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� Low-frequency temperature fluctuations decrease exergy loss in H2 auto-ignition.

� Pressure fluctuations have negligible effects compared to those of temperature.

� Temperature fluctuations promote O2 consumption and reduce HO2 and H2O2 fractions.

� HO2 and H2O2 consumption reactions and third-body reactions are inhibited.

� Fuel energy conversion may benefit from the addition of temperature fluctuations.
a r t i c l e i n f o

Article history:

Received 5 March 2023

Received in revised form

5 June 2023

Accepted 7 June 2023

Available online 29 June 2023

Keywords:

Fluctuation

Exergy loss

Hydrogen

Auto-ignition

Chemical kinetics analysis
* Corresponding author.
** Corresponding author. Key Laboratory for
Shanghai, 200240, China.

E-mail addresses: zhangjiabo@sjtu.edu.cn
https://doi.org/10.1016/j.ijhydene.2023.06.084
0360-3199/© 2023 Hydrogen Energy Publicati
a b s t r a c t

Intake temperature and pressure fluctuations prior to main ignition are one of the reasons

affecting the efficiency of internal combustion engines. In this study, the effects of tem-

perature and pressure fluctuations with varied amplitudes and frequencies on the exergy

loss of hydrogen auto-ignition processes were numerically investigated in an adiabatic

constant-volume system at engine-relevant conditions. The results revealed that the in-

crease in temperature fluctuation amplitudes primarily decreases the exergy loss due to

chemical reactions, and the exergy loss due to incomplete combustion remains un-

changed. Specifically, the total exergy loss is reduced by approximately 1.5% with a tem-

perature fluctuation amplitude of 100 K at a frequency of 2 ms�1. Furthermore, with the

same temperature fluctuation amplitude, increasing the frequency of temperature fluc-

tuation from 2 ms�1 to 7 ms�1 leads to a 0.7% increase in the total exergy loss. On the other

hand, the effects of pressure fluctuation on the exergy loss of hydrogen auto-ignition

processes are negligible compared with those of temperature fluctuation. Through chem-

ical kinetic analysis, it is found that temperature fluctuation promotes the consumption

pathway of O2 to generate OH, rather than the collision with H to produce HO2. Conse-

quently, the reduced mole fraction of HO2 inhibits the related HO2-consumption reactions,

including HO2þH]OH þ OH and HO2þHO2]H2O2þO2. Moreover, with temperature fluc-

tuation, due to the lower fraction of third-body collision molecules, H2O, the reactivity of

the third-body reaction, H þ O2þM¼HO2þM, is decreased. The reduced reaction rates of
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these reactions lead to decreased total exergy loss, indicating that the fuel energy con-

version process may benefit from temperature fluctuation.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

As the main power machinery in the field of transportation,

the research on high-efficiency internal combustion (IC) en-

gines has attracted extensive attention [1e3]. One effective

approach to improving the efficiency of IC engines is by opti-

mizing their intake parameters, such as preheating and intake

boost [4e6]. For instance, Bendu et al. [7] analyzed the effects

of intake temperature on the combustion efficiency of an

ethanol-fueled homogeneous charge compression ignition

(HCCI) engine. The results indicated that increasing the intake

temperature led to an improvement in combustion efficiency,

primarily due to the accelerated oxidation reaction of the fuel

caused by the higher in-cylinder temperature. Similarly, Jiang

et al. [8] investigated the effects of intake pressure on gasoline

compression ignition (GCI) combustion. It was discovered that

increasing the intake pressure resulted in improved indicated

thermal efficiency (ITE) due to the advanced combustion

phase and shortened combustion duration, which benefited

from the more complete combustion and faster flame propa-

gation speed, especially under low-load conditions.

However, the intake process of engines is transient with

various types of scalar fluctuations, including temperature

[9e12], pressure [13e17], mixture composition [18e21], and

scalar dissipation rate [22]. Temperature and pressure are the

primary factors of interest among the various thermodynamic

variables since reactions are highly sensitive to these pa-

rameters, necessitating further investigation. To identify the

temperature fluctuation amplitude, Bürkle et al. [23]measured

the in-cylinder gas temperature using tunable diode laser

absorption spectroscopy (TDLAS). Themaximum temperature

fluctuation amplitude was found to be 60 K prior to the top

dead center (TDC). For an acetone/n-heptane-fueled HCCI

engine, pressure fluctuations were also observed by Aydo�gan

[24]. The magnitude of pressure fluctuations was found to be

higher at lower equivalence ratio conditions, with amaximum

amplitude of 1.0 atm near the TDC. Some studies [9e17] have

indicated that these temperature and pressure fluctuations

may have some impacts on the ignition characteristics. For

instance, Bansal et al. [9] explored the impact of unsteady

temperature fluctuation on ignition delay times for a homo-

geneous hydrogen-air mixture through a zero-dimensional

simulation, across a range of frequencies. The ignition delay

was found to exhibit a harmonic response to the temperature

fluctuation in both the high- and low-temperature ignition

regimes. As an extension of this fundamental study, Song

et al. [10] employed the computational singular perturbation

(CSP) tools to investigate the effects of imposed temperature

fluctuation on the response of an igniting mixture in a ho-

mogeneous hydrogen-air system. It was discovered that the

ignition delay time consistently decreased when the system

was subjected to temperature fluctuations, regardless of the
amplitude and frequency of the imposed fluctuation. These

