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ABSTRACT 
This paper reports initial results from an effort to develop a 

retrofittable fuel/air injector for the FT4000® aeroderivative gas 

turbine that enables use of hydrogen as a carbon-free fuel for 

efficient power generation. The FT4000 engine’s low-NOx 

combustor was developed by Pratt & Whitney and RTX 

Technology Research Center with core technology from the Pratt 

& Whitney PW4000 turbofan aircraft engine. The work reported 

here advances the technology readiness level of the FT4000 

combustor for operation with hydrogen, starting with an 

experimental assessment of the current production hardware 

with increasing hydrogen content mixed with natural gas.  

High-pressure single-sector combustor rig tests have been 

completed, demonstrating the ability for the dual fuel nozzle to 

operate an FT4000 combustor on 100% hydrogen with low 

nitrogen oxide (NOx) emissions. Metal temperature 

measurements and video images of the flame structure from zero 

to 100% hydrogen highlight opportunities to improve the fuel 

nozzle robustness for high hydrogen conditions.  

The current FT4000 production engine operates on either 

natural gas or No. 2 fuel oil with water injection to achieve high 

thermal efficiency and low emissions. This engine is fielded by 

Mitsubishi Power Aero and delivers 70 MW of power with a 

simple-cycle efficiency of over 41% when operating with wet 

compression. Results from this study have cleared the current 

production FT4000 engines with dual fuel nozzles to operate at 

baseload power on blends of hydrogen mixed with natural gas 

and water.   

Keywords: combustion, emissions, gas turbine, hydrogen, 

power generation, sustainability 

NOMENCLATURE 
CAEP Committee on Aviation Environmental 

Protection 

DI  Deionized 

FAR Fuel to air ratio 

 

 

ID  Inner diameter 

JBTS Jet Burner Test Stand 

LBO Lean blow out 

NDIR Non-dispersive infrared 

NG  Natural gas 

NOx Oxides of nitrogen 

OD  Outer diameter 

P3  Combustor inlet pressure 

RQL Rich quench lean 

RTRC RTX Technology Research Center 

SCR Selective catalytic reduction 

SNR Single nozzle rig 

T3  Combustor inlet temperature 

T4  Combustor exit temperature 

TALON Technology for Advanced Low NOx 

TC  Thermocouple 

UHC Unburned hydrocarbons 

WFR Water to fuel ratio (on mass basis) 

 

 

FIGURE 1. FT4000® Aeroderivative Dual Fuel Gas 
Turbine Engine.  
 

 



 

This document has been publicly released. 2   © 2024 by RTX Corporation 

1. INTRODUCTION 
 

1.1 Background & Motivation 
Pratt & Whitney, RTX Technology Research Center 

(RTRC), and Mitsubishi Power Aero LLC developed the 

aeroderivative FT4000® engine with core technology from the 

Pratt & Whitney PW4000 turbofan engine. The FT4000 gas 

turbine engine (Fig. 1) is available in both single and dual-engine 

configurations and provides dual-fuel capability for operation on 

natural gas or liquid fuel (No. 2 fuel oil).  It offers greater than 

41 percent simple-cycle efficiency and a nominal 70 to 140 MW 

of power within a modular design [1]. The SWIFTPAC® gas 

turbine package is designed to provide reliable peaking and base 

load power with a relatively compact footprint. This is 

accomplished by coupling either one or two FT4000 engines to 

one electric generator.  

The FT4000 combustor design is based on the low 

emissions aeroengine TALON IIB (Technology for Advanced 

Low NOx) rich-quench-lean (RQL) combustor (Fig. 2). Like the 

PW4000, the FT4000 combustor manages the fuel/air mixture 

stoichiometry in separate combustion zones to minimize the time 

the mixture spends at high temperatures where NOx is typically 

generated. The primary zone of the combustor burns a rich 

mixture of fuel and air. Subsequently, large amounts of “quench” 

air are introduced and rapidly mixed with the rich products, 

bringing the average stoichiometry well into the lean range 

inside the secondary zone where combustion is completed [2].  

The FT4000 combustor has optimized the injection of water to 

manage peak flame temperatures and meet regulatory NOx 

requirements while maintaining low CO emission levels. One 

objective of the present study is to determine how much water is 

required to reduce NOx emissions in a hydrogen-fueled FT4000, 

to enable low NOx emissions on both natural gas and natural 

gas/hydrogen blends up to 100% hydrogen. 

