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Abstract
The effect of pressure on hydrogen  (H2) enriched natural gas jet flames in crossflow is 
experimentally investigated here. Simultaneously acquired high speed OH* chemilumi-
nescence, OH planar laser induced fluorescence (PLIF), and stereoscopic particle image 
velocimetry are used to study flames at conditions typical of a gas turbine premixer, i.e. at 
elevated pressure, preheated crossflow, and in confinement. Two different  H2 enrichment 
levels (40% and 20%, by volume) and pressures (10 bar and 15 bar) were studied here. 
Flames at the higher  H2 enrichment level were found to be stabilized on the windward side, 
while the flames at the lower  H2 enrichment were found to be stabilized only on the lee-
ward side. Increased  H2 enrichment was also associated with greater sootiness in the meas-
ured region. Jet centerline trajectories showed greater penetration for the higher  H2 enrich-
ment flames, which is in agreement with existing theories on the effect of heat release from 
a flame on crossflow entrainment. There were no significant changes observed in the mean 
OH* chemiluminescence, OH-PLIF, velocity fields, and velocity fluctuation fields with 
changes in pressure.

Keywords Jet in crossflow · Hydrogen · Laser diagnostics · High pressure

1 Introduction

The work presented here investigates the effects of pressure on hydrogen  (H2) enriched 
natural gas jet flames in crossflow. Hydrogen is a potential energy carrier candidate for 
the excess electricity generated from renewable sources, such as wind and solar power. 
This energy can then be retrieved by mixing it with natural gas and combusting it in gas 
turbine powerplants.  H2 enrichment of natural gas, however, can alter the mixing and com-
bustion characteristics of a gas turbine. In turbulent diffusion flames,  H2 enrichment of 
fuels such as NG and LPG has been shown to improve flame stability, reduce flame length, 
and increase reactivity (Choudhuri and Gollahalli 2003; El-Ghafour et al. 2010). Addition-
ally,  H2 enrichment has been shown to increase NO and CO formation (Choudhuri and 
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Gollahalli 2003; El-Ghafour et al. 2010; Kumar and Mishra 2008) and increase soot forma-
tion (El-Ghafour et al. 2010; Kumar and Mishra 2008). In non-premixed swirl flames,  H2 
enrichment of natural gas was shown to improve flame stability (at lean conditions) but 
also increased CO and  NOx emissions and increase in soot volume fraction (Cozzi and 
Coghe 2006). From studies like these, it is apparent that  H2 enrichment of hydrocarbon 
fuels does change combustion characteristics, and so before its widespread implementa-
tion, research at engine relevant conditions is necessary.

The premixer section of a gas turbine combustor is an important component to con-
sider when assessing the effects of changes in the fuel. The mixing characteristics of the air 
and fuel prior to combustion can affect flame holding, flame stabilization, and emissions, 
among other things. Many premixers in power generation turbines inject the fuel trans-
versely into the incoming airflow through jets in crossflow (JICF). A JICF typically con-
tains four dominant mixing structures: the shear layer, counter rotating vortex pair (CVP), 
horseshoe vortices, and wake vortices (Hasselbrink and Mungal 2001a). The combination 
of these structures is what gives the JICF mixing characteristics that are superior over a 
jet in coflow or quiescent surrounding. The windward shear layers emanate from the Kel-
vin–Helmholtz instability and tend to dominate the initial portion of the JICF (Fric and 
Roshko 1994). In the near field, the shear layer is linked with the formation of the kidney 
shaped CVP that grows until it dominates the farfield (Kelso et al. 1996). Horseshoe vor-
tices, in line with the crossflow, form in the upstream region of a JICF injected flush from 
a wall, and wake vortices, that originate from the boundary layer of the wall, form down-
stream of the jet exit orifice (Karagozian 2010).

The trajectory of a JICF scales with the jet exit diameter (d) and the square root of the 
jet-to-crossflow momentum flux ratio (r), defined below (Karagozian 2010).

In the above equation, uj and �j are the jet velocity and density, respectively, and ucf  and �cf  
are the crossflow velocity and density, respectively. Jet centerline trajectory streamlines are 
often calculated using the loci of the max velocity. The scaling follows a power law, shown 
in Eq. 2, where the stream-wise and transverse coordinates (x and y, respectively) are non-
dimensionalized by the momentum flux ratio and jet exit diameter (Karagozian 2010).

In the above equation, the coefficient A represents the crossflow fluid entrainment and B is 
a shape constant (Steinberg et al. 2013). Experimental studies on non-reacting JICF have 
shown constants A and B to lie in the ranges of 1.2 < A < 2.6 and 0.28 < B < 0.34 , for 
r < 25 (Hasselbrink and Mungal 2001a).

