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Abstract 

Ammonia (NH3) is recognized as a carbon-free hydrogen-carrier fuel with a high content of 

hydrogen atoms per unit volume. Recently, ammonia has received increasing attention as a 

promising alternative fuel for internal combustion engine and gas turbine applications. However, 

the viability of ammonia fueling future combustion devices has several barriers to overcome. To 

overcome the challenge of its low reactivity, it is proposed to blend it with a high-reactivity fuel. 

In this work, we have investigated the combustion characteristics of ammonia/diethylether 

(NH3/DEE) blends using a rapid compression machine (RCM) and a constant volume spherical 

reactor (CVSR). Ignition delay times (IDTs) of NH3/DEE blends were measured using the RCM 

over a temperature range of 620 to 942 K, pressures near 20 and 40 bar, equivalence ratios (F) of 

1 and 0.5, and a range of mole fractions of DEE, χDEE, from 0.05 to 0.2 (DEE/NH3 = 5 – 20 %). 

Laminar burning velocities of NH3/DEE premixed flames were measured using the CVSR at 298 

K, 1 bar, F of 0.9 to 1.3, and χDEE from 0.1 to 0.4. Our results indicate that DEE promotes the 

reactivity of fuel blends resulting in significant shortening of the ignition delay times of ammonia 

under RCM conditions. IDTs expectedly exhibited strong dependence on pressure and equivalence 

ratio for a given blend. Laminar burning velocity was found to increase with increasing fraction of 

DEE. The burnt gas Markstein length increased with equivalence ratio for χDEE  = 0.1 as seen in 

NH3-air flames, while the opposite evolution of Markstein length was observed with F for 0.1 < 

χDEE £ 0.4, as observed in isooctane-air flames. A detailed chemical kinetics model was assembled 

to analyze and understand the combustion characteristics of NH3/DEE blends.  

 

Keywords: Ammonia; Diethyl ether; Ignition delay times; Laminar Flame Speed. 
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1. Introduction 
 

Global energy demand continues to increase as many developing countries are providing access to 

affordable, reliable, and modern energy resources to their people for a better quality of life. As the 

energy portfolio stands today, petroleum-based fuels will remain the major source of energy for 

some decades to come. However, there are growing concerns over the depletion of petroleum 

reserves and increasing global warming. CO2 emission from the burning fossil fuels is one of the 

main culprits of global warming. However, curbing emissions of environmental pollution and 

greenhouse gases remains a daunting challenge. One possible way to mitigate CO2 emissions and 

thus global warming is to increase the utilization of renewable sources with minimal or zero carbon 

emissions.  

Recently, there has been a growing interest in using ammonia (NH3) as an alternative fuel and as 

a viable hydrogen-carrier in the energy sector [1, 2] for various reasons: i) NH3 is a carbon-free 

fuel, releasing nitrogen and water as the main products of combustions; ii) in contrast to 

conventional production of ammonia emitting 1% of the global CO2 emission, “green ammonia” 

can be produced from nitrogen (liquefaction of air) and hydrogen (electrolysis of water) utilizing 

renewable sources of energy such as wind, water, and/or solar; iii) its energy density (18.6 MJ/kg) 

is of the same order as ethanol (26.7 MJ/kg), gasoline (43.1 MJ/kg), natural gas (47.2 MJ/kg), and 

low-ranked coals ~16.7 MJ/kg [2]; iv) as reliable infrastructures are already available, ammonia is 

very cost-effective for storage as compared to hydrogen, e.g., $0.5/kg-H2 for ammonia versus 

$15/kg-H2 for hydrogen over six months, and three times less costly for ammonia to transport via 

sea or land than hydrogen [2]; v) ammonia can be liquified at atmospheric temperature and a 

pressure of ~ 8 bar. Its volumetric energy density (11.5 MJ/L) is more than liquid hydrogen (8.5 

MJ/L) and more than two times higher than pressurized hydrogen (4.7 MJ/L at 70 MPa), and in 
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terms of driving range, 60.6 L of liquid NH3 can provide a driving range of 756 km [2]; and vi) 

the high octane of ammonia ~130 can improve anti-knocking property for spark-ignition engines.  