The FT4000’s high operating pressure ratio of 36 and inlet 

temperatures up to 1040°F (830K) presents some challenges 

with respect to the combustion of 100% hydrogen. Hydrogen’s 

extremely high flame speed and wide flammability limits at these 

combustor inlet conditions create a significantly higher risk of 

flameholding than when operating on natural gas or No. 2 fuel 

oil. Hydrogen flames, with their high flame speeds, wide 

flammability limits, and short quenching distances, are more 

susceptible to anchoring in low-velocity regions like wakes or 

separation zones.  This may even include the wakes downstream 

of a fuel injection jet or a swirler vane. Therefore, rig testing of 

the FT4000 combustor configuration with hydrogen fuel is 

critical to ensuring successful implementation of hydrogen in 

engine use, whether in natural gas/hydrogen blends or as pure 

(100%) hydrogen. 

Our approach in this work has been to first explore 

achievable NOx levels with hydrogen fuel in the FT4000’s 

existing combustor design with water injection, making use of 

its RQL design and amenability, as a non-premixed combustor, 

to safe operation on hydrogen.  Because RQL combustors mix 

fuel and air rapidly in the near-field of the fuel injector, rather 

than within a long premixer, there is little premixing upstream of 

the intended flame stabilization zone and the risk of flashback 

and flameholding is reduced. Furthermore, with multiple 

combustion zones (rich and lean), RQL combustors are less 

susceptible than lean premixed designs to thermoacoustic 

instabilities [3] which can arise with changes in fuel, such as 

from natural gas to hydrogen. 

When introducing hydrogen fuel, regardless of whether the 

combustor design is RQL or purely lean burn, managing the 

location of combustion remains an important consideration for 

durability of the fuel/air injector.  Flames directly attached to a 

surface transfer significant heat into the part and can decrease 

component life.  For liquid fuels and natural gas operation, the 

flames are kept away from the fuel nozzle and uncooled 

combustor components (such as swirlers) by tailoring the 

aerodynamic flow field to keep the velocity of the mixture 

significantly above its turbulent flame speed in these regions.  

This principally focuses on the avoidance of features that might 

cause flow separations large enough to hold a flame. For 

hydrogen, these strategies are more difficult.  Hydrogen’s high 

flame speed and short quenching distance means that even very 

small low-velocity regions can become areas of concern, with 

measures being needed to prevent such regions from causing 

overheating and durability issues in nearby components.  In the 

rig testing reported here, these regions were monitored optically 

and with metal temperature measurements to evaluate the impact 

of hydrogen use and mitigation measures on component 

durability. 
 
1.2 Prior Work 

As a gas turbine fuel, hydrogen offers many desirable 

performance characteristics including ease of ignition, robust 

flame anchoring, high flame speed with rapid burnout for high 

combustion efficiency, and wide flammability limits for 

turndown [4-8].  For these reasons hydrogen was used during 

development of the first aviation jet engine in 1937 [9-10] and 

was selected to fuel the Model 304 high-altitude reconnaissance-

aircraft engine developed by Pratt & Whitney in 1957 [4, 11]. 

In these early applications, engine NOx emissions were not 

regulated and were not measured. However, with growing 

environmental awareness in the 1970s, NASA began 

investigating NOx emissions from various fuels including 

hydrogen [13-14]. In the non-premixed combustor designs of 

 

FIGURE 2.  Pratt & Whitney Talon IIB combustor. 
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that era, hydrogen was easily substituted for a conventional 

hydrocarbon fuel with simple fuel injector modification, and the 

combustor could also be shortened if desired (because of the 

rapid burnout) [4,12-13], but NOx emissions from these non-

premixed systems remained high with hydrogen fuel [13]. By 

introducing premixing, further investigations of hydrogen 

combustion for aeroengines at NASA, United Technologies 

Research Center (now RTRC) / Pratt & Whitney and elsewhere 

showed significant improvement in NOx emissions but faced 

persistent challenges with flashback [14-18]. The flashback 

challenge has also impacted the use of hydrogen fuel for ground 

power generation, including aeroderivative machines, where 

development efforts through to the present time have continued 

to seek low-NOx combustion systems for high-hydrogen fuels 

[19-29] while having to limit hydrogen levels in fielded systems 

to avoid flashback and/or high-temperature combustion with 

concomitant high NOx.  It is the same combustion characteristics 

of hydrogen which provide robust burning that also impose 

significant challenges for the design of low-NOx combustion 

systems, exacerbated by extremely wide flammability limits and 

short quenching distances for hydrogen as compared to 

hydrocarbons [30-31] that allow hydrogen flames to flashback 

within the boundary-layer flows of mixers and to anchor on 

physical features that are only fractions of a millimeter in size.  