Flame holding and stabilization are important considerations in the design of premixers 
for gas turbines, as they can impact combustor performance, emissions, and life. Combus-
tion in a jet flame in crossflow (JFICF) can result in altered structure and mixing character-
istics, when compared to an equivalent non-reacting JICF. Heat release from combustion in 
a JICF has been shown to amplify mean velocities and root mean squared (RMS) velocity 
fluctuations by a factor of 2–3 (Hasselbrink and Mungal 1999). For increasing flux ratios, 
the flame length of a JFICF has been shown to increase until the flame detaches completely 
and stabilizes in the form of a lifted flame, where the CVP dominates (Gollahalli et  al. 
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1975). Turbulence in JFICF has been shown to decay faster than in non-reacting JICF 
(Savas et al. 1997). The heat release from combustion has also been shown to cause jets to 
penetrate further into the crossflow as it decreases crossflow entrainment (Hasselbrink and 
Mungal 2001b). The impact of heat release on JICF is thus quite significant.

The addition of  H2 to a JFICF operating on hydrocarbon fuels, such as natural gas, can 
affect both its the flame and flow field. Compared to methane (the main component of natu-
ral gas),  H2 has a much higher flame speed and resistance to strain-induced extinction, and 
so its addition to the jet is expected to affect both the flame-shape and flame-holding of the 
JICF. The lower density of  H2 compared to natural gas (by almost eightfold) can reduce the 
jet to crossflow density ratio. It has been shown that for density ratios less than 0.6–0.7, 
free jets can become globally unstable (Karagozian 2010). This can result in in self-excited 
shear layer oscillations that would affect the shear layer vortices and consequently the CVP. 
Since these vortical structures play a key role in the mixing of the fuel and crossflow, the 
flame and flow field of the JFICF can thus be expected to be altered. There has been work 
done on  H2 JFICF, but they are either at atmospheric pressures (for instance Steinberg et al. 
2013; Brzustowski et al. 1975; Choudhuri and Gollahalli 2000), or at high pressure but in 
conditions not typical of a single stage gas turbine premixer (e.g. supersonic flows or viti-
ated flows for reheat combustors). Relatively few studies have been done on  H2 enriched 
JFICF at conditions found in the premixing duct of a gas turbine engine.

Crossflows encountered by jets in the premixing duct of a gas turbine engine are typi-
cally at elevated pressures. Jet trajectories, as mentioned previously, scale with the momen-
tum flux ratio. The influence of pressure is accounted for in this ratio (Eq. 1) through the 
jet and crossflow densities. The jet trajectory is therefore expected to not be affected sig-
nificantly by increasing pressure. The flame shape and stabilization, on the other hand, can 
be expected to change with pressure since flame speed varies with pressure. This change in 
flame speed may affect the structure and dynamics of the flame at elevated pressure, ren-
dering predictions based on atmospheric conditions inaccurate. It is therefore necessary to 
study JFICF at elevated pressures in order to understand and predict their behavior in a gas 
turbine premixer.

In addition to its jet and crossflow conditions, a premixer’s geometry must also be con-
sidered when emulating JFICFs in such an environment. JICF in premixers are often con-
fined due to the geometry of the premixers, and so it is important to consider these con-
finement effects. For instance, the opposing wall’s boundary layer could affect the mixing 
characteristics of the jet, and the blockage to the crossflow in the confined channel caused 
by the jet could change local crossflow velocities, thereby changing the local momentum 
flux ratio and consequently the jet trajectory. Most of the work done has been on free 
unconfined jets, jets that are impinging on opposing walls, or jets that don’t penetrate into 
the crossflow (e.g. in film cooling applications). Studies with jets in flow channels, such 
as (Steinberg et al. 2013; Hasselbrink and Mungal 2001a, b; Kamotani and Greber 1974), 
have jet length scales (defined here as the product of jet diameter and the momentum flux 
ratio) much smaller than the width of the flow channel. For instance, in Hasselbrink and 
Mungal (2001b) the experiment was designed to have the outer jet length scale less than a 
fifth of wind tunnel width. More experimental data is therefore needed to better understand 
the effects of confinement for non-impinging jets, as this is important for studying JICF 
emulating environments in gas turbine premixers.

There is thus a gap in literature for studying  H2 enriched natural gas JFICF in conditions 
typical of a gas turbine premixer, i.e. under high pressure, preheated, and in close confine-
ment. This work aims to cover that gap through the simultaneous use of hydroxyl radical 
(OH*) chemiluminescence (CL), hydroxyl (OH) planar laser induced fluorescence (PLIF), 



790 Flow, Turbulence and Combustion (2020) 105:787–806

1 3

and stereoscopic particle image velocimetry (SPIV) to get temporally resolved flame and 
flow field measurements.

