subtracted in the course of the injection and its consequences on 
dispersion and mixing. The experimental work undertaken as part of this grant is also a 
precursor to investigations of mixing in a stratified fluid (in a gravitational field) that 
provides a dynamic equivalent to mixing in fluid parcels across density interfaces in a 
Lagrangian acceleration field , as occurs in mixing of (high-density) injected fuel with the 
(lower-density) air stream. While the experiments described below investigate scalar 
dispersion and mixing in grid turbulence in incompressible flow, several issues are 
expected to be generic and to provide guidance for designing and optimizing the more 
complex flows that arise in real air-breathing combustor applications. 

The specific experiments undertaken include fundamental studies of dispersion of a 
conserved scalar marker released from a simulated point source at a controlled distance 
downstream of a turbulence-generating grid. Grid turbulence is a well-studied flow and 
remains the closest experimental realization (e.g., Comte-Bellot & Corrsin 1966, 
Mydlarski & Warhaft 1996, and others) of the homogeneous isotropic turbulence 
assumptions under which the main theories were developed (Kolmogorov 1941a, 1941 b; 
Monin & Yaglom 1975). Scalar dispersion in uniform density grid turbulence also 
provides an important benchmark against which dispersion in more complex flows can be 
compared. 

Theoretical progress in this flow was contributed by George (1992) in terms of his 
equilibrium-similarity analysis. This theory proposes that a large number of flows admit 
self-preserving solutions that are valid at all scales of the flow. In the particular case of 
decaying homogeneous isotropic turbulence, the decay rate of the kinetic energy is of 
power-law form and, according to George (1992) can depend on initial/inflow conditions, 
so that decay-rate constants need not be universal except, possibly, in the limit of 
'infmite' Reynolds number. Most experiments reported do not cover a sufficiently large 
range of initial/inflow conditions or a wide-enough range of Reynolds numbers and decay 
(Lagrangian) times to validate these proposals. A short range of realized decay times, 
along with measurement sampling rates that were achieved in previous work, lead to 
large uncertainties of the estimated power-law decay range (Mohamed & Larue 1990, 
Lavoie et al. 2007). 

Our experiments were designed to overcome these and other shortcomings. The quasi­
homogeneous and isotropic turbulent flow produced by a grid with a wire size of W' and 
1" wire spacing (mesh size) was towed through a tank with stationary optics, camera, and 
mean flow (Fig. 21). This allows recording of the scalar (non-buoyant) plume from its 
initial development to the latter stages of the decay of turbulence. This configuration also 
allows the Reynolds number dependence ofthe scalar dispersion to be investigated, with 
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a range of initial Taylor Reynolds numbers, ReT, spanning the (mixing) transition at 
ReT ~ 70-80 (Dimotakis 2000, 2005). The grid is moved by a computer-controlled gear­
motor that ramps it up to speed at the start of the run, maintains a constant speed through 
the center region and ramps it down at the end of the run. Reynolds numbers based on 
mesh size can be varied in the range of320 < ReM < 56,000. 

The measurements rely on laser-induced fluorescence (LIF), with data recorded using a 
high-speed, low-noise, high frame-rate digital-imaging CCD-based camera that has been 
developed in-house (Kern eta/. 2005, Sec. 2.G). The scalar field can be investigated over 
a wide range of dilutions (1:104-105 is not uncommon in our experiments), in either two 
or three dimensions as a function of time. A quad, high-power, pulsed (200Hz) Nd:YAG 
laser system (custom-built by Spectra-Physics) is used for the light source. The Nd:Y AG 
laser produces a pulsed output of approximately 8 ns duration, so the exposure time is 
negligible compared to the camera CCD readout time, obviating separate shuttering 
wasting no light during CCD readout. 

l';~rrtb he 
Min or 

(a) Tow-tank and computer-controlled motorized grid 

. . . . . . 
c::::;::oo 

KFS . 'D 

(b) Experiment schematic (top view). 

Fig. 21. Tow-tank schematics for the scalar-dispersion experiments (unpublished). 