Despite several benefits of ammonia as a potential fuel, its realization in internal combustion 

engines has several barriers due to its high toxicity, high autoignition temperature of 930 K as 

compared to 859 K for methane, high heat of vaporization (1371 kJ/kg compared to ~271 kJ/kg 

for gasoline), and narrow flammability limits (16-25% by volume in air). To circumvent the 

challenges associated with ammonia, it has been suggested to blend ammonia with other fuels for 

various energy applications, such as in modern internal combustion engines for better performance 

[3-9]. These studies used a dual-fuel approach of blending ammonia with dimethyl ether (CH3-O-

CH3), hydrogen (H2) and methane (CH4) to promote combustion by enhancing ammonia’s low 

flame speed, narrow flammability range, and high resistance to autoignition. One prior work 

characterized the combustion behavior of NH3 blended with C2H5-O-C2H5 (diethyl ether, DEE) 

blend in a compression ignition engine [10].  The authors reported that addition of 15-20% DEE 

to NH3 (by weight) significantly lowered the ignition compression ratio to 16:1 from 35:1 for pure 

NH3.  

In this work, we have studied the blending of ammonia and DEE due to several motivations: i) 

DEE is a reactive fuel (cetane number ≈ 139 [11]) and can be produced from renewable resources 

with the same production methods as used for ethanol; ii) it is known to be a good fuel / additive 

for compression ignition engines, and emits very low soot [12]; iii) it has a higher LHV than 

ethanol; and iv) it is long-known as cold-start aid for engines. Here, our interest lies in investigating 

the blending effects of DEE on the combustion characteristics of ammonia at low temperatures by 

employing a Rapid Compression Machine (RCM) and at high temperatures by using a Constant 

Volume Spherical Reactor (CVSR). This work will increase our understanding of the blending 
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behavior of ammonia with a highly reactive fuel, such as DEE, and enable the use of ammonia in 

dual-fuel combustion applications for a low-carbon mobility future.   

2. Experimental Setup 

2.1 Rapid Compression Machine (RCM).  

The RCM facility at KAUST was used to measure the ignition behavior of NH3 and DEE blends 

of variable composition. The RCM is equipped with two opposed pistons which can attain a 

volumetric compression ratio up to 16.8. The dual-piston design is advantageous over a single-

piston RCM in terms of fast compression and mechanical stability. The pistons are pneumatically 

driven and arrested at the end of compression (EOC) by a hydraulic locking mechanism. The total 

stroke length of both pistons is 238 mm with a bore diameter of 50.8 mm. The pistons are designed 

with creviced head to suppress roll-up vortex and boundary layer mixing with the core gas [13], 

thus enable the use of adiabatic core hypothesis [14]. In a typical experiment, it takes ~ 3 ms for 

the final 50% pressure rise during the piston compression. At EOC, the pressure reaches a local 

maximum which is marked as time zero (see Fig. S1 in the Supplementary Material (SM)). Ignition 

delay time is defined as the time period between the EOC and the instant of maximum pressure 

rise as a result of heat release due to fuel ignition (see Fig. S1). By assuming the adiabatic core 

hypothesis, isentropic relations can be applied to determine the temperature time-history from the 

measured pressure traces. A Kistler 6045A pressure transducer is installed in the combustion 

chamber to record pressure traces.  

Fuel/oxidizer mixtures were prepared in two 20 L stainless steel mixing vessels equipped with 

magnetically driven stirrers, which ensure homogeneity of the mixture in a short time (~ 1 – 2 

hours). One of the vessels was used to prepare non-reactive mixtures (oxygen replaced with 
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nitrogen). Non-reactive pressure traces were used to compute volume time histories to account for 

heat losses during RCM experiments. Before mixture preparation, the vessels were turbo-pumped 

down to 10-5 Torr. Since ammonia is known to adsorb to metallic surfaces, passivation technique 

(which was described elsewhere [15]) was applied before each mixture preparation to prevent NH3 

loss. The mixing vessels and the connecting lines were heated to ~ 100 ºC to further minimize 

ammonia adsorption and DEE condensation. Mixture compositions and experimental conditions 

are listed in Table S1.  