2  Experimental Setup

2.1  Test Facility

The experiments for this work were run in a flow facility that was housed in a high pressure 
rig. The flow facility consists of an optically accessible flow channel (shown in shown in 
Fig. 1a) mounted inside an optically accessible, high-pressure combustion test rig, and a 
fuel injector (shown in Fig. 1b). The fuel injector has a 2 mm diameter (d), circular orifice 
and is mounted flush to the bottom wall of the optically accessible flow channel. A smooth, 
contoured nozzle is upstream of the orifice of the fuel injector and the nozzle’s contour is 
based on a fifth order polynomial profile design that has been shown previously to produce 
a uniform, top-hat velocity profile at the exit of the fuel jet (Megerian et al. 2007). A flow 
conditioning screen is mounted at the inflow of the nozzle. To ensure constant fuel tem-
perature at different crossflow temperatures, the nozzle block is water-cooled.

The flow channel has a rectangular cross-section (measuring 40 × 60 mm) and con-
sists of three modules. The first two modules are (each) built with four fused silica plates, 
connected at the corners with metal posts. The third module consists of three fused silica 

Fig. 1  Sketches of the flow channel and the injector plate used here to study the JFICF
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plates and the (stainless steel) fuel injector plate. The fuel injector module was installed in 
the third (most downstream) module in order to have a stable, well-developed boundary 
layer on the channel wall upstream of the injector.

A settling chamber, with a flow conditioning screen inside and an inlet for seed air, 
is placed upstream of the first module. A supply flange is used for the attachment of the 
flow channel and settling chamber to a high pressure combustion test rig. The flange also 
provides a pathway for the fuel supply and cooling water for the fuel injector, and thermo-
couples for the rig and flow channel. The flow channel was mounted in the pressure vessel 
of the DLR-HIPOT facility. The HIPOT facility has a high pressure, optically accessible 
combustion vessel that is capable of crossflows at pressures up to 35 bars, thermal loads up 
to 300 kW, and reactant preheat temperatures of up to 800 K. The large optical accessibil-
ity of the rig (through 85 × 200 mm fused-silica windows) makes it conducive to the laser 
diagnostic techniques.

2.2  Diagnostics

In this work, high bandwidth, kilohertz (kHz) acquisition-rate laser imaging systems 
(shown in Fig. 2) were used for the experimental measurements. These include an SPIV 
system, an OH-PLIF system, and an OH* CL imaging system.

2.2.1  SPIV

The SPIV system used here consists of a pair of highspeed CMOS cameras (Phantom 
V1212) and a dual-cavity, diode-pumped, solid-state, frequency-doubled Nd:YAG laser 
(Edgewave, IS200-2-LD). These systems are synchronized through a digital timing and 
control system (based on the LaVision Davis control software and PTU-X synchroni-
zation system). The laser produces pairs of high intensity pulses with energies of up 
to 9 mJ/ea at a cyclic repetition rate of 10 kHz. Three cylindrical lenses are used to 
form the SPIV laser sheet of approximately 40 mm (wide) × 1 mm (thick) at the probe 
region. TiO2 particles (~1 μm in size) were used as tracer particles for both the cross-
flow and the jet. The cameras have 1280 × 800 pixel CMOS imaging arrays and are 

Fig. 2  Sketch of the diagnostics setup
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equipped with 72 GB of onboard memory, sufficient for about 4 seconds of recording 
time at full resolution and 10-kHz acquisition rate. Each camera was equipped with a 
200-mm focal-length, f/4 macro objective lens (Nikon AF-Micro Nikkor). Background 
flame luminosity was suppressed through the use of 532-nm-bandpass interference fil-
ters. In the present study, the cameras were operated in dual-frame mode at a reduced 
image size (640 × 800 pixels), which gives a field of view that spans 48 mm in the axial 
direction and 60 mm in the transverse direction. To mitigate the image blur associated 
with off-axis imaging, the objective lenses are mounted on scheimpflug adapters and are 
adjusted to align the focal plane with the laser sheet.

A commercially available software package (LaVision Davis 8.4.0), using a multi-
pass adaptive window offset cross-correlation function, was to used to calculated the 
velocity vectors. The final interrogation window size and overlap were 16 × 16 pixels 
and 50% respectively for a spatial resolution of 1.2 mm/vector and vector spacing of 0.6 
mm. We note that this resolution is insufficient to accurately capture derivative quanti-
ties such as vorticity and shear in the near-field region of the jet, and may also result in 
spatial smearing of the profiles of mean and fluctuating velocity there. Therefore, we 
limit quantitative comparisons of mean velocity profiles to further downstream, where 
the jet and shear layer have expanded to significantly larger scales. Before vector pro-
cessing, intensity fluctuations in the background, such as ones from reflections, were 
accounted for through the use of a spatially sliding background intensity subtraction and 
local particle intensity correction.

