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Abstract. Reducing the temperature and increasing the specific heat capacity of working medium of gasoline
engines are the most efficient methods of mitigating knock tendency. The charge cooling effect of intake air
humidification is helpful for decreasing the initial temperature of intake air, and the increase of the specific heat
capacity of working medium can reduce the temperature rise in the in-cylinder process. This study established a
mathematical model of intake air humidification of gasoline engines, and analyzed the effects of the technique
on the thermodynamic process of a turbocharged gasoline engine with Ricardo WAVE Code. The results
indicated that the intake air humidification is an isenthalpic process; the vapor influences the working process of
the engine by altering the thermodynamic parameters of the working medium. A decrease in the initial temperature and adiabatic index and an increase in the specific heat capacity of working medium lowered the incylinder temperature and pressure, hence suppressing the knock occurrence. After the humidification of intake
air, the engine performance slightly increased, and the thermal efficiency showed different levels of improvements at all the working conditions.
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1. Introduction
With the development of society, environmental problems
have attracted much attention; more stringent vehicle
emission regulations have been introduced. Coupled with
the rapid development of electric vehicles in recent years,
internal combustion engines adopted diverse new technologies to improve the power output and thermal efficiency while reducing emissions to meet the market
requirements. For gasoline engines, the application of
charging technology is undoubtedly a landmark. However,
intake boosting increases the heat load and worsens the
knock tendency of gasoline engines. Therefore, the compression ratio is reduced, and the mixture is enriched, in
order to reduce the knock tendency in practice. This is
detrimental to the improvement of thermal efficiency and
fuel economy. As a result, knock became one of the main
obstacles in the development of gasoline engines.
Douaud and Eyzat [1] studied knock and reported that the
temperature of unburned mixture plays a significant role in
knock occurrence. Therefore, the reduction of the mixture
temperature of a gasoline engine has been an important topic
in knock researches. At present, the most frequently used
method for reducing the temperature of mixture is
*For correspondence

intercooling. However, in consequence of the mounting
position, the size of intercooler should be as small as possible,
that result in a reduction in the cooling effect. Studies in [2, 3]
indicate that an increase in the adiabatic index of mixture
decreased the mixture temperature, thus suppressing knock.
Cooled exhaust gas recirculation (EGR), which is widely
applied nowadays, is the major technique of achieving this
purpose. However, the structure of cooled EGR system is
complex and it must be precisely controlled. Intake air
humidification combining advantages of the two aforementioned techniques was first applied to aeroengines in World
War II [5, 6], but for automotive gasoline engines, the technology is still in the initial stage. Even though intake air
humidification cannot completely replace intercooler, but it
indeed maximizes charge cooling effect, and its structure is
simple in comparison with cooled EGR. Due to it works only
at limit engine operations, the consumption of water is tiny.
According to current studies, the benefit gained from intake
air humidification is greater than the negative impact.
Intake air humidification significantly reduces the temperature of intake air as well as improves the adiabatic
index because of the higher latent heat of vaporization and
specific heat capacity of water. Current studies indicate that
intake air humidification reduces emissions [7–15],
improves power output and fuel economy [7, 9–11, 13, 16],
as well as mitigates knock tendency [4, 16–18].
1
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The current studies emphasized on performance tests and
simulations, while there are few theoretical analyses on the
changes in the thermodynamic process of gasoline engines
and the effects of intake air humidification on knock. In this
case, this study established a thermodynamic model for the
intake air humidification of a gasoline engine, mathematically and numerically analyzed the effects of water addition
on the working medium in the working process and knock
occurrence of gasoline engines.