 

2.2 Constant Volume Spherical Reactor (CVSR) 

The CVSR at KAUST has an inner diameter of 330 mm and is equipped with two orthogonal pairs 

of quartz windows of 120 mm diameter. The vessel has a sufficiently large diameter, ensuring that 

it has negligibly small influence on flame propagation. Various blends of NH3/DEE in air were 

prepared directly in the reactor. The required quantity of liquid DEE was directly injected using a 

gas-tight micro-syringe under vacuum. Initial temperature was recorded at two different locations 

inside the vessel to ensure thermal homogeneity of the mixture. For the mixture homogeneity, 

CVSR is equipped with a fan located inside the vessel at the top flange. To prevent any perturbation 

of the flame propagation, the fan was stopped ~10 minutes before ignition. This methodology was 

tested earlier with various fuels showing an excellent agreement with the literature data [16]. 

Various compositions of NH3/DEE blends employed in this work are listed in Table S2.  

Reactive mixtures were ignited using two spark electrodes (1.2 mm diameter) kept in a V-shape 

configuration at the center of the reactor with a gap of 1 mm, and the average spark ignition energy 

was set to 24 mJ. Flame propagation, for a maximum diameter up to 120 mm, was captured by 
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schlieren photography with a high-speed camera (Photron; FastCam Ultima APX 120K) at 4000 

frames per second and 512´512 pixels. Spatial resolution of 315µm/pixel is obtained 

corresponding to 380 pixels in the captured frame. The uncertainty of counted pixels in each flame 

radius is ±1 pixel, resulting in maximum uncertainty of 1.6% and 0.63% at the flame radius of 20 

and 50 mm, respectively.  All experiments were carried out at the initial temperature and pressure 

of 298 K and 1 bar, respectively. Further details of the CVSR experimental setup may be found 

elsewhere [17]. 

From schlieren images, the time-dependent radius of a propagating spherical laminar flame, Rf (t), 

is measured. The laminar flame speeds, Sn, is then defined as Sn = dRf/dt. The spherically 

propagating flame is subjected to flame stretch, and thus Sn represents the stretched laminar flame 

speed, which is dependent on the total, instantaneous flame stretch rate, k. The stretch rate in a 

spherically expanding flame is defined as (1/A) (dA/dt) = (2/Rf)Sn, where A is the flame surface 

area. In this study, non-linear relation between Sn and k, (Sn/Ss)2.ln(Sn/Ss)2 = -2Lbk/Ss, is used to 

calculate Ss, the stretch-corrected laminar burning velocity, and Lb, the Markstein length, [18]. The 

unstretched laminar burning velocity, SL is then obtained by a mass balance across the unstreched 

flame, which results to SL = SS (rb/ru), where (rb/ru) is the density ratio of the burned gas to the 

unburnt mixture.  

 
3. Results and Discussion 
 

3.1 Ignition Delay Times of NH3/DEE Blends 

Autoignition characteristics of various NH3/DEE in air blends were studied in the RCM over a 

temperature range of 620 to 942 K, pressures of 20 and 40 bar and equivalence ratios of 0.5 and 1. 

In NH3/DEE blends, DEE mole fractions (χDEE) were varied between 0.05 to 0.2 to examine the 



8 
 

effect of DEE on the ignition behavior of NH3. Ignition delay times (IDTs) of the fuel blends are 

displayed in Fig. 1. As can be seen, ignition behavior of NH3 is greatly enhanced by the addition 

of DEE as low as 5% under RCM conditions. For the stoichiometric χDEE  = 0.05 blend, the 

reactivity increases by ~ 30 times as compared to pure ammonia IDT at T = 900 K and P = 20 bar. 