2.2.2  OH‑PLIF

The OH-PLIF system consists of a frequency-doubled dye laser, a frequency-doubled, 
Q-switched, diode-pumped solid state Nd:YAG laser to pump the dye laser (Edgewave 
IS400-2-L, delivering up to 110 W at 532 nm), and an intensified CMOS camera system. 
The dye laser system (Sirah Credo) produced close to 5 W at 283.9 nm and at a repetition 
rate of 10 kHz. The OH-PLIF excitation beam is formed into a sheet approximately 40 
mm (tall) × 0.2 mm (thick) using three fused-silica, cylindrical lenses (all anti-reflective 
coated to maximize transmission), and the OH-PLIF and SPIV laser sheets are overlapped 
by passing the SPIV sheet through the final OH-PLIF turning mirror.

The dye laser was tuned to excite the (closely spaced) Q1(9) and Q2(8) lines within 
the A2Σ+ − X2Π (v� = 1, v� = 0) band. These transitions merge at high pressure due to 
increased collisional line broadening, which mitigates to some degree fluorescence sig-
nal loss due to collisional quenching. The laser wavelength was monitored continuously 
using a setup consisting of (1) a laminar reference flame, (2) a photomultiplier tube cou-
pled to a 0.1 m monochromator for fluorescence detection, and (3) a digital oscilloscope.

Fluorescence from the A-X (0,0) band was acquired with a CMOS camera (LaVision 
HSS8), an external two-stage intensifier (LaVision HS-IRO), and a Halle 64-mm focal 
length, f/2 UV lens. Mie scattering from the SPIV seed particles and surface reflections 
was minimized through the use of a high-transmission (> 80% at 310 nm) bandpass 
filter. A 100-ns intensifier gate was used to minimize background luminosity. Spatial 
variations in imaging system sensitivity were corrected for in post-processing. Acetone 
vapour was seeded into the measurement plane once a day before taking the measure-
ments and the average of its fluorescence was used to normalize the spatial non-uni-
formity of the laser sheet.
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2.2.3  OH* CL

Another intensified camera was employed here to record OH* CL, a line-of-sight inte-
grated marker for heat release from combustion (Gollahalli et  al. 1975). The high-speed 
CMOS imaging system (LaVision HSS8) was equipped with an external, two-stage inten-
sifier (LaVision HS-IRO) that was fitted with a 45 mm focal length, f/1.8 objective (Cerco). 
A high-transmission, band-pass interference filter was also used. The gate time for the OH* 
CL signal was 25 μs. Similar to the OH-PLIF measurements, the images here were also 
corrected for spatial variations in imaging system sensitivity.

2.3  Test Conditions

The experiments were carried out on non-premixed jet flames in crossflow at the four test 
conditions outlined in Table 1. The conditions correspond to 40% and 20%  H2 enrichment 
of the natural gas fuel jet, by volume, each at 10 bar and 15 bar. The natural gas used in this 
consists of approximately 94%  CH4, 4%  C2H6 and 2% other gases  (N2,  CO2, CO and higher 
hydrocarbons). Density of the fuel jet was computed based on a mole-weighted sum of the 
density of hydrogen and natural gas. Viscosity (used to estimate Reynolds number) was 
calculated based on a mole-weighted sum of hydrogen and methane (the primary compo-
nent of our natural gas). The fuel, which was unheated, was at 293K.

In order to isolate the influence of  H2 enrichment and pressure, the crossflow tempera-
ture and velocity, and the jet to crossflow momentum flux ratio were kept constant for these 
cases. These crossflow conditions (preheated and at elevated pressure) and momentum flux 
ratio were set to emulate what one would find in a real gas turbine engine.

3  Results and Discussion

3.1  Instantaneous Fields

Shown in Fig. 3 are the instantaneous plots of simultaneously captured OH* CL, OH-PLIF, 
and velocity magnitude (|V|) fields for the 40%  H2 flame at 10 bar case 1. For all the images 
presented in this work, the crossflow flows from left to right, and the jet exit orifice has 
been set as the origin of the coordinate system. The stream-wise and transverse axes are x 