This is a significant challenge to overcome: low-NOx 

combustion of high-hydrogen fuel is requiring focused 

investment, experience, and learning before these systems are 

broadly fielded and available to provide clean power – this 

current state is perhaps analogous to the state of dry-low NOx 

combustion systems for natural gas in the 1970s and 80s. 

In addition to the pure-hydrogen and high-hydrogen studies 

cited above, significant effort in recent decades has focused on 

power generation with hydrogen fuel that is diluted with other 

components, especially CO (from gasification of carbonaceous 

fuels) and non-reacting diluents such as N2, CO2, or H2O that are 

available from syngas-plant processes, as well as with 

hydrocarbons from refinery-plant streams or biomass sources 

[32-33]. When diluted sufficiently, flame temperatures for these 

mixed fuels can be lowered enough to meet NOx emissions 

regulations (with exhaust gas cleanup by SCR if needed); 

meanwhile there have also been development efforts toward low-

NOx combustor technologies that allow gradually increasing 

hydrogen levels. Largely with DOE funding, these technologies 

have been developed and advanced by the major OEM frame-

engine manufacturers [20-21, 25, 34-35] and others [36-38]. 

While these technologies have progressed the state-of-art for 

low-NOx combustion of high-hydrogen fuels, there remains a 

gap to achieving low-NOx combustion with 100% hydrogen 

fuel, or even >50% hydrogen fuel, across a wide range of 

platforms and particularly in modern, high efficiency, high 

compression-ratio machines (such as the FT4000).  

There is growing commercial demand to close this gap, as 

power producers seek to site new plants that both meet emissions 

regulations and maximize the use of hydrogen for power 

production. Operation on 100% hydrogen is desired, as is fuel 

flexibility. In the changing landscape of 21st century energy 

production, hydrogen will be used as a zero-carbon fuel for 

energy storage, energy transport, and power generation from 

both green and blue hydrogen production sources. The ability to 

flexibly blend hydrogen into natural gas – varying the 

proportions according to these fuels’ availability – is of particular 

interest as hydrogen enters the power generation market [39] and 

will be especially valuable if the percentage of hydrogen can be 

unconstrained (or at least minimally constrained to high values) 

so that allowable blends can contain significant energy content 

in hydrogen. Reaching high levels of hydrogen will be especially 

challenging in aeroderivative engines because they are generally 

optimized for high simple-cycle efficiency and consequently 

have high pressure ratios and high combustor inlet temperatures, 

making it especially difficult to premix without flashback risk as 

noted above. The FT4000 engine, for example, is optimized to a 

world-class 41% simple-cycle efficiency with a pressure ratio of 

36 [1,40]. RQL combustors – without premixing and using water 

injection for NOx control – are one pathway to high-hydrogen 

fuel use if the change in combustion characteristics due to 

hydrogen’s reactivity can be managed. Under the current study 

we are addressing these challenges using the RQL approach, in 

a development program that fully characterizes and then extends 

the capability of the FT4000 engine to use blends of hydrogen in 

natural gas with increasing hydrogen content, up to 100%. 

 
2. MATERIALS AND METHODS 

 

2.1 FT4000 Combustor and Fuel Nozzles 
The TALON IIB annular combustor as used in the FT4000 

is shown in Fig. 2, oriented with the flow direction from top to 

bottom.  Air enters the combustor through 24 fuel/air injectors 

inserted through the combustor dome, through an initial first row 

of quench-air holes located circumferentially around each of the 

combustor outer (OD) and inner (ID) walls, and through 

additional dilution air and liner cooling holes.  The fuel/air 

injector (or “fuel nozzle”) is illustrated in Fig. 3.  It incorporates 

two air-swirlers and two fuel circuits that are sandwiched 

between the two air-swirlers, making it a dual-fuel nozzle with 

the capability to inject fuel oil and/or water through one circuit 

and gaseous fuel through the other circuit. A portion of the total 

combustion air is mixed with the fuel at the nozzle exit, 

providing a fuel rich mixture in the combustor front-end.  

 Quench air is added midway through the combustor to 

complete combustion and dilute the mixture to temperatures 

suitable for the turbine. While it is referred to as “quench” air, it 

is more appropriate to call it “secondary combustion air.” 