studies demonstrated that temperature fluctuation had a

significant impact on ignition characteristics, leading to al-

terations in ignition delay times. Further, using multi-

dimensional simulations, Im et al. [11] and Pal et al. [12]

observed that the presence of temperature fluctuations

caused the ignition mode to transit from spontaneous auto-

ignition to deflagration.

Changes in the above ignition characteristics potentially

affect the corresponding combustion efficiency [25e31]. A few

studies have attempted to examine how temperature and

pressure fluctuations affect combustion efficiency based on

the first law of thermodynamics. For instance, Dong et al. [32]

investigated the effects of intake temperature fluctuation on

the combustion efficiency of an ethanol/diesel dual-fuel en-

gine. The results showed that temperature fluctuation

enhanced the cycle-to-cycle variation, thus improving the

combustion efficiency under low load conditions. Eng [33]

studied the effects of combustion-generated pressure fluctu-

ation on the performance of a single-cylinder engine oper-

ating in HCCI combustion mode. It was discovered that the

pressure fluctuation caused by the rapid combustion rates in

the HCCI combustion mode resulted in increased engine

noise, thereby leading to lower combustion efficiency.

Note that the above analyses were based solely on the first

law of thermodynamics, which focused on the thermal effi-

ciency of fuel energy converted to output work, leaving the

evaluation of the fuel availability unaddressed [34]. In IC en-

gines, the irreversible combustion process results in an

approximate one-third loss of the initial fuel availability,

which restricts the engine efficiency improvement [35].

Therefore, analysis based on the second law of thermody-

namics which examines the maximum useful work of IC en-

gines should be highlighted for their efficiency optimization

[36e38]. As above-mentioned, intake temperature and pres-

sure have a significant impact on the energy conversion pro-

cesses. To assess their impacts broadly, numerous efforts

were made to evaluate the magnitude of combustion-induced

exergy loss under different temperature and pressure condi-

tions. For instance, Feng et al. [39] analyzed the effects of

intake conditions on the exergy loss of a low-temperature

combustion (LTC) engine with a toluene reference fuel. They

discovered that a higher intake temperature led to a higher

temperature rising rate and a lower exergy loss. Conversely,

an increase in intake pressure did not significantly affect

exergy loss. To give further insights into the change of exergy

loss, chemical kinetic analyses are generally coupled to

identify the primary sources of irreversibility during com-

bustion processes, such as chemical reaction, heat conduc-

tion, mass diffusion, and viscous dissipation [40e44]. By this

means, Zhang et al. [45] investigated the effects of tempera-

ture and fraction stratification on the exergy loss of dimethyl

ethyl and ethanol auto-ignition processes. The results showed

https://doi.org/10.1016/j.ijhydene.2023.06.084
https://doi.org/10.1016/j.ijhydene.2023.06.084


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 3 8 4 8 4e3 8 4 9 538486
that the stratification of temperature and fuel composition

caused by the intake fluctuation could result in a deflagration

combustion mode, which smoothed the combustion process

and reduced the total exergy loss, primarily due to the

decrease of exergy loss by chemical reactions. Similarly, Li

et al. [46] compared the exergy loss for engines operating in

HCCI, reactivity-controlled compression ignition (RCCI), and

conventional diesel combustion (CDC) modes. It was found

that the exergy loss in CDC mode was the highest due to the

enhanced heat conduction and mass transfer, caused by the

excessive gradients of in-cylinder temperature and fuel frac-

tion. In the above analysis, only the effects of temperature and

pressure and their non-uniform distribution before TDC on

the exergy loss were considered, lacking consideration of the

intake temperature and pressure fluctuations. While these

studies provided the effect of temperature and pressure fluc-

tuations on combustion efficiency based solely on the first law

of thermodynamics, the effect of temperature and pressure

fluctuations on exergy loss remains unclear. More funda-

mental investigations are needed to understand how tem-

perature and pressure fluctuations affect exergy loss based on

the second law of thermodynamics, as another important

efficiency evaluation matric.

Therefore, the objectives of this study are two-fold: (1) to

investigate the effects of temperature and pressure fluctua-

tions with different amplitudes and frequencies on the exergy

loss of hydrogen auto-ignition processes, and (2) to provide

reasons for the change in the exergy loss through chemical

kinetic analysis. Given the push towards carbon neutrality,

hydrogen is regarded as a leading candidate for an ultimate

energy source. As the simplest carbon-free fuel, it boasts high

energy density and calorific value while producing the clean-

est combustion product compared to other fuels [47e49].