Table 1  Test parameters for the 
four cases

Parameter Case 1 Case 2 Case 3 Case 4

H2 enrichment (by volume) 40% 20% 40% 20%
Crossflow pressure 10 Bar 15 Bar
Crossflow temperature 465 K
Crossflow velocity 1.5 m/s
Jet velocity ( Vj) 19.9 m/s 17.5 m/s 19.9 m/s 17.5 m/s
Jet-crossflow velocity ratio 13.26 11.68 13.24 11.66
Jet-crossflow density ratio 0.58 0.74 0.59 0.75
Momentum flux ratio (r) 10.1
Jet Reynolds number 17,900 19,800 26,900 29,700
Crossflow Reynolds number 22,000 32,800
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and y, respectively, and their respective velocities are u and v, respectively. The |V| fields 
have contours of binarized OH-PLIF images overlaid on top in black. The binarization of 
the OH-PLIF fields was done using a threshold value that was selected such that the key 
features of the flames are visible. Contours were calculated from these binarized OH-PLIF 
images and overlaid on the velocity fields to show the location of the flame with respect to 
the jet.

The OH* CL fields here show a flame that is attached to the jet orifice and has a flame 
sheet along the windward side of the jet. This flame sheet appears to follow the growth of 
the shear layer, given its undulating nature. The OH-PLIF images tell a similar story about 
the flame. Both the OH* CL and OH-PLIF images show high signal levels on the leeward 
side of the jet, compared to the windward side. This indicates that there is a more active 
flame zone on the leeward side since OH* is a marker for heat release in a flame. The 
OH-PLIF images, on the other hand, indicate the presence of hot (> 1500 K) burned gas 
along the centerline of the JICF. These observations highlight the strong influence of CVP 
in the stabilization of the flame and are consistent with previous studies. The contours of 

Fig. 3  Instantaneous OH* CL (top row), OH-PLIF (middle row), and |V| fields (bottom row) for the 40%  H2 
flame at 10 bar (case 1). The mean |V| fields (in m/s) have overlaid on top the contours of mean binarized 
OH-PLIF images in black
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the binarized OH-PLIF images overlaid on the |V| fields show that the flame resides in the 
periphery of the jet.

The velocity fields in Fig. 3 have some regions with no values (in white) downstream of 
the jet. This is because these regions had a lot of light scattered from soot particles, which 
prevented the calculation of velocity from the seed particles. The light scattering from the 
soot particles can be better seen in the particle images from the PIV measurements. Fig-
ure 4 shows images acquired by one of the (bandpass-filtered) PIV cameras simultaneously 
with those in Fig. 3. In these images, one observes laser scattering both from the PIV par-
ticles seeded into flow and from soot formed in the leeward side of the jet. The soot scat-
tering, which appears bright and diffuse in the leeward side of the jet for x/d>5 , should not 
be mistaken for chemiluminescence or broadband flame luminosity, which are effectively 
eliminated by both the bandpass filter and short integration time of the highspeed camera.

In order to prevent the calculation of erroneous vectors in regions of the flow where 
scattering from soot (rather than PIV particles) is dominant, images from the PIV cameras 
were preprocessed with an adaptive mask to remove regions with high soot concentration. 
This adaptive mask relies upon the fact that, as one can see in Fig. 4, the PIV particles are 
sufficiently sparse as to appear in the PIV images as discrete particles. In regions where 
soot scattering is dominant, the soot (which has much smaller particle size, but much 
higher number density) appears as a more diffuse, high intensity signal in the image. In 
the adaptive masking algorithm, the ensemble-average of all frames in a measurement run 
were first subtracted from each individual frame. Next, a (10 pixel) sliding maximum fil-
ter was applied (in LaVision Davis 8.4.0). The resulting images have a weak background 
signal for the seed particles and a strong signal for the soot particles. Finally, a single, 
user-defined intensity threshhold was applied to all images in a measurement run to gener-
ate single frame masks. These (binary) masks were then be applied to the original (raw) 
images to mask out regions where soot scattering is dominant.

Figure 5 shows a sample PIV/soot scattering image and the same image, but with the 
aforementioned mask applied to it. For regions with low soot luminosity, for instance 
regions with x/d < 5 and y/d < 8 , the soot luminosity was more diffuse and weaker than 
the light scattered by the seed particles. In these regions, it was sufficient to use the vector 
preprocessing tools described in Sect. 2.2.1.