2. Research methods
The intake air was considered as dry air in this study. The
mass of air aspirated per cycle did not vary with the
addition of water. The airflow in the intake duct was an
adiabatic steady flow, and all the heat required for the
evaporation of added water was provided by the dry air in
the intake duct.
There are two methods for adding water to the intake air
of engines: (i) injecting water into the intake duct and (ii)
directly injecting water into the cylinder. The first method
was employed in this study, as shown in figure 1. The
advantage of injecting water to the intake duct is that the
injected water has sufficient time to evaporate, it is prevented from entering the cylinder to destroy the oil film and
causing mechanical damages to the engine.
The effect of intake air humidification of gasolines on
knock tendency was analyzed based on the induction-time
equation originating from Arrhenius equation:
Z tc
1
1¼
dt
ð1Þ
t0 s

where t0 is the start of the compression stroke; tc is the time
when the integral value reaches 1, the time of knock
occurrence. The Induction-time s was calculated from the
most frequently used Douaud and Eyzat [1] equation in
knock analysis:

s ¼ 18:33

ON
100

3:402

p1:7 exp



3800
T



where ON is the fuel octane Number, p is the instantaneous
cylinder pressure, T is the instantaneous unburned gas
temperature. Equation (2) shows that induction-time s is the
function of instantaneous cylinder temperature, pressure,
and fuel octane number.

3. Establishment of numerical model
3.1 Intake air humidification
The air in intake duct was discretized into separate air units
based on the mass of air inhaled per cycle in the thermodynamic analysis, as shown in figure 2. According to the
energy conservation law, the energy equation of the air
flowing past the air unit can be expressed as follows:
1
dQ ¼ dH þ mdc2f þ mgdz þ dWs
2

ð3Þ

As the intake air humidification is an adiabatic process
without energy exchange and the Macro kinetic and
potential energies of intake air are ignored in the adiabatic
process, the energy-balance equation can be expressed as
follows:

Water injector
Intake duct
Intercooler

Turbocharger
Engine block

ð2Þ

Exhaust duct
Exhaust

Figure 1. Engine layout with water injector.

Fresh air
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pm ¼ pma þ pmv
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Figure 2. The micro unit of intake air.

Hm ¼ Ha þ Hw

ð4Þ

where Hm is the enthalpy of the humidified intake air, Ha is
the enthalpy of the dry air entering the air unit, Hw is the
enthalpy of the water added to the air unit. Equation (4)
indicates that the humidification is an isenthalpic process.
The added water absorbs heat at the time of evaporation,
and the air temperature decreases. The decrease in sensible
heat of air is equal to the increase in the latent heat of
vapor. The total enthalpy of air unit remains constant during the humidification.
The humidified intake air temperature can be calculated
using equation (5) as follows:
ma cpa Ta þ mw hw ¼ ma cpa Tm þ mv hc þ mv cpv Tm
ma cpa Ta þ mw hw  mv hc
Tm ¼
ma
ma cpa þ mv cpv

ð5Þ

where ma is the mass of the dry air entering the air unit, mw
is the mass of the water injected into the air unit, mv is the
mass of the vapor, cpa is the specific heat capacity at constant pressure, Ta is the dry air temperature, hw is the
specific enthalpy of water, hc is the enthalpy of saturated
steam at 0 °C, cpv is the specific heat capacity at constant
pressure, Tm is the humidified intake air temperature.
Because the mass of air aspirated per cycle was assumed
to be constant, the effects of pressure drop on the capacity
of intake duct is constant. The humidification is a constantvolume process; therefore, the partial pressure of dry air in
the humidified air can be calculated using equation (6):
pma ¼ pa

Tm
Ta

ð6Þ

The partial pressure of vapor in the humidified air is:
pmv ¼ /ps ¼

mv
ps
dmax

ð7Þ
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ð8Þ

where dmax is the maximum moisture content, Ps is the
partial pressure of the saturated moist air.
The maximum moisture content dmax was confirmed by
determining the mass of dry air entering the air unit. Under
ideal condition, when water mass mw  dmax , the added
water exists as vapor, and the effect of water on the engine
working process is confined within the intake duct. When
mw [ dmax , the added water exists in the state of both vapor
and liquid, and the mass of liquid water is mw  dmax . This
has a certain impact on the engine working process.
Therefore, the maximum saturated content should be considered instead of determining the water mass merely
according to the water-to-fuel ratio [7, 11, 12, 18] or the
mass of injected water per hour when a theoretical analysis
or bench test is carried out, or false results can be produced
and water can have a negative effect on the engine and test
equipment if water enters the cylinder.