Therefore, hydrogenwas selected as an example in this study.

Employing the second law of thermodynamics, the effects of

different levels of temperature and pressure fluctuations on

the exergy loss characteristics of hydrogen auto-ignition

processes were investigated using a zero-dimensional
Fig. 1 e (a) Auto-ignition process of hydrogen/air mixtures with

with the results of Bansal et al. [9] under a constant temperatur

pressure of 10 atm, initial temperature of 1000 K and equivalen
adiabatic constant-volume model. The sum of the exergy loss

due to chemical reactions and incomplete combustion was

considered the total exergy loss. The results showed that

temperature fluctuation reduced the total exergy loss, which

was primarily due to the decreased exergy loss by chemical

reactions. On the contrary, pressure fluctuation had a negli-

gible effect on the exergy loss. Furthermore, chemical kinetic

analysis, including reaction pathway analysis, rate of pro-

duction analysis, and reaction rate analysis, was used to

provide the underlying reasons for the above phenomena.
Methodology

The hydrogen mechanism used in this paper includes 9 spe-

cies and 20 individual reactions [50], which is well-validated to

predict the ignition-related characteristics as demonstrated in

Refs. [51,52]. A zero-dimensional homogeneous closed

constant-volume adiabatic combustion model is constructed

using Cantera [53]. The computational configuration is the

same as those used in our previous works [41,54]. The initial

temperature and pressure of the model are set to 1000 K and

40 atm, respectively, to simulate the high temperature and

pressure of the engine combustion chamber at TDC. The

equivalence ratio of themixture is set to 1.0. As shown in Fig. 1

(a), the temperature and pressure fluctuation functions are

constructed using a sine function:

y¼y0 þA sinð2pftÞ (1)

where y represents temperature or pressure, A and f are the

amplitude and frequency of fluctuation, respectively. The

subscript 0 refers to the initial value (1000 K for temperature

and 40 atm for pressure).

From a thermodynamic perspective, the state of a system

is determined by temperature, pressure, and concentration (T,

P, and Xi). Enthalpy and entropy are properties that are

dependent on these variables. In this study, DT and DP are

introduced in Eq. (1), which, in combination with chemical
temperature fluctuation; (b) Ignition delay time compared

e amplitude of 20 K for hydrogen/air mixtures at an initial

ce ratio of 0.1.
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reaction kinetics, affect the combustion process and lead to

changes in the thermodynamic state (T0, P0, and Xi
0). In this

study, the reference state is defined at a temperature of 25 �C
(298 K) and a pressure of 1.0 atm. The standard enthalpy and

entropy of different species can be obtained from the NASA

database and serve as a reference for the following calcula-

tions [55]. Based on the reference state, the enthalpy and en-

tropy at different temperatures and pressures for a specific

mixture are calculated by Eqs. (2) and (3).

H'¼U'þ P'V' (2)

where H0 is enthalpy, U0 is internal energy, P0 is pressure, and

V0 is volume.

dS'¼Cv
0

T0 dT' (3)

where Cv
0 represents the heat capacity at constant volume,

which is a state variable depending on T, P, and Xi.

The effects of amplitude and frequency of temperature and

pressure fluctuation on the exergy loss are investigated by

varyingA (ranging from 0 K to 100 K for temperature and 0 atm

to 1.0 atm for pressure) and f (ranging from 1 ms�1 to 7 ms�1).

Note that, the selection of the temperature and pressure

fluctuation amplitudes and frequencies is based on data from

engine experiments [23,24]. During the engine operation, the

intake disturbance mainly exists during the intake valve

opening period. Therefore, to mimic the intake processes of

engines, fluctuations are introduced only within the first 90%

of the ignition delay period. Note that, this also helps to avoid

the forced change in temperature and pressure in the com-

bustion process caused by the introduced disturbance, and

the ignition delay time (IDT) is defined as the time when the

heat release rate reaches its peak, as shown in Fig. 1 (a) (taking

the temperature fluctuation as an example). To validate the

accuracy of our model, a comparison is made between the

computed ignition delay time in this study with that obtained

from Bansal et al. [9] in the presence of temperature fluctua-

tions with varied frequencies (see Fig. 1 (b)). The initial tem-

perature is 1000 K, the initial pressure is 10 atm, the

equivalence ratio is 0.1, and the amplitude of temperature

fluctuations is 20 K. Good agreement between the literature

data and the results provides the accuracy of the model.

It has been indicated that the inherent thermodynamic

irreversibility involved in the conventional combustion pro-

cess significantly limits the conversion of fuel energy into

work [35].

From the view of the first law of thermodynamics, the

energy conservation equation is as

cv
dT
dt

þ v
Xi

i¼1

uiuiWi ¼ 0 (4)

where cv is the constant-volume specific heat capacity, ui is

the specific internal energy of the ith species, v is the specific

volume, ui is the mole production rate of the ith species and

Wi is the molecular weight of the ith species.