Shown in Fig. 6 are the OH* CL, OH-PLIF, and |V| fields for the 20%  H2 flames at 
10 bars pressure (case 2). Similar to Fig.  3, the velocity magnitude fields have over-
laid on top the contours of the simultaneously acquired binarized OH-PLIF images. The 

Fig. 4  Images acquired by one of (bandpass filtered) PIV cameras simultaneously with the measurements in 
Fig. 3, showing significant concentrations of soot particles in the leeward side of the jet
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OH* images indicate the flame is largely extinguished on the windward side of the jet. 
The flame appears to stabilize downstream from the nozzle in the wake region on the 
underside of the fuel jet. We note, however, that the flame is not fully lifted, inasmuch 
as a thin strip of reacting fluid extending all the way to the jet exit is observable in both 
the OH* and OH-PLIF images. Inspection of the entire image sequence from each run 
and the ensemble-average images (shown later on in Figs.  8 and 9) indicate the pres-
ence of this strip is not intermittent, but rather continuous throughout the measurement 
run. As the structure is found slightly downstream of x/d=0 , it is likely the result of a 
wake behind the jet leading to decreased local shear and possibly mild recirculation. 
This, combined with the elevated temperature of the crossflow would establish condi-
tions favorable to flame anchoring there. Unfortunately, the spatial resolution of the 
PIV measurement was insufficient to confirm this hypothesis experimentally. Although 
the effect of this structure on flame stabilization cannot be proven conclusively in this 
study, it is reasonable to assume that the heat-release and combustion radicals it gener-
ates in the low velocity wake of the jet near-field have a stabilizing effect on the flame 
downstream.

Comparing Figs. 3 and 6, it is not immediately clear whether the increased local extinc-
tion on the windward side of flames with 20%  H2 enrichment results primarily from the 
effect of hydrogen on the fluid dynamics of the jet in crossflow, or its effect on flame chem-
istry. A strong argument can be made for it being the effect of  H2 on flame chemistry, 
given that the laminar flame speed of the fuel increases with  H2-enrichment. Just as with 
a non-premixed jet flame issuing into a quiescent environment, resistance to flame liftoff 
scales with the flame speed of the fuel. In addition, despite the 40%  H2-enrichment case 
having a higher jet-exit velocity (required to maintain a matched momentum flux ratio, 
while fuel density drops with  H2-enrichment), one observes significantly less windward 
side-extinction.

Fig. 5  Sample raw PIV image for case 1, and the same image but with the signal from the soot particles 
masked (in green)
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Fig. 6  Instantaneous OH* CL (top row), OH-PLIF (middle row), and |V| fields (bottom row) for the 20%  H2 
flame at 10 bar (case 2). The mean |V| fields (in m/s) have overlaid on top the contours of mean binarized 
OH-PLIF images in black

Fig. 7  Images acquired by one of (bandpass filtered) PIV cameras simultaneously with the measurements in 
Fig. 6. Note the lack of soot in the wake of the jet
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On the other hand, higher  H2-enrichment at constant momentum flux ratio and cross-
flow velocity results in a jet with lower jet-exit Reynolds number and lower jet-to-crossflow 
density ratio. As the turbulence and mixing characteristics of a JICF are affected by both 
jet-exit Reynolds number and jet-to-crossflow density ratio, the increased local extinction 
observed for lower  H2-enrichment may have a fluid dynamic explanation. Although a final 
determination of the cause for increased local extinction on the windward side of the flame 
is beyond the scope of this paper, it is a clear demonstration of the complex influence of 
 H2 enrichment on the stabilization of a turbulent flame even a well-understood, canonical 
flowfield like the jet-in-crossflow.

The 20%  H2 flame was found to be not sooty in the measurement region, as shown in 
its PIV particle images in Fig. 7. This could be due to the presence of a continuous flame 
sheet along the windward side of the 40%  H2 flame. When the flame sheet envelops the jet 
on both sides, the oxidizer entrainment is hindered. This results in a more diffusion-like 
flame, which, at elevated pressures for methane, is sooty by nature. For the cases where 
there is no flame on the windward side, the unhindered oxidizer entrainment results in a 
lean, premixe flame, which is less sooty due to cooler and more complete combustion. The 
increase in sooting with increased  H2 enrichment noted here is consistent with previous 
studies of  H2 enrichment of hydrocarbon fuels in diffusion flames (El-Ghafour et al. 2010; 
Kumar and Mishra 2008).

3.2  Mean Fields and Turbulence

Shown in Fig. 8 are the mean OH* CL, OH-PLIF, and velocity magnitude fields for the 
40%  H2 flames at the two pressures: 10 bar and 15 bar. The |V| fields have overlaid on top 
the contours of the mean of the binarized OH-PLIF images in black and the jet centerline 
trajectory, defined here as the loci of max centerline velocity magnitude, in white. As men-
tioned before, due to the sooty nature of the 40%  H2 flame, a mask was applied to ensure 
that velocities were not calculated using the light scattered by the soot particles. The white 
regions in the velocity fields correspond to the regions that had a gappiness of over 50%, in 
time, due to this masking. The mean OH* CL and OH-PLIF fields here show the windward 
stabilized nature of flame that was noted previously in Fig. 3. The OH-PLIF contours on 
the velocity fields show the presence of the flame around the periphery of the jet, some-
thing that was also noted in the instantaneous fields. With regards to changes caused by 
pressure, however, there are no significant differences in the mean fields of the two flames. 
The OH* CL fields show greater signal for the 15 bar case, but this is likely due to an 
increase in the fuel density at higher pressures, which corresponds to more OH radicals, 
and therefore a stronger OH* signal. Other than that, the shape of the flame is the same for 
both pressures. The OH-PLIF mean fields also show the same flame shape at both pres-
sures, but the signal is lower for the higher pressure flame. This is to be expected though as 
at higher pressures, the signal-to-noise ratio of OH-PLIF measurements has been known to 
decrease due to reabsorption, laser depletion, and collisional quenching of the excited OH 
molecules (Strakey et al. 2008). The mean velocity fields also show no significant changes 
with respect to pressure. From these fields, it appears that the OH PLIF contours span the 