The mixture of rich products immediately reacts upon contact 

with the quench air.  With fast mixing, only a fraction of the fuel 

will burn at or near stoichiometric temperatures.  The design of 

this mixing section is key to the low-NOx performance of the 

RQL concept.  Pratt & Whitney has developed a proprietary 

approach to designing the mixing holes in relationship to the 

mixture exiting the fuel nozzle/mixer, and to the flame 

stabilization zones. These combustor principles are currently 

employed on the Geared Turbo-Fan family of aero engines [2]. 

These aero engines produce best-in-class NOx, at approximately 
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50% of the Committee on Aviation Environmental Protection 

(CAEP) standards, CAEP/6 [41].  

 The FT4000 also employs water injection for further NOx 

reduction, to meet regulated levels for ground-power 

installations.  Key to success in water injection is to inject it in a 

manner that leads to the largest reduction in flame temperature 

without adversely affecting combustion efficiency or operability.  

As a general guideline, every 70℉ reduction in flame 

temperature decreases NOx production by about half [42].  In the 

Fig. 3 illustration of the FT4000 fuel nozzle, liquid fuel and 

water enter via the vertical stem at the top, and then mix with the 

inner and outer swirler airflow before exiting the fuel injector. 

Gas fuel enters the fuel nozzle from the stem side and surrounds 

the liquid fuel passage inside the nozzle.  This fuel also mixes 

with the inner and outer swirler airflow before exiting the fuel 

injector. Significant effort was expended in development of the 

FT4000 nozzle to produce a fuel nozzle design that injected the 

natural gas such that when water was injected in the passages 

used for the liquid fuel, it decreased the flame temperature 

uniformly and without impacting combustion efficiency or CO 

emissions.  The design exploration made extensive use of 

Computational Fluid Dynamics (CFD), which was also used in 

this study to examine engine (full-annular) versus rig (single-

nozzle/single-sector) aerodynamics as well as the impact of 

hydrogen versus natural gas injection. As discussed below, the 

single-nozzle rig tests reported here used engine hardware in the 

combustor front-end, including the fuel nozzle, air swirlers, and 

air-cooled bulkhead panel or “dome”, to minimize differences 

between the rig and engine aerodynamics. 

 

2.2 Rig Details  
These tests were carried out at the RTX Technology 

Research Center (RTRC)’s Jet Burner Test Stand (JBTS), 

leveraging existing high-pressure test capability and hydrogen 

infrastructure.  The JBTS facility flowrate capacity for its single 

sector centerline matches one sector of the 24-sector (24-nozzle) 

annular combustor in the FT4000 engine, at full engine-pressure 

conditions.  A photograph of RTRC’s single sector centerline is 

shown in Fig. 4. Testing was performed using one engine fuel 

nozzle in a custom-designed single-sector test section closely 

matching the full-annular combustor aerodynamics. A solid-

model cutaway image of the single-sector rig is illustrated in 

Fig. 5. The components illustrated in red in the figure represent 

production or “bill-of-materials” engine hardware, while the rig 

frame and associated components are illustrated in grey to 

represent hardware that was custom-built for this test campaign.  

As shown, the rig’s front-end comprises the FT4000 engine fuel 

nozzles, swirlers, and the air-cooled bulkhead panel, while the 

remainder of the rig is built to approximate the remaining 

FT4000 combustor geometry.  Components shown in grey are 

water cooled using a closed-loop water-cooling supply to 

provide robust operation across a wide range of operating 

conditions and hydrogen/natural-gas blends. An aft-looking-

forward photograph of the as-tested bulkhead panel and fuel-

nozzle/swirler assembly is shown in (Fig.6 (a)). Combustor 

emissions are sampled from holes on centers-of-equal-area in the 

horizontal tubes traversing the flowpath at the combustor exit.  A 

forward-looking-aft photograph of the closed-loop water-cooled 

emissions probe is shown in (Fig. 6 (b)).  
Because the combustor rig is water cooled aft of the 

bulkhead, liner cooling air for the top (outer diameter, OD) and 

bottom (inner diameter, ID) walls of the combustor is not 

included in the total rig airflow.  The total combustor rig airflow 

comprises only air that enters through the swirlers and air-cooled 

bulkhead, and through the quench/dilution/trim air holes in the 

OD and ID walls of the combustor rig. The JBTS facility 

provides separate control and metering of the airflow delivered 

to the combustor front-end (swirlers and bulkhead), top-wall 

 
 

FIGURE 3.  FT4000 production dual-fuel nozzle.  