Among the NH3/DEE blends, χDEE = 0.2 blend exhibited the highest reactivity. In Fig. 1, IDT 

measurements for this blend were not extended to higher temperatures as the IDTs reached the 

limit of reliably measurable IDTs of ~ 5 ms by RCMs. Addition of NH3 to pure DEE resulted in a 

small prolongation of IDTs, indicating that the presence of ammonia does not deteriorate the 

overall combustion properties of DEE. For example, IDTs of NH3/DEE blend at χDEE = 0.2 are ~ 

four times longer than 100% DEE.  

 

Figure 1. Ignition delay times of various NH3/DEE blends at (a) 20 bar, f = 1 and for  (b) χDEE = 
0.05, P = 20, 40 bar, f = 0.5, 1. Lines are heat-loss simulations of the composite NH3/DEE model. 
Also shown are IDT data of FACE F gasoline [19], and constant volume IDT simulations of neat 
NH3 and neat DEE for comparison.  
 

Figure 1(b) illustrates the variation of IDTs of NH3/DEE blends with pressure and equivalence 

ratios. Overall reactivity of a given fuel blend showed a large dependence on pressure and 

equivalence ratio. As expected, IDTs were found to decrease with increasing pressure and 
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equivalence ratio. IDT measurements at higher pressures and/or higher equivalence ratios (P  ³ 40 

bar and F  > 1.0) were not carried out because such blends would be too reactive to measure in the 

RCM. A discernible NTC behavior was also observed which got suppressed at higher mole 

fractions of NH3, reflecting NH3-like ignition behavior.  

In Fig. 1(a), we have also plotted IDTs of a representative gasoline, FACE F ( RON = 94.4 and 

MON = 88.8 [19]). Interestingly, χDEE = 0.1 blend exhibited similar IDTs as compared to FACE F 

gasoline. However, FACE F gasoline has steeper NTC reactivity which indicates that χDEE = 0.1 

blend likely has higher octane sensitivity (RON – MON) than FACE F. It is well-known that fuels 

with higher octane sensitivity show flatter NTC reactivity [20], and such fuels are more suitable 

for modern downsized boosted engines [21] . A previous CFR engine study [10] reported good 

combustion behavior of a similar NH3/DEE blend (15-20% of DEE by weight, χDEE ~ 0.05) at a 

compression ratio of 16:1. Therefore, from a combustion standpoint, suitable blends of NH3/DEE 

could be applicable to existing and future internal combustion engine designs.  

Aiming to gain insights into the ignition behavior of NH3/DEE blends, we assembled a detailed 

kinetic model on the basis of the recently published mechanism by Shrestha et al. [22]. The 

complete base mechanism from [22] was validated for C1-C2 hydrocarbon/oxygenated fuels as 

well for NH3 [23]. The authors validated their ammonia model against several experimental targets, 

e.g. laminar flame speeds, ignition delay times, speciation from jet-stirred and flow reactors, and 

premixed-flame data [23]. We adopted the DEE sub-mechanism from a recent work of Sakai et al. 

[24] who developed the oxidation kinetics of DEE by combining ab-initio and statistical rate theory 

calculations. The CHEMKIN input files used for the kinetic simulations are provided as 

Supplementary Material. Predictions of the kinetic model are shown in Fig. 1 and compared with 

our RCM data. In general, the model captures experimental data reasonably well under our 
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experimental conditions. Particularly, the kinetic model performs better for χDEE ³ 0.1 blends, and 

the high-temperature data are well captured even for χDEE  = 0.05 blend. However, some deviations 

are observed in the NTC region, particularly for the χDEE  = 0.05 blend, where the model 

overpredicts measured IDTs by about a factor of 2.  

Brute force IDT sensitivity analyses were carried out to identify important reactions that govern 

the oxidation kinetics of the NH3/DEE blends. The results of such analyses are shown in Fig. 2 

and Fig. S2 in SM. The ignition behavior of NH3/DEE blends is governed by NH2, QOOH, and 

O2QOOH radical chemistries. The consumption of OH radicals by ammonia retards the system 

reactivity while H-abstraction from DEE by OH enhances the system reactivity. The fate of 

C4H8OOOH and C4H8OOOHOO controls the NTC behavior of NH3/DEE fuel blends. We note 

that the chemistry of these two DEE radicals was explored by Sakai et al. [24] with CBSQB3 level 

of theory, and their kinetic model was validated against the literature IDTs for neat DEE. Their 

model performed satisfactorily for T = 940 – 1300 K and P = 10 and 20 bar except at high pressures 

(P ~ 40 bar) where the model IDT predictions were three times larger than the experimental data. 