Fig. 8  Mean OH* CL, OH-PLIF, and PIV fields for the 40%  H2 flames at 10 bar and 15 bar (cases 1 and 
3, respectively). The mean |V| fields (in m/s) have overlaid on top the contours of mean binarized OH-PLIF 
images in black and the jet centerline in white

▸
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jet centerline further downstream, which is consistent with previous studies of JFICF (Has-
selbrink and Mungal 1998). This could be caused by the transportation of OH radicals by 
the CVP.

Figure 9 shows the ensemble-averaged OH*, OH-PLIF and PIV measurements for the 
cases with 20%  H2. Consistent with the instantaneous measurements shown in Fig. 6, the 
mean OH* chemiluminescence fields show a flame stabilized only on the leeward side of 
the jet, with a thin strip of active heat-release reaction extending all the way to fuel injec-
tion orifice. We note that the flame appears somewhat more lifted in Fig. 9 than implied 
by the image sequence shown in Fig. 6. This results from the constant axial (upstream and 
downstream) movement of flame leading edge which causes spatiotemporal smearing of 
the ensemble-average images. The same effect is observable in the OH-PLIF images. As in 
Fig. 8, contours of mean OH-PLIF signal are superimposed over the mean velocity field for 
reference. The contours demonstrate the flame resides most frequently in the low velocity 
wake on the leeward side of the jet.

Shown in Fig. 10 are the velocity fluctuations of the four flames, with the jet centerline 
trajectories overlaid on top, in white. From the plots, it can be seen that the velocity fluctu-
ations are high along the centerline, close to the jet exit ( x∕d < 2.5 ). This is to be expected 
as the jet velocities in the centerline are the highest, and so their fluctuations will be have a 
higher absolute value as well. For a given pressure, the higher  H2 enrichment flames have 
greater velocity fluctuations. This is again possibly due to the higher velocities for these 
cases, since the momentum flux ratio is being conserved for less dense jets. It does appear 
that the velocity fluctuations on the leeward side of the jet are higher ( 1.5 < x∕d < 6 and 
2.5 < y∕d < 8 ). For a given  H2 enrichment, there only appears to be a slight increase in 
turbulence fluctuations.

3.3  Centerline Trajectories

The jet centerline was calculated from the loci of the max velocity magnitude of the jet. 
These loci were determined by finding the location of maximum velocity along a probe 
line spanning across the jet, at each axial location. The probe lines were set to be perpen-
dicular to the expected jet centerline. The angle of the probe line near the jet orifice was 
set to 0 degrees (horizontal), since the jet centerline is expected to be near vertical there. 
The angles at subsequent downstream locations were determined from the scaling of Eq. 2 
with an initial guess of the constants A0 and B0 . Using least squares regression, the result-
ing constants for the current iteration i ( Ai and Bi ) were used as the initial guess for the next 
iteration, i + 1 . The probe lines for each iteration were again angled based on the power law 
scaling using the previous iteration’s constants. This was carried on until there was no sig-
nificant change in the constants between iterations. This ensured that the probe lines were 
angled perpendicular to the measured jet centerline. The jet centerline trajectory calcula-
tions here were done only in the nearfield of the flames ( x∕d < 1.5).