The entropy conservation equation from the second law of

thermodynamics is as follows:

DS¼ðDSÞQ þðDSÞW þðDSÞM þ Sgen (5)
where DS, ðDSÞQ , ðDSÞW, ðDSÞM and Sgen stand for the entropy

change, thermal entropy flow, work entropy flow, mass en-

tropy flow, and entropy generation, respectively.

As the system in this study is zero-dimensional homoge-

neous closed constant-volume adiabatic, ðDSÞQ , ðDSÞW, and

ðDSÞM in Eq. (5) can all be ignored, simplifying the formula to

only consider chemical entropy generation. Consequently, Eq.

(5) could be simplified to Eq. (6) as:

DS¼ Sgen (6)

According to the Gouy-Stodla equation [56], the irrevers-

ibility in the combustion process is calculated as

I¼T0Sgen ¼ T0DS (7)

where I is the irreversibility of combustion and DS stands for

entropy change.

The entropy generation equation [57,58] can be simplified

as

r
ds
dt

¼ �
X
i

miui;j

T
(8)

where r is the mole density, mi is the chemical potential of the

ith species, and ui;j is the mole production rate of the ith

species due to the jth reaction.

The irreversibility rate of the j th reaction can be obtained

by Eq. (9).

Exlossratej ¼ � T0

T

X
i

miui;j (9)

where T is the temperature of the reaction.

The chemical potential in Eq. (9) can be calculated as

mi ¼hi �Tsi þ RT ln

�
xip
p0

�
(10)

where hi and xi are the specific enthalpy and mole fraction of

the ith species, respectively.

The exergy loss caused by the jth reaction within the time

step of Dt can be expressed by Eq. (11). Specifically, the

advanced time step used in this study is small enough;

therefore, the changes in thermodynamic quantities (T, P, Xi)

within this time step are negligible. This assumption allows us

to compute the corresponding quantities, such as mi and ui;j, as

shown in Eq. (9) [59].

AExloss ¼ExlossratejDt (11)

The percentage of exergy loss due to chemical reactions

can be calculated as

Exloss ¼
P
n
AExloss

Echfuel;0
� 100% (12)

where Echfuel;0 is the initial chemical exergy of the fuel, and n is

the total number of calculations.

The chemical exergy of the fuel ðCaHbOcÞ is defined as the

initial exergy as Eq. (13).

Echfuel;0 ¼
�
GF þ

�
aþ b

4
� c
2

�
GO2

� aGCO2
�b
2
GH2O

�
ðT0; P0Þ (13)
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where GðT0; P0Þ is the Gibbs free energy of different species at

T0 and P0, respectively.

The percentage of exergy loss due to incomplete combus-

tion is

Eincomploss ¼
Echend

Echfuel;0
� 100% (14)

where Echend is the exergy of the mixture at the end of the

reaction.

The total exergy loss is the sum of the exergy loss due to

chemical reactions and incomplete combustion. The per-

centage of total exergy loss is calculated as

Total loss¼Exloss þ Eincomploss (15)
Fig. 2 e The change of exergy loss caused by: (a) temperature fl

constant frequency of 2 ms¡1, (b) temperature fluctuation frequ

amplitude of 100 K, (c) pressure fluctuation amplitude ranging

and (d) pressure fluctuation frequency varied from 1 ms¡1 to 7 m

mixtures at an initial pressure of 40 atm, initial temperature of
Results and discussions

Figs. 2 (a and b) and (c and d) describe the exergy loss of

hydrogen auto-ignition processes due to chemical reactions

and incomplete combustion as well as the total exergy loss

with different levels of temperature and pressure fluctuations,

respectively. Note that the fluctuation frequencies of tem-

perature and pressure fluctuations both range from 1 ms�1 to

7ms�1, and the fluctuation amplitudes range from 0 K to 100 K

for temperature and 0 atm to 1.0 atm for pressure. As shown in

Fig. 2 (a), when the temperature fluctuation amplitude in-

creases from 0 K to 100 K with a constant fluctuation fre-

quency of 2 ms�1, the exergy loss due to chemical reactions

monotonically decreases from 9.4% to 7.9%, while the exergy
uctuation amplitude ranging from 0 K to 100 K with a

ency ranging from 1 ms¡1 to 7 ms¡1 with a constant

from 0 atm to 1.0 atm with a constant frequency of 2 ms¡1

s¡1 with a constant amplitude of 1.0 atm for hydrogen/air

1000 K and equivalence ratio of 1.0.

https://doi.org/10.1016/j.ijhydene.2023.06.084
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Fig. 3 e Exergy loss rate histories of hydrogen auto-ignition processes with (a) different temperature fluctuation amplitude

and (b) different temperature fluctuation frequency at an initial pressure of 40 atm, an initial temperature of 1000 K and an

equivalence ratio of 1.0.