The model also did not accurately capture the low-temperature RCM data. This may hint that the 

temperature and pressure dependence of the isomerization / HO2-forming reactions of C4H9OOO, 

C4H8OOOH and C4H8OOOHOO radicals are not well-established and have possible room for 

improvement. Moreover, NH2 radicals play a central role in ammonia oxidation. Rate coefficients 

of several reactions involving NH2 radicals are not well-known. Shu et al. [5] highlighted the 

importance of NH2 + NO reaction in the  autoigntion of ammonia. The knowledge of the branching 

ratio of this reaction leading either to NNH + OH (expedites the ignition) or N2 + H2O (hinders the 

ignition) is very important. Likewise, Fig. 2 shows that the branching of NH2 + NO2 reaction 

controls the reactivity of NH3/DEE blends. However, the rate coefficients of these reactions and 
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branching ratios are not yet accurately known and further studies are certainly warranted. 

Additionally, some cross-reactions between the carbon and nitrogen family are also missing in the 

current model. In order to fully elucidate the chemistry of DEE/NH3 and other similar blends, 

future works must focus on improving the current understanding of the C/N/H/O chemical system.  

 

Figure 2. Brute force IDT sensitivity analysis of the dual-fuel blend (χDEE = 0.05, χNH3 = 0.95). 
Positive sensitivity indicates increased IDTs or reduced reactivity, and vice versa. T = 780 K, P = 
20 bar, f = 1. 
 

3.2 Laminar Flame Speeds of NH3/DEE Blends 

Laminar flame speeds were measured for various NH3/DEE blends over a range of equivalence 

ratios (0.9 to 1.3) and T = 298 K, P = 1 atm. In the blends, DEE mole fraction was varied from 0.1 

to 0.4. A typical schlieren image is illustrated in Fig. 3 showing the propagation of spherical 

laminar flames.  

 

Figure 3. Schlieren images of NH3/DEE-air premixed flames at χDEE = 0.2 top row, and χDEE = 0.4 
bottom row. 
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Clearly, the images do not show any flame instability, which is true for all the studied cases. As 

expected, the flame was found to propagate faster at F = 1.2 than at F = 0.9, and similar behavior 

was observed with increasing χDEE. For the case of  F = 0.9 and χDEE = 0.1, a hot regime generated 

by the spark was observed between the spark electrodes. Nevertheless, the boundaries of the 

generated kernel disappeared without flame propagation after a few milliseconds. A similar 

phenomenon was observed at F =1.3. In all the examined flames, the center of the flame was close 

to the gap of the spark electrodes up to Rf = 60 mm, indicating that the buoyancy effect on the 

flame shape was negligible.  

Figure 4 a-b displays the behavior of flame speed, Sn, with respect to flame radius (Rf) for χDEE  = 

0.1 to 0.4 and F = 1 and 1.2. As can be seen, Sn initially has very large values and then decreases 

sharply to a minimum value, which can be attributed to an ignition transient from the energy 

deposited by the spark to form a propagating flame kernel. Interestingly, the decrease in Sn after 

the ignition was found to be inversely proportional to χDEE. The decrease in Sn is associated with a 

sudden decrease in the flame stretch rate, k, for χDEE= 0.1, 0.2 flames, whereas a more gradual 

decrease in k is observed for χDEE = 0.3, 0.4 flames (see Fig. 4 c-d). This behavior stems from the 

role of NH3 concentration on the flame stretch rate. After the flame initiation, Sn values were found 

to increase with Rf for all cases until the quasi-steady state is attained. However, k values for χDEE 

= 0.1 and 0.2, were found to increase initially and then gradually decreased as the quasi-steady 

state was approached. The blend with χDEE = 0.1 yielded the lowest rate of heat release and thus 

this blend had the largest possibility of flame quenching under the influence of flame stretch.  
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Figure 4 a-d. Sn and k as a function of Rf for F = 1 and 1.2 and χDEE = 0.1, 0.2, 0.3 and 0.4. 