Shown in Fig. 11 are the jet centerline trajectories of the four flames, sorted based on 
pressure and  H2 enrichment. In Fig. 11a, the trajectory of the 40%  H2 flame shows slightly 

Fig. 9  Mean OH* CL, OH-PLIF, and PIV fields for the 20%  H2 flames at 10 bar and 15 bar (cases 2 and 
4, respectively). The mean |V| fields (in m/s) have overlaid on top the contours of mean binarized OH-PLIF 
images in black and the jet centerline in white

▸
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Fig. 10  Turbulence intensity fields for the four flames (in m/s). The jet centerline trajectory is overlaid on 
top as a dashed white line. The color axis scales are kept constant for all flames

more penetration into the crossflow, when compared to the 20%  H2 case. Given that the 
40%  H2 case has a flame on the periphery of the jet, this result makes sense as the heat 
release from combustion has been shown to increase penetration of jet flames (Hasselbrink 
and Mungal 1999). This is because the entrainment of the crossflow into the jet decreases, 
and so the jet is able to penetrate further. At the higher pressure, Fig. 11b, the same trend 
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is noted but the trajectories are slightly closer together. The 40%  H2 flame at this pressure 
appears to penetrate slightly more than the 20%  H2 flame, but the difference is quite small. 
The same can be said for the trajectories of the 40%  H2 and 20%  H2 flames at different 
pressures (Fig. 11c and d, respectively). There appears to be no significant change in the 
trajectories with pressure, which agrees with theory as pressure changes are reflected in the 

Fig. 11  Jet velocity centerline trajectories for the four flames sorted by pressure (top row) and  H2 enrich-
ment (bottom row)
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jet and crossflow densities, which are accounted for when the momentum flux ratio is pre-
served. The trajectories here fit the power law scaling (Eq. 2) quite well. The constants for 
the 40%  H2 flames were 1.6 for A at both pressures, and 0.26 and 0.27 for B at 10 bar and 
15 bar, respectively. The constants for the 20%  H2 flames were 1.49 and 1.55 for A and 0.29 
and 0.27 for B at 10 bar and 15 bar, respectively.

Shown in Fig. 12 are the mean velocities along the jet centerline for the four flames, 
normalized to the corresponding jet exit velocities from Table 1. From the plots, it is evi-
dent that at a given pressure, the 40%  H2 flame has higher velocities relative to its jet exit 
velocity than the 20%  H2 flame. The decay of the centerline velocities is also higher for the 
20%  H2 flames. This discrepancy in the centerline velocities can again be attributed to the 
difference in the flame stabilization at the two  H2 enrichments. The presence of a flame on 
the windward side of the 40%  H2 cases possibly results in greater volumetric expansion, 
which would accelerate the flow. This is similar to the reduction in mean centerline veloc-
ity decay caused by combustion in a JFICF when compared to an equivalent non-reacting 
JICF (Han and Mungal 2001). The plots of the mean centerline velocities of the 40%  H2 
flame and 20%  H2 flame at 10 bar and 15 bar (Fig. 12c and d, respectively) show no sig-
nificant variation caused by pressure. This is again possibly due to the preservation of the 
momentum flux ratio between the jets, and further shows that the momentum flux ratio is a 
good non-dimensional parameter to account for changes in pressure for JICF.

Fig. 12  Jet centerline mean velocities for the four flames sorted by pressure (top row) and  H2 enrichment 
(bottom row)
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4  Conclusion

Hydrogen-enriched natural gas jet flames in crossflow were investigated at two pressures 
(10 bar and 15 bar) and two  H2 enrichment levels (40% and 20%, by volume). The test 
conditions were set to emulate conditions typical of a gas turbine premixer, i.e. under high 
pressure, preheated crossflow, and in close confinement. Instantaneous and mean images 
of the OH* CL and OH-PLIF showed a mostly lifted flame for the lower  H2 enrichment 
condition and a nozzle-attached flame for the higher  H2 enrichment condition. The higher 
enrichment flame was found to be stabilized on the windward side while the lower enrich-
ment flame was found to be attached only on the leeward side.

Mie scattering from soot particles was found to be much higher for the higher  H2 enrich-
ment flame, indicating greater sooting for this case. This is possibly due to the hindering 
of the entrainment of the crossflow due to the presence of the flame on the periphery of the 
jet for this case, which would result in a more diffusion like flame compared to the partially 
premixed flame at the lower  H2 enrichment.

The velocity fields and the simultaneously acquired OH-PLIF contours showed the 40% 
 H2 flame to reside in the periphery of the jet. OH-PLIF signal spanned the centerline of the 
jet for both  H2 enrichment levels, a finding that is in line with previous works and could be 
a result of the transport of hot products by the CVP. Jet centerline trajectories were calcu-
lated from the loci of maximum velocities, and they followed existing power scaling law 
quite well. An increase in  H2 enrichment was found to increase the jet penetration slightly, 
possibly due to a decrease in crossflow entrainment caused by the presence of a flame on 
the windward side.

The mean OH* CL, OH-PLIF, velocity fields, and velocity fluctuation fields did not 
show significant difference in flame shapes or flow field with respect to pressure. Jet cen-
terline trajectories and centerline velocities were also found to show little dependence on 
pressure. It would therefore appear that, over the range of pressures examined in this study, 
the effect of pressure on macroscopic flow and flame features is not significant.
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