Fig. 4 e Reaction pathway for the hydrogen auto-ignition

processes in Cases 1e3 (Case 1: amplitude ¼ 0 K,

frequency ¼ 0 ms¡1; Case 2: amplitude ¼ 100 K,

frequency ¼ 2 ms¡1; Case 3: amplitude ¼ 100 K,

frequency ¼ 7 ms¡1) at an initial pressure of 40 atm, an

initial temperature of 1000 K and an equivalence ratio of

1.0 (Black number: Case 1; Red number: Case 2; Blue

number: Case 3). (For interpretation of the references to

color in this figure legend, the reader is referred to the Web

version of this article.)
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loss due to incomplete combustion remains nearly un-

changed. As shown in Fig. 2 (b), the exergy loss due to chem-

ical reactions increases from 7.9% to 8.6% as the temperature

fluctuation frequency increases from 1 ms�1 to 7 ms�1 with a

constant temperature fluctuation amplitude of 100 K, while

the change of exergy loss due to incomplete combustion is

negligible. On the contrary, as shown in Figs. 2 (c) and (d),

pressure fluctuation has less obvious effects on the exergy

loss compared to those of temperature fluctuation. With var-

ied amplitude and frequency of pressure fluctuation, the

exergy loss induced by chemical reactions and incomplete

combustion only experiences a slight change of 0.2%. Due to

the negligible influence of pressure fluctuation on the exergy

loss, the effects of temperature fluctuation on exergy loss

characteristics of hydrogen auto-ignition processes are

focused in the following.

According to Eq. (11), the exergy loss due to chemical re-

actions is simultaneously determined by the exergy loss rate

and chemical reaction duration. To analyze the results from

Fig. 2, the exergy loss rate histories of hydrogen auto-ignition

processes with different temperature fluctuation amplitudes

(ranging from 0 K to 100 K in Fig. 3 (a)) and temperature fluc-

tuation frequencies (ranging from 1ms�1 to 7ms�1 in Fig. 3 (b))

are illustrated in Fig. 3. It is readily observed that the ignition

delay time is promoted with the increase in temperature

fluctuation amplitude, and it is retarded with the increase in

temperature fluctuation frequency. Compared with tempera-

ture fluctuation amplitude, the temperature fluctuation fre-

quency has less impact on the ignition delay time.

Furthermore, temperature fluctuation amplitude and fre-

quency have little effect on the duration of the chemical re-

action. As a result, the change in exergy loss due to chemical

reactions observed in Fig. 2 is primarily caused by the peak

value of exergy loss rates. Specifically, the peak value of the

exergy loss rate is observed to decrease with an increased

temperature fluctuation amplitude and increase with an

increased temperature fluctuation frequency, which corre-

sponds to the observation in Fig. 2. Therefore, a detailed

analysis of the impact of temperature fluctuations with vary-

ing amplitudes and frequencies on exergy loss is necessary.
The varied exergy loss rates due to chemical reactions

depicted in Fig. 3 are believed to be the consequent results of

the changed reaction pathway. To provide a more detailed

analysis of the chemical pathways responsible for the exergy

loss of homogeneousmixtures in the presence of temperature

fluctuations, Fig. 4 as such compares the reaction pathway of

hydrogen/air mixture combustion under different conditions.

The percentage near the arrow represents the proportion of

reactant passing through the pathway. Three representative

Cases 1e3 (Case 1: amplitude ¼ 0 K, frequency ¼ 0 ms�1; Case

2: amplitude ¼ 100 K, frequency ¼ 2 ms�1; Case 3:

amplitude ¼ 100 K, frequency ¼ 7 ms�1) are selected.

https://doi.org/10.1016/j.ijhydene.2023.06.084
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Table 1e The contributions of all individual reactions to the total exergy loss of hydrogen auto-ignition processes for Cases
1e3 (the contribution less than 0.1% is represented by “－”).

Reactions Case 1 Case 2 Case 3

Amplitude (A) and frequency (f ) of temperature fluctuation A ¼ 0 K f ¼ 0 ms�1 A ¼ 100 K f ¼ 2 ms�1 A ¼ 100 K f ¼ 7 ms�1

Reaction No. Exergy loss due to individual reaction

R1 H þ O2]O þ OH 0.95% 0.89% 0.92%

R2 O þ H2]H þ OH 0.40% 0.38% 0.39%

R3 H2þOH]H2O þ H 1.87% 1.54% 1.68%

R4 OH þ OH]O þ H2O e e e

R5 H2þM¼H þ H þ M e e e

R6 O þ O þ M¼O2þM e e e

R7 O þ H þ M¼OH þ M 0.22% 0.23% 0.22%

R8 H2O þ M ¼ H þ OH þ M 0.27% 0.27% 0.27%

R9 H2O þ H2O]H þ OH þ H2O 0.56% 0.53% 0.54%

R10 H þ O2þM¼HO2þM 1.70% 1.33% 1.49%

R11 HO2þH]H2þO2 0.28% 0.26% 0.27%

R12 HO2þH]OH þ OH 1.57% 1.41% 1.49%

R13 HO2þO]O2þOH 0.15% 0.14% 0.15%

R14 HO2þOH]H2O þ O2 0.18% 0.16% 0.17%

R15 HO2þHO2]H2O2þO2 0.30% 0.18% 0.23%

R16 H2O2þM ¼ OH þ OH þ M 0.53% 0.26% 0.37%

R17 H2O2þH]H2O þ OH 0.15% 0.11% 0.13%

R18 H2O2þH]HO2þH2 e e e

R19 H2O2þO]OH þ HO2 e e e

R20 H2O2þOH]HO2þH2O e e e

Exergy loss due to all reactions 9.40% 7.90% 8.56%

Fig. 5 e Reaction rate histories of R3 in Cases 1e3 (Case 1:

amplitude ¼ 0 K, frequency ¼ 0 ms¡1; Case 2:

amplitude ¼ 100 K, frequency ¼ 2 ms¡1; Case 3:

amplitude ¼ 100 K, frequency ¼ 7 ms¡1) of hydrogen auto-

ignition processes at an initial pressure of 40 atm, an initial

temperature of 1000 K and an equivalence ratio of 1.0.
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According to the reaction pathway as shown in Fig. 4, it is

found that temperature fluctuation primarily influences the

hydrogen-consumption and oxygen-consumption reaction

pathway. Specifically, temperature fluctuation leads more H2

to react with OH radicals producing H2O (R3 seen in Table 1). It

also enhances the proportion of H þ O2]O þ OH (R1) for the

consumption of oxygen, producing more OH radicals instead

of HO2 fromR10. Note that the increasedOH radicals produced

by the chain branching reaction R1 may enhance the reac-

tivity of the reaction system. The hydroperoxyl radical, HO2,

formed by R10 is then consumed by the two HO2-consuming

reactions, namely HO2þH]OH þ OH (R12) and HO2þHO2]

H2O2þO2 (R15), to produce OH and H2O2. It is observed that

both R12 and R15 are suppressed due to the temperature

fluctuation. Moreover, with temperature fluctuation, more

H2O2 is consumed to produce OH (R16), further increasing the

mole fraction of OH radicals. Additionally, as the fluctuation

frequency increases (from Case 2 to Case 3), the effects of

temperature fluctuation become less significant.

The contributions of all individual reactions in Cases 1e3 to

the total exergy loss are further listed in Table 1. It is readily

observed that the temperature fluctuation primarily in-

fluences the exergy loss due to R3, R10, R12, R15, and R16 as

highlighted. Note that the branching ratios of these reactions

also experience significant changes in the reaction pathway as

shown in Fig. 4. Specifically, R3 is the main hydrogen-

consumption reaction, R10 is the primary oxygen-

consumption reaction, R12 and R15 are HO2-consumption

reactions, and R16 is an H2O2-consumption reaction. Tem-

perature fluctuation affects the reaction pathway of the above

reactions and further affects their contributions to the total

exergy loss. The exergy loss of these reactions decreases as

the temperature fluctuation amplitude increases from 0 K to
100 K. On the contrary, as the temperature fluctuation fre-

quency increased from 2 ms�1 to 7 ms�1, the exergy loss of

these reactions increases. As the main contributors to the

total exergy loss, the exergy loss of these reactions is further

analyzed as follows.

A detailed analysis of the chemical reaction kinetics for the

aforementioned reactions was conducted. According to the

reaction pathway as shown in Fig. 4, H2 is consumed primarily

by OH, followed by O (R2). As the main contributor to the

consumption of hydrogen, the reaction rates of R3 in Cases

1e3 are compared in Fig. 5. It is found that the reaction rate of

https://doi.org/10.1016/j.ijhydene.2023.06.084
https://doi.org/10.1016/j.ijhydene.2023.06.084


Fig. 6 e Reaction rate histories of R10 in Cases 1e3 (Case 1:

amplitude ¼ 0 K, frequency ¼ 0 ms¡1; Case 2:

amplitude ¼ 100 K, frequency ¼ 2 ms¡1; Case 3:

amplitude ¼ 100 K, frequency ¼ 7 ms¡1) of hydrogen auto-

ignition processes at an initial pressure of 40 atm, an initial

temperature of 1000 K and an equivalence ratio of 1.0.

Fig. 7 e The mole fraction of H2O (red) and reaction rate

(black) histories of hydrogen auto-ignition processes in

Cases 1e3 (Case 1: amplitude ¼ 0 K, frequency ¼ 0 ms¡1;

Case 2: amplitude ¼ 100 K, frequency ¼ 2 ms¡1; Case 3:

amplitude ¼ 100 K, frequency ¼ 7 ms¡1) at an initial

pressure of 40 atm, an initial temperature of 1000 K and an

equivalence ratio of 1.0. (For interpretation of the

references to color in this figure legend, the reader is

referred to the Web version of this article.)
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R3 experiences a slight change with temperature fluctuation.

However, as shown in Fig. 5, the reaction duration of R3 in

Cases 1e3 (the time interval between the reaction rate

reaching its 1% maximum value) is found to be decreased.