 

FIGURE 4.  High pressure single sector centerline in 
RTRC’s Jet Burner Test Stand. 
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(OD quench and dilution air holes), and bottom-wall (ID quench 

and dilution/trim air holes), enabling exact control of the airflow 

distribution to match the FT4000 engine combustor. The absence 

of liner cooling air does not measurably impact combustor 

performance, as the liner cooling air does not participate in the 

bulk combustion process, away from the walls, that is sampled 

by the emissions probes.  

The single-sector combustor rig was designed to match the 

FT4000 engine combustor geometry as closely as possible in a 

water-cooled configuration that does not include the TALON 

combustor’s double-wall liner panels and film-cooling features. 

Thus, the combustion-zone volumes (and corresponding 

residence times) and major aerodynamic features were retained, 

including engine-like fuel/air injection and staged-air addition at 

the quench, dilution, and trim air holes.  To account for the lack 

of liner cooling air in the water-cooled rig, two different fuel-air 

ratio (FAR) levels were defined to match engine conditions: a 

high FAR matching the engine fuel nozzle local FAR, and a low 

FAR to match the engine front-end (before quench) combustor 

FAR. As noted earlier, CFD cases for the engine and rig were 

compared to confirm similar flow behavior in all combustion 

zones including the front-end flame-stabilization zone, air-jet 

penetrations, and aft burnout zone. A comparision of combustor 

flowfields obtained from CFD for the engine and rig are shown 

in Fig. 7 for a single cut plane.  The velocity flowfield in the rig 

properly captures the front end flowfield setup by the fuel nozzle 

and the quench zone downstream. The results were used to 

finalize the rig design details to ensure the engine aerodynamics 

were properly replicated.  

 

2.3 Experimental Setup  
Figure 8 shows a flow schematic for the combustion rig 

testing reported here.  Air is supplied through three separate 

circuits, each for i) bulkhead and fuel nozzle, ii) OD quench 

holes and iii) ID quench holes.  Each circuit is pressurized by 

either a ~400 psia (2750 kPa) air compressor system for medium 

pressure tests (P3 <300 psi / 2000 kPa) or a ~1500 psia 

(10300 kPa) diesel boost compressor system for high pressure 

tests (P3 > 300 psi / 2000 kPa).  Independent 720 kW resistive 

air heaters heat the air for each circuit from ambient temperature 

to the desired combustor inlet temperature (T3), typically 1075°F 

(853K). All air flowrates are measured by choked sonic venturis.  

For the supply of fuels, high pressure natural gas is continuously 

supplied by an in-house boost compressor while hydrogen is 

delivered from maximum 1800 psia (12500 kPa) hydrogen 

trailers.  The fuels are individually controlled and metered by 

regulators, on/off valves, control valves and Coriolis meters, and 

mixed approximately 30 ft (10 m) upstream of the rig.  Unlike 

natural gas, the hydrogen supply line consists of high and low 

flow legs such that the combination of the two covers the wide 

range of hydrogen flow required in this study.  The fuel mixture 

is heated by a steam heater up to ~220°F (380K) before it is 

injected through the gaseous fuel passage of the nozzle.  

 
(a) 

 
(b) 

 
FIGURE 6. Rig hardware: (a) FT4000 Fuel Nozzle Mixer and 
Bulkhead; (b) Emissions Sampling Rake.  

 

 

FIGURE 5.  FT4000 Single Nozzle Combustor Rig (SNR).  

 
(a)  
 

 
(b)  

 
FIGURE 7. CFD analysis of engine (a) and rig (b) 
combustor velocity flowfields. 
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The FT4000 is a wet combustor, utilizing water injection 

through the nozzle passages for NOx control.  A deionized (DI) 

water system, continuously operated with city water, feeds the 

water injection system.  The deionized water is pumped up to 

~900 psi (6000 kPa) by a ~6 gallons per minutes (1.35 m3/hr) 

capacity water pump before it is metered by Coriolis meters and 

injected to the water injection passages in the nozzle. A small 

portion of the deionized water is used to cool an optical probe 

for flame visualization, which will be described in the next 

section. 