Figure 5 a-b presents the dependency of Sn on k for various flames. As can be seen, the relationship 

is perfectly linear for higher χDEE and F = 1. However, for lower χDEE, the evolution is non-linear. 

For a given χDEE, similar observations were made with a decrease of F from 1.2 to 0.9 where the 

mixture Lewis number increased from 1.065 to 1.347 (see Fig. 5 b). Lewis number values are listed 

in Table S3. Consequently, neither the linear Sn -k extrapolation nor the non-linear correlation 

shows significant disparity in estimating Ss for high F and χDEE flames. The Rf used for 

extrapolation ranged from 20 mm (to avoid the influence of the ignition energy on Ss) to 50 mm, 

as shown in Fig. 6.  

The burned gas Markstein length, Lb, is a powerful parameter to characterize how a flame responds 

to the flame stretch. The dependence of Lb on F is plotted in Fig. 6. Interestingly, Lb was found to 

increase with  F for only the case of χDEE = 0.1, whereas the opposite trend was observed for higher 

χDEE. Similar observations were made in earlier studies of NH3-air [25] and CH4-air [26] flames 

where Lewis number (Le) was found to increase with F. Hayakawa et al. [25] reported a negative 

value of Lb when Le was less than unity for NH3-air flames at F = 0.8. This is caused by the flame-
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front instability arising from the thermal diffusivity effect as the temperature and the stretched 

burning velocity increase. On the contrary, Lb decreases with increasing F for χDEE > 0.1 and this 

evolution is associated with a decreasing Le with F (see Table S3 in SM). Neat DEE/air [12] and 

iso-octane/air flames [26] were also found to exhibit similar behavior of decreasing Lb with F. 

Also, Lb shows a large increase with increasing χDEE, reflecting the effect of Le for F = 0.9, while 

such an increase is largely diminished for higher F (see Fig. 6). 

 

Figure 5. The variation of Sn with k showing linear and non-linear dependency: (a) F = 1, χDEE = 
0.1 – 0.4, (b) χDEE = 0.4, F = 0.9 and 1.2. 

 
 

Figure 6. Burned gas Markstein length, Lb, versus F. 
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Figure 7. One-dimensional, adiabatic laminar burning velocity (SL) of NH3/DEE blends as a 
function of equivalence ratio. Dashed lines are chemical kinetic simulations with the model 
assembled in this work. Also shown are literature burning velocities for pure NH3-air flames [25, 
27, 28]. 
 

Figure 7 displays unstretched adiabatic laminar burning velocities, SL, obtained from the current 

measurements for various NH3/DEE blends as a function of equivalence ratio (flame speeds are 

listed in Table S2 in SM) as well as flame speed variation for various blends represented in Fig. 8. 

NH3/DEE flames showed similar behavior like that seen in hydrocarbon flames attaining a 

maximum value of SL at F ~ 1.1. Burning velocities were found to increase with increasing χDEE 

for a given F. Comparing with NH3-air flames [25, 27, 28], SL is greatly enhanced by the addition 

of DEE, e.g., by ~ 120% for  χDEE = 0.1 at F = 1.1 (see Fig. 8). 
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Figure 8. Variation of laminar flame speed (SL) for various NH3/DEE blend flames. The symbols 
and the lines represent the experimental data (this work and Hayakawa et al. [25]) and the results 
of the current chemical kinetic model, respectively, at the specified conditions.   
 