According to Eq. (11), the shorter duration of R3 caused by

temperature fluctuation is the primary reason for the exergy

loss decrease. Moreover, the time interval of R3 increases for

Case 3 on the basis of Case 2, and the effects of temperature

fluctuation as such become less significant as the frequency of

fluctuations increases.

The H atom produced in R3 further reacts with O2 to form

HO2 (R10). Fig. 6 shows the reaction rate histories of H þ O2

þM¼HO2þM (R10) in Cases 1e3. It is revealed that the reaction

rate of R10 decreases with temperature fluctuation. This is

consistent with the observation in Fig. 4 that the branching

ratio of R10 is decreased with temperature fluctuation. As a

third-body reaction, three third-body substances, namely H2,

H2O, and O2, could collide with the reactants to produce HO2,

with collision efficiencies of 2.0, 14.0, and 0.78, respectively.

Note that the mole fraction of H2O has the greatest influence

on the reaction rate of R10 since it has the highest collision

efficiency. Fig. 7 as such plots the evolutions of the H2O mole

fraction for Cases 1e3. At the instant of the maximum reac-

tion rates in these three cases, the mole fractions of H2O are

0.120, 0.113, and 0.116, respectively. As a result, the reduction

in the fraction of H2O causes a decrease in the reaction rate of

R10, leading to a decrease in its exergy loss according to Eq.

(11), and this influence is reduced by increasing the frequency

of temperature fluctuation.

According to the reaction pathway depicted in Fig. 4, HO2

produced by R10 continues to generate H2O2 and O2 (R15) or

reacts with H to produce OH (R12). The reaction rate histories

of HO2þH]OH þ OH (R12) and HO2þHO2]H2O2þO2 (R15) in

Cases 1e3 are shown in Fig. 8, and the corresponding mole

fractions of HO2 are illustrated in Fig. 9. It is observed from

Fig. 8 that the reaction rates of R12 and R15 decrease with

temperature fluctuation. Furthermore, as shown in Fig. 9,

temperature fluctuation also causes a decrease in the mole
fraction of HO2. This is consistent with the observation in

reaction pathway analysis (as shown in Fig. 4) that R10 is

suppressed due to temperature fluctuation, resulting in less

O2 consumed to generate HO2. The exergy loss of R12 and R15

is reduced as a result of the decrease in reaction rates caused

by the HO2 fraction reduction. Consequently, the contribu-

tions of R12 and R15 to the exergy loss by chemical reactions

are reduced, and this effect decreases as the frequency of

temperature fluctuation increases.

H2O2 produced by R15 is then consumed to generate OH

(R16). The reaction rate histories of H2O2þM ¼ OH þ OH þ M

(R16) and the corresponding mole fractions of H2O2 in Cases

1e3 are shown in Figs. 10 and 11, respectively. It is observed

from Fig. 10 that the reaction rate of R16 decreases with

temperature fluctuation. Furthermore, as illustrated in Fig. 11,

temperature fluctuation causes a decrease in the mole frac-

tion of H2O2. As the only H2O2 generation reaction, the

decrease in the reaction rate of R15 leads to a decrease in the

mole fraction of H2O2, which may decline the reaction rate of

R16. On the other hand, as a third-body reaction, five third-

body substances, namely H2, H2O, N2, H2O2, and O2, could

collide with the reactants to produce OH, with collision effi-

ciencies of 3.7, 7.5, 1.5, 7.7, and 1.2, respectively. Note that the

mole fractions of H2O and H2O2 have the greatest impact on

the reaction rate of R16 due to the higher collision efficiency.

The reduction in the fractions of H2O (as shown in Fig. 7) and

H2O2 (as shown in Fig. 11) is as such reasoning for the decrease

in the reaction rate of R16. As a result, due to the decrease in

reaction rate caused by either the H2O2 fraction reduction or

the lower fractions of third-body collision molecules, the

contribution of R16 to the exergy loss by chemical reactions is

reduced, and this effect decreases as the frequency of tem-

perature fluctuation increases.

Through the above analysis, it is summarized that tem-

perature fluctuation primarily affects the hydrogen-

consumption and oxygen-consumption reaction pathway,

https://doi.org/10.1016/j.ijhydene.2023.06.084
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Fig. 8 e Reaction rate histories of R12 and R15 in Cases 1e3 (Case 1: amplitude ¼ 0 K, frequency ¼ 0 ms¡1; Case 2:

amplitude ¼ 100 K, frequency ¼ 2 ms¡1; Case 3: amplitude ¼ 100 K, frequency ¼ 7 ms¡1) of hydrogen auto-ignition

processes at an initial pressure of 40 atm, an initial temperature of 1000 K and an equivalence ratio of 1.0.

Fig. 9 e HO2 mole fraction histories in Cases 1e3 (Case 1:

amplitude ¼ 0 K, frequency ¼ 0 ms¡1; Case 2:

amplitude ¼ 100 K, frequency ¼ 2 ms¡1; Case 3:

amplitude ¼ 100 K, frequency ¼ 7 ms¡1) of hydrogen auto-

ignition processes at an initial pressure of 40 atm, an initial

temperature of 1000 K and an equivalence ratio of 1.0.