 

2.4 Measurement Techniques 
The emission sampling system consists of an additively 

manufactured emission probe, pictured in Fig 6 (b). Four 

independently valved lines carry the sampled gas to independent 

analyzers for NOX, carbon monoxide (CO), carbon dioxide 

(CO2), oxygen (O2) and unburnt hydrocarbons (UHC) 

measurements.  The emission probe samples post-combustion 

gas through four radially distributed rakes with six sampling 

holes at different circumferential locations of each radial 

position. Each radial sample is carried by heated sample lines 

and input to the analyzers as wet (NOX, O2 and UHC) or semi-

dry (CO and CO2) gas.  The analyzer bench is composed of 

chemiluminescence NOX, non-dispersive infrared (NDIR) CO & 

CO2, paramagnetic O2 and flame ionization detection UHC 

analyzers. Two analyzers are used for each species aiming for 

redundant measurements. All emission results reported in this 

study are from ganged measurements (sample streamed 

combined) for the entire radial and circumferential locations and 

post processed following SAE ARP 1533 standard [43]. An error 

propagation analysis based on a perturbation method was 

performed and the uncertainties for reported emissions results 

are approximately ±3% for NOx, ±1% for CO2, and ±1% for 

UHC measurements, respectively.  Similarly, the uncertainty on 

percent hydrogen is on order of ±0.5%. 

A ¼-inch (6mm) diameter rigid optical borescope was used 

for proof of light and visualization of flame location, flame shape 

and visible radiation from nozzle hot surfaces for health 

monitoring.  The borescope features a 68º field of view and is 

housed in a water-cooled stainless-steel sheath with a fused silica 

window on the viewing end. Nitrogen is used for cooling and 

purging the combustion side of the window while cooling water 

flows between the borescope and window to cool the borescope 

optics.  The scope is paired with a video rate (24-60 Hz) machine 

vision camera with no optical filter applied.  

Numerous thermocouples (TCs) and pressure transducers 

were employed across the rig and facility. In addition, fourteen 

0.007-in. (0.18 mm) K-type TCs with 0.040-in. (1mm) sheath 

were instrumented across the nozzle end cap, guide swirler and 

bulkhead as shown in Fig. 9. In conjunction with real time 

imaging from the borescope, these fast response TCs were used 

to monitor and detect the surface temperature increase caused by 

changes in flame location or flame anchoring in their vicinities. 

It is noted that the combustor exit temperature (T4) reported in 

this study is not directly measured, but rather is derived from 

equilibrium calculations based on rig inlet conditions, as detailed 

in the next section. 

 

 

FIGURE 9.  Thermocouples installed on the fuel/air 
mixer, guide swirler and bulkhead hardware. 

 

 
FIGURE 8. Schematic of experimental setup. 

TABLE 1. Summary of test periods for FT4000 fuel nozzle 
evaluation in Single Nozzle Rig with test objectives and %H2 
by volume achieved. 

 
 

TABLE 2. Summary of test periods for FT4000 fuel nozzle 
evaluation with conditions achieved.  
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2.5 Test Conditions 
Table 1 highlights the high-level objective of each test 

period with the progression of hydrogen volume percentage in 

the fuel mixture. Table 2 contains more detailed rig conditions, 

scaled from engine conditions, studied for each test period.  

During the first test period, 100% natural gas was used to 

establish baseline emissions data in the rig at a moderate pressure 

of 300 psia (2068 kPa). Water fuel ratio (WFR) was varied above 

and below the nominal engine operating point (WFRnominal). Rig 

emissions and performance was compared to previously 

obtained full annular rig and engine data to validate the 

emissions, as detailed in the results section. In the second test 

period, hydrogen was blended with natural gas, ramping up to 

30% by volume at both high and low fuel-air ratio (FAR) levels. 

The third test period focused on the method of water injection 

through the fuel nozzle, with 30% and 40% hydrogen evaluated 

in the rig, again at two different FAR levels. For these tests, FAR 

is defined as the total fuel mass flowrate (natural gas plus 

hydrogen) divided by the total air flowrate (front-end plus 

quench air). 

For the fourth test period, the impact of pressure on NOx 

and flame position was evaluated. The boost compressors were 

utilized to increase the supply pressure, up to an inlet pressure of 

395 psia (2723 kPa). Hydrogen percentage was increased in 

roughly 10% increments, up to 75% by volume. Water fuel ratio 

(WFR), normalized by the baseline level, during the first four 

test periods ranged from 0.9 to 1.4. The nominal or baseline 

WFR level is defined as the reference WFR of the engine during 

baseline operation with natural gas.  