The composite NH3/DEE kinetic model performed reasonably well in predicting the experimental 

laminar flame speed data. Some discrepancies were observed for F £ 1.0 and χDEE ³ 0.1. Sensitivity 

analyses were carried out to identify key reactions that control flame speeds of NH3/DEE at various 

conditions (see Fig. S3 a-i in SM). In addition to typical dependency to C0 – C2 reactions, flame 

speeds are sensitive to ammonia related chemistry, such as NH3 + OH, NH2 + NO and NH2 + NH. 

Further refinement of the ammonia chemistry is needed to improve the prediction of flame speeds 

for NH3/DEE blends.     

 

Conclusions 

Ignition delay times and laminar flame speeds of ammonia/diethylether blends were investigated 

over a wide range of experimental conditions. The addition of as little as 10% DEE was found to 

immensely enhance the combustion behavior of ammonia. Interestingly, the 10% DEE / 90% NH3 

blend exhibited very similar autoignition behavior as FACE F gasoline. Therefore, from 

combustion standpoint, blends of NH3/DEE could be utilized directly in current and future internal 

engine applications. A higher percentage of ammonia in the fuel blend is encouraged as it will 

lower the overall carbon content of the fuel and possibly the fuel cost. However, our flame speed 

measurements revealed that high amounts of ammonia can result in flame instability.  

Some of our key findings are summarized below: 

o For a given NH3/DEE blend, measured IDTs showed significant pressure and equivalence ratio 

dependence. 
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o The highest DEE blend (χDEE  = 0.2) exhibited autoignition behavior close to that of pure DEE, 

indicating a large ammonia content in fuel blends can be realized for practical applications.  

o As little as 10% DEE in the NH3/DEE blend produced an enhancement of pure ammonia 

laminar burning velocity by ~ 120% at F = 1. 

o The behavior of flame propagation with respect to the stretch rate changes from a non-linear 

evolution for the lean and low χDEE blends to a linear correlation at high χDEE. Similar to NH3-

air flames, the burned gas Markstein length, Lb, was found to increase with F for χDEE = 0.1. 

However, a monotonic decrease of Lb with F was observed for 0.1< χDEE £ 0.4, which can be 

associated with decreasing value of Lewis number (Le). 

o The composite NH3/DEE detailed chemical kinetic model performed reasonably well in 

predicting our experimental data. Sensitivity analyses showed that IDTs of the blends at RCM 

conditions are mostly sensitive to DEE chemistry, while flame speeds are more sensitive to the 

ammonia chemistry. Further refinement of both DEE and ammonia chemistries are needed to 

improve the model prediction.  
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Table S1. Mixture compositions and experimental conditions for RCM measurements. The purity 
of chemical used were: N2 and O2 (99.999%) from Air Liquide; CO2 (>99.995%) and NH3 
(>99.98%) from Abdullah Hashim Industrial Gases and Equipments Ltd; C2H5-O-C2H5 (>99.5%) 
were obtained from VWR. For the evaluation of the equivalence ratio, the complete oxidation of 
ammonia to produce water and nitrogen as products was utilized. For the overall equivalence ratio 
of the blends, the molar fractions of binary mixtures were used. 
Table S2. Unstreched laminar burning velocity (SL) from the current measurements for various 
χDEE and F. 
Table S3. The Lewis number (Le) of deficient components.  As can be seen, Le showed significant 
increase with the increase of χDEE  at F = 0.9. Additionally, Le number also increased with 
increasing F from 0.9 to 1.1 at χDEE = 0.1, whereas it decreases for other χDEE.  Note that at F = 
0.8, and 0.1 £ χDEE £ 0.4, the flame kernel extinguishes immediately after the ignition without 
flame propagation. 
Table S4. Measured ignition delay times (IDTs) at the specified conditions 
Figure S1. A typical RCM pressure profile for Tc = 927 K, Pc = 19.54 bar, ϕ=1. Fuel composition 
(by mole): χDEE  = 0.05, χNH3  = 0.95 (diluent: 50 % Argon, 50% Nitrogen).  
Figure S2. Brute force sensitivity analysis for the IDTs of the different blends at different 
conditions. 
Figure S3a-3i. Laminar Flame Speed sensitivity plots for various conditions as specified. 
 

 

 

 

 

 

 