19 



A cylindrical lens forms the laser beam into a sheet while a galvanometrically driven 
scanner optionally allows stepping/sweeping the sheet perpendicular to itself through the 
test section. This optical configuration achieved through the use of an astronomical­
quality (A/8), large-aperture parabolic mirror and laser sheet virtual origin placed at the 
mirror' s focus to collimate the sheet, making the laser slices parallel to each other. 
Rhodamine 6G dye is used to match the 532 nm wavelength of the frequency-doubled 
Nd:YAG laser. A small amount of dye is premixed in the tank provides full-frame shot­
to-shot laser-intensity calibration and correction. The temperature field is kept constant 
and uniform in the tank to avoid stratification and buoyancy effects that will be 
investigated, separately, in future work. 

Single 2-D vertical slices, either parallel or perpendicular to the scalar injector, are 
recorded as a function of Reynolds number and dye-injection details. This ability to span 
large ranges in both Reynolds number and scalar concentration elucidated previously 
uncovered behavior, especially as regards initial-condition effects, as discussed below. 

The passive scalar is introduced from a point source (small, hypodermic tubing) just 
downstream of the grid at three controlled momentum-flux conditions: 

• a momentum-less-wake condition in which the momentum injected with the 
scalar matches the momentum loss generated by the tube (Fig. 22, black lines), 

• a wake (momentum-defect) condition (Fig. 22, blue line), and 
• a jet (momentum-excess) condition (Fig. 22, red line). 

102 ~---.--,-.,,., .. ----.--.-.-. .... .----.--.-.-,. .. ~ 

Momentum-less wake 
type of injection 

(x-x
0
)/M 

Fig. 22. Downstream variation of the normalized centerline mean concentration for three types of 
scalar injection and a mesh Reynolds number of ReM= 56,000. Black lines: momentumless wake. 
Blue line: (momentum-defect) wake. Red line: (momentum-excess) jet. M is the grid mesh size 
(here, I"). The virtual origin x0, and C* are the power-law fitting parameters. Unpublished work 
by Krawczynski et al. (in preparation). 
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Data compiled in this figure derive from streamwise cuts (transects) of the scalar field, 
with a laser sheet plane that includes the injector. Using fitting parameters to extract the 
power law decay range parameters, the downstream variation of the centerline mean 
concentration Co, decreases approximately classically as the reciprocal ofthe downstream 
distance, Co~ x-1 for the momentum-matching case (Fig. 22, black lines). Jet or wake 
injection conditions also exhibit a power law far-field decay range, with Co ~ x-213

, as 
expected for such flows, i.e., a slower decay/mixing than for momentumless injection. 
The difference in behavior can be understood because injection momentum excess or 
defect leads to different far-field behavior and, because momentum must be conserved, 
the dispersion characteristics are altered throughout the flow field, i.e., this kind of initial 
condition cannot be "forgotten" by the flow. The "memory" of the initial conditions is 
retained even though the disturbance caused by the injection is small compared to the 
fluctuations of the (background) grid turbulence. In other words, the jet/momentum­
less/wake nature of the injection determines the scalar plume behavior and the resulting 
self-similar dispersion properties. 

The acquisition of instantaneous 3-D scalar field data (multiple vertical slices) in a later 
phase will allow characterization of the structures of the concentration field and their 
comparison to local turbulence properties and produce multi-dimensional space-time data 
for modeling and code validation including subgrid scale (SGS) modeling. 

The new research effort will extend these investigations to stable non-uniform-density 
flows to explore mixing across stably stratified interfaces in 1 g acceleration and simulate 
mixing across stable interfaces in a (Lagrangian) accelerating frame. The experiments 
will make use of extensions to the diagnostics that were used for the data described in this 
report to permit laser beams to cross density interfaces with minimal optical distortion. 

This part of the work was executed by Jean-Francois Krawczynski as the lead 
investigator. The fast-framing camera, special optics, and computer-controlled 
technology and data acquisition development were led by Daniel Lang, who is continuing 
these investigations. 
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