The primary objective on the last test period was to 

determine the safe operating limit for the fuel nozzle/combustor 

with hydrogen. The percent hydrogen was increased while 

holding the calculated combustor exit temperature, T4, constant. 

As hydrogen flow was increased, natural gas flow was reduced 

with a constant airflow. Operation on 100% hydrogen with water 

injection was achieved. Water fuel ratio (WFR), normalized by 

the baseline level, during the final test ranged from 1.3 to 3.1. 

Detailed results will be described in the following section. 

 

3. RESULTS AND DISCUSSION 
 

3.1 Natural Gas Only Baseline/Validation  

The rig was first characterized by running on natural gas and 

water at near full baseload conditions. NOx emissions for the 

natural gas baseline tests are shown in Fig. 10, along with 

reference data from previous FT4000 full annular combustor 

tests and two FT4000 engine tests.  As can be seen in the figure, 

the single nozzle rig NOx emissions follow the same trends as 

the annular combustor and engine data for natural gas operation.  

Baseline NOx emissions at the nominal water-fuel ratio (WFR) 

align with prior experience.  It is also shown that NOx emissions 

are dominated by water-fuel ratio in this wet system.  

 

3.2 Hydrogen/Natural Gas Blends and 100% Hydrogen 

Following the baseline natural gas validation tests, hydrogen 

was introduced into the natural gas in increasing amounts.  

During these tests, considerable attention was paid to live video 

of the flame location from the imaging probes and fuel nozzle 

temperatures from nozzle-mounted thermocouples (Fig. 9). Over 

a period of five test periods, confidence was gained that the fuel 

nozzle could support higher levels of hydrogen without 

experiencing damaging flashback or flameholding.  

NOx emission results as a function of percent hydrogen 

from 0 to 75% are shown in Fig. 11 with FAR held constant as 

the WFR was varied. The NOx values reported are corrected 

using the correction provided in Ref. [44] for hydrocarbon 

blends. This correction accounts for biases in comparing 

traditional hydrocarbon fuels with hydrogen blends due to the 

increased water production and reduced O2 consumption that 

biases the dry and 15% O2 correction.  

 
 
FIGURE 10. Validation of rig on natural gas. P3=394 psia, 
T3=1060°F.  
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FIGURE 11.  NOx emissions results for bill-of-materials fuel 
nozzle with FAR held constant and percent hydrogen 
varying from 0 to 75%. T4 is increasing with %H2. P3=395 
psia, T3=1060°F. 
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In Fig. 11, NOx is shown to increase with percent hydrogen 

for all WFR’s tested. This is primarily due to the higher flame 

temperature of hydrogen compared to natural gas at an 

equivalent fuel-air ratio. By holding fuel-air constant while 

increasing percent hydrogen, the T4 temperature increases by 

approximately 10% from 0 to 75% hydrogen, thus yielding 

higher NOx production. The results also show that increasing 

WFR results in lower NOx for all hydrogen levels.  Near baseline 

NOx level was achieved at 75% hydrogen with approximately 

40% higher water-to-fuel ratio relative to the natural gas 

baseline.  

During these tests, a hot spot was observed on the fuel 

nozzle endcap above 40% hydrogen. This hot spot was visible in 

the thermocouple data as well as with the optical imaging probe.  

Changes were made to the water injection distribution within the 

fuel nozzle to maintain acceptable metal temperatures.  Post test 

inspection of the fuel nozzle between test periods showed no 

damage to the fuel nozzle. Therefore, it was decided to continue 

to a final limit test to determine the operability/durability limit 

with high levels of hydrogen. For the final limit test, the test 

matrix was adjusted by reducing FAR to hold T4 constant while 

 
(a) NOx emissions 

 
(b) CO2 Emissions 

 
(c) Unburned hydrocarbons emissions 

 
FIGURE 12. Emissions results as a function of percent 
hydrogen with WFR and T4 held constant: (a) NOx 
emissions; (b) normalized CO2 emissions; (c) normalized 

unburned hydrocarbons. P3=275 psia and T3=1075°F. 

 

FIGURE 13. Representative instantaneous images of flame 
luminosity for 50% H2/NG, 75% H2/NG and 100% H2 obtained 
from imaging probe viewing into combustor in vicinity of 
the fuel nozzle. Fuel nozzle is visible in reference image top 

left.  
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increasing the percentage of hydrogen. FAR was reduced by 58% 

from 50 to 100% hydrogen.  