3.2 Thermodynamic analysis of in-cylinder
process
The effect of intake air humidification on gasoline engines was
generally considered in two aspects: chemical reaction and
thermodynamic process. In fact, water is a quite stable compound, and its formation heat is very large. Therefore, the
probability of water to dissociate is tiny. As shown in table 1, the
dissociation rate is around 2.94% at 2400 K. Because the dissociation reaction is reversible, the absorbed heat will be
released with the progress in reverse reaction when the temperature decreases. Therefore, water has a minor influence on
gasoline engines resulting from dissociation. This study ignores
the dissociation of water while emphasizing the changes in
thermodynamic cycle caused by water.
The actual thermodynamic process of a gasoline engine
was simplified to be a closed thermodynamic cycle in this
paper. Combustion and heat release were considered as the
system is heated by environment. Expansion was assumed
as releasing heat to environment. Valves were opened and
closed at the time of top and bottom dead centers. At the
same time working medium entered or discharged from the
cylinder instantaneously. The throttling loss and heat
transfer were ignored. Figure 3 shows the simplified thermodynamic process of the gasoline engine, where 1-2 is
adiabatic compression, 2-3 is the addition of heat at a
constant volume, 3-4 is adiabatic expansion, 4-1 is the
rejection of heat at a constant volume.

Therefore, the total pressure of the humidified intake air is:

Table 1. Thermal dissociation property of water.
Temperature (K)
Dissociation rate (%)

1000

1200

1400

1600

1800

2000

2200

2400

0.00003

0.00081

0.00681

0.051

0.199

0.588

1.42

2.94
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Figure 3. The p-V diagram and T-S diagram of constant volume heating.

Because throttling loss and heat transfer were ignored,
the humidified intake air in the intake duct entered the
cylinder by keeping the temperature and pressure constant.
The state 1 in figure 3 is the initial state of working medium
in the cylinder; its temperature and pressure are identical
with those in the intake duct, i.e.,
T1 ¼ Tm

ð9Þ

p1 ¼ pm

ð10Þ

The temperature and pressure of the compressed working
medium adiabatically at state 2 can be calculated from the
initial-state parameters,
1

T2 ¼ T1 ej2 1
1

p2 ¼ p 1 e j2

ð11Þ
ð12Þ

where e is the compression ratio, and j12 is the adiabatic index in the adiabatic compression. The initial
temperature and pressure of working medium entering
cylinder decreased after the humidification, and the
adiabatic index also changed. It can be deduced from
the Pspecific heat capacity equation of mixture,
c ¼ i xi ci , that the adiabatic index of humidified
working medium is


1
ma c1pa2 þ mv c1pv2 =ðma þ mv Þ
c
p2

j12 ¼ 1 ¼ 
cv2
ma c1va2 þ mv c1vv2 =ðma þ mv Þ


ð13Þ
ma c1pa2 þ mv c1pv2

¼ 
ma c1va2 þ mv c1vv2
c1p2 ,

c1pa2 ,

c1pv2

where
and
are the specific heat capacity of
mixture, dry air, and vapor at a constant pressure in the
adiabatic compression, respectively, c1v2 , c1va2 , and c1vv2 are

the specific heat of mixture, dry air, and vapor at a constant
volume, respectively. Equation (13) indicates that the
specific heat capacity of mixture increased and the adiabatic index decreased with humidification. This is because
the specific heat capacity of vapor is larger than that of air,
and the variation increases with the increase in humidification. Equation (12) shows that the temperature and
pressure at the end of compression stroke decreased with
the decrease in adiabatic index.
The heat added to the system during the addition of heat
marked as 2-3 in figure 3 is
Q1 ¼ gb Hu gc