Fig. 10 e Reaction rate histories of R16 in Cases 1e3 (Case 1:

amplitude ¼ 0 K, frequency ¼ 0 ms¡1; Case 2:

amplitude ¼ 100 K, frequency ¼ 2 ms¡1; Case 3:

amplitude ¼ 100 K, frequency ¼ 7 ms¡1) of hydrogen auto-

ignition processes at an initial pressure of 40 atm, an initial

temperature of 1000 K and an equivalence ratio of 1.0.
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promoting the generation of active radicals such as OH, O, and

H, and as such enhances the reactivity of the reaction system.

This, in turn, influences the reaction rates, resulting in a

reduction in exergy loss. Furthermore, it was also found that

the increase in frequency weakened the effects introduced by

the temperature fluctuation.

Note that, in practical engines, exergy loss is caused by

multiple factors, including heat conduction, mass diffusion,

viscous dissipation, chemical reaction, and incomplete

combustion. Among these factors, the chemical reaction is

found to play the dominant role [46]. However, all the above

factors could affect the energy conversion process. There-

fore, in this study, as the main contributor to exergy loss, the

chemical reaction is isolated and focused using the 0-D

model. This strategy allows us to emphasize the effects of

temperature and pressure fluctuations on combustion-
induced irreversibility, without considering other complex

phenomena such as mass transport and heat dissipation. As

indicated by the previous studies, temperature and pressure

fluctuations may influence the exergy loss from several other

aspects in practical engines. For example, the addition of

fluctuations has an impact on the cycle-to-cycle variation,

resulting in a decline in combustion efficiency [32]. This

decrease can potentially lead to increased exergy losses

associated with incomplete combustion components. More-

over, temperature and pressure fluctuations could influence

the combustion phase, leading to changes in the heat

transfer process and potential variations in exergy loss

attributable to heat conduction [33]. However, the limitations

of simplified 0-D simulations prevent a comprehensive un-

derstanding of these phenomena, which needs further

investigation.
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Fig. 11 e H2O2 mole fraction histories in Cases 1e3 (Case 1:

amplitude ¼ 0 K, frequency ¼ 0 ms¡1; Case 2:

amplitude ¼ 100 K, frequency ¼ 2 ms¡1; Case 3:

amplitude ¼ 100 K, frequency ¼ 7 ms¡1) of hydrogen auto-

ignition processes at an initial pressure of 40 atm, an initial

temperature of 1000 K and an equivalence ratio of 1.0.
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Conclusions

In this study, the effects of amplitude and frequency of tem-

peratureandpressurefluctuationson the energy conversionof

hydrogen auto-ignition processes are numerically studied in

an adiabatic constant-volume system using the second law of

thermodynamics. A parametric study is performed by varying

the fluctuation amplitude (ranging from 0 K to 100 K for tem-

perature and 0 atm to 1.0 atm for pressure) and fluctuation

amplitude frequency (ranging from 1ms�1 to 7 ms�1). Further,

employing chemical kinetic analysis, the underlying mecha-

nisms for how temperature fluctuation decreases the exergy

loss were revealed. The main conclusions are as follows.

1. The temperature fluctuation reduces the exergy loss, pri-

marily due to the decrease of the exergy loss induced by

chemical reactions, and the reduction effect becomesmore

significant with higher temperature fluctuation amplitude

and lower temperature fluctuation frequency. On the

contrary, the effects of pressure fluctuation on the exergy

loss are negligible.

2. With temperature fluctuation, more O2 tends to react with

H to produce OH (R1), thus leading to an increase in the

mole fraction of OH. Due to the increased mole fraction of

OH, the chain propagation reaction, H2þOH]H2O þ H (R3),

is promoted. On the other hand, as another O2-consump-

tion reaction competing with R1, H þ O2þM¼HO2þM (R10)

is suppressed. Therefore, the mole fraction of HO2 is

reduced with temperature fluctuation, and further de-

creases the mole fraction of H2O2 from R15 (HO2þHO2]

H2O2þO2).

3. The above reactions with changes in reaction pathway

experience significant changes in the exergy loss. With

temperature fluctuation, the reduction of HO2 and H2O2

inhibits the HO2-consumption reactions, such as HO2þH]

OHþOH (R12) andHO2þHO2]H2O2þO2 (R15), aswell as the
H2O2-consumption reaction, H2O2þM¼OHþOHþM (R16).

Moreover, due to the lower fractions of third-body collision

molecules, the reactivity of the third-body reaction,

H þ O2 þ M ¼ HO2 þ M (R10), is inhibited. Reduced reaction

rates of these reactions result in a lower total exergy loss,

indicating that the fuel energy conversion process may

benefit from temperature fluctuation with lower fluctua-

tion frequency and higher fluctuation amplitude.
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