The final limit test proceeded from 50% hydrogen and 

advanced up to 100% hydrogen while holding T4 constant 

(corresponding to high power baseload condition) with WFR 

nearly constant between WFR/WFRnominal~1.4-1.8.  Operation of 

the FT4000 fuel nozzle up to 100% hydrogen was achieved with 

optimized water injection.  Emissions results for NOx, carbon 

dioxide (CO2) and unburned hydrocarbons (UHC) are shown in 

Fig. 12. The results show NOx emissions increasing as percent 

hydrogen is increased while holding T4 constant, with nearly 

constant WFR. For all cases, combustion efficiency was near or 

above 99%. Carbon dioxide emissions and unburned 

hydrocarbons are shown to decrease to zero as 100% hydrogen 

is reached.   

Representative visual (unfiltered, instantaneous) images 

from the optical imaging probe for operation with 50%, 75% and 

100% hydrogen are shown in Fig. 13. For 50% hydrogen, the 

bright spots in the image correspond to flame reflection from the 

bulkhead panel. At 75% and 100% hydrogen, there is significant 

light emission noted from the fuel nozzle region, suggesting the 

flame is shifting farther upstream and closer to the nozzle under 

these conditions.  Even though the flame moved further forward, 

thermocouple metal temperatures remained acceptable without 

any signs of damage or flameholding inside the fuel nozzle.  

While operating on 100% hydrogen, additional mapping of 

the effect of WFR was conducted while holding fuel and air 

flows constant. Fig. 14 shows that for 100% hydrogen and 

constant FAR, increasing the WFR reduces NOx in an 

approximately linear fashion.  For this test sequence, there is a 

reduction in T4 of approximately 10% as WFR is increased while 

holding fuel and air flows constant. A WFR increase of 3x is 

needed to reduce the NOx emissions to baseline (natural gas) 

levels. Due to the lower mass flow of hydrogen needed to 

provide comparable power level to the natural gas baseline, the 

absolute water flowrate is only ~30% higher than the baseline 

case.   

For all conditions tested, stable flame anchoring was 

observed, with no indication of lean blow out (LBO) or 

instability with all water levels tested. During testing, unsteady 

pressure in the combustor was also monitored. A limited number 

of tests were conducted with a choked acoustic boundary at the 

exit of the combustor. The remainder of the testing was 

conducted with an unchoked combustor exit. For all conditions 

tested, while operating with hydrogen/natural gas blends and 

pure hydrogen, unsteady pressure amplitudes were in-line with 

or lower than the natural gas baseline.   

A photograph of the fuel nozzle taken post-test is shown in 

Fig. 15. The internal fuel/air mixer is fully intact with no signs 

of distress. The nozzle endcap shows some signs of minor 

distress. This distress is believed to have occurred during a 

transient when water flow was momentarily reduced 

significantly while operating on 100% hydrogen. This is 

supported by optical images and thermocouple data which show 

increase in fuel nozzle endcap temperatures during this 

excursion.  

Future efforts will focus on improving the robustness of the 

fuel nozzle and guide swirler design for high hydrogen and 

reduce the dependency on water injection to keep the nozzle 

cool.  
 

4. CONCLUSION 
High-pressure single-sector combustor testing of an FT4000 

dual-fuel nozzle has demonstrated successful operation on 100% 

hydrogen fuel with water injection providing robust operation 

and nitrogen oxide (NOx) emissions meeting target values. 

The single-sector FT4000 combustor rig performance was 

first validated for purely natural gas operation at simulated 

baseload operating conditions (rig pressure and temperature near 

400 psi and 1050°F) and was then used to test hydrogen blended 

with natural gas at 10, 30, 40, 50, 75, and 100% hydrogen by 

 

 
 

FIGURE 15. Image of fuel nozzle and guide swirler condition 
post-test. Minor distress is noted on the fuel nozzle endcap, 
while no distress is evident on the internal fuel/air mixer. The 
endcap distress is believed to have occurred during a short 
transient when water was reduced significantly while 
operating on 100% hydrogen.  

 

 

FIGURE 14. NOx emissions versus normalized WFR for 
100% hydrogen. FAR has been held constant, thus T4 is 
decreasing slightly as WFR increases. P3=275 psia, 
T3=1075 °F. 
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volume. Hardware temperatures and flame position were 

monitored optically and with thermocouples, showing safe 

operation throughout the testing. 

Results from this study have cleared the current production 

FT4000 engines with dual fuel nozzles to operate at baseload 

power on hydrogen/natural gas blends with water injection.  
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