ð14Þ

where gb is the cycle fuel injection quantity, Hu is the lower
heating value of fuel, and gc is the combustion efficiency.
The heat added to the system was absorbed completely by
the working medium; therefore,
Q1 ¼ Qas þ Qvs

ð15Þ

Qas and Qvs are the heat absorbed by dry air and vapor,
expressed separately as follows:
Qas ¼ ma c2va3 ðT3  T2 Þ

ð16Þ

Qvs ¼ mv c2vv3 ðT3  T2 Þ

ð17Þ

The temperature and pressure of the working medium
at state 3 can be calculated using Equations (18) and
(19),
T3 ¼

gb H u gc
2
ma cva3 þ mv c2vv3
p3 ¼ p2

T3
T2

þ T2

ð18Þ
ð19Þ
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where c2va3 and c2vv3 are the specific heat capacity at a
constant volume of air and vapor between states 2 and 3.
Equations (18) and (19) show that the higher specific
heat capacity of water makes it absorb more heat, thus
decreasing the temperature and pressure of working medium between the start of compression and ignition timing.
The decrease in temperature and pressure increase induction time s directly, hindering knock occurrence.
The temperature T4 , pressure p4 , and adiabatic index j34
at state 4 are expressed as follows:
 j34 1
1
T4 ¼ T3
e
p4 ¼ p3

j34 ¼

c3p4
c3v4

 j34
1
e



ma c3pa4 þ mv c3pv4

¼ 
ma c3va4 þ mv c3vv4

ð20Þ

ð21Þ

ð22Þ

where c3pa4 and c3pv4 are the specific heat capacity at a
constant pressure of air and vapor between states 3 and 4,
c3va4 and c3vv4 are the specific heat capacity at a constant
volume of air and vapor between states 3 and 4.
The heat released during the rejection at a constant
volume can be expressed as follows:
Q2 ¼ Qae þ Qve ¼ ðma c4va1 þ mv c4vv1 ÞðT4  T1 Þ

ð23Þ

where Qae and Qve are the heat released from dry air and
vapor; c4va1 and c4vv1 are the specific heat capacity at a
constant volume of air and vapor between states 4 and 1.
The thermal efficiency of gasoline engine was calculated
from Q1 and Q2 using the following equation:
gt ¼ 1 

Q2
ðma c4va1 þ mv c4vv1 ÞðT4  T1 Þ
¼1
Q1
ðma c2va3 þ mv c2vv3 ÞðT3  T2 Þ

ð24Þ

The thermodynamic equations mentioned above underline
that the temperature and pressure of working medium
decreased after the humidification. This is the main reason of intake air humidification suppressed knock
occurrence.

3.3 Numerical analysis of the intake air
humidification of a gasoline engine
The base engine is a 2.0 L turbocharged gasoline engine
with direct injection, the main parameters of which are
given in table 2. The numerical analysis was carried out
using the GT-Power Code. The predicted data of the model
were compared with the measured data to verify the precision of the engine model. It can be observed from figure 4
that the predicted data of the engine model are in line with
the measured data, the maximum deviation of power,

79

Table 2. Main parameters of the base engine.

Type

Turbocharged Gasoline direct injection, 4
strokes, 4 cylinders

Bore/Stroke
Displacement
Connecting rod
length
Compression
ratio

86/86.07 mm
2.0 L
175 mm
9.5

torque, BSFC, and air flow are 2.6%, 2.2%, 1.3%, and
1.4%, respectively, which means that the model is rational
enough to carry out the study of intake air humidification.
VDO knock diagnosis method was used in this study to
detect knock occurrence in the knock test. Because of the
randomness of knock, the knock intensity KH was measured from the percentage of knock cycles among 200
cycles. KH less than 1% means no knock occurs; KH
between 1% and 5% indicates knock threshold; KH
between 5% and 10% means light knock; KH greater than
10% means severe knock. The tested knock threshold of the
base engine presented in figure 5 shows that the base
engine exhibits knock phenomenon at high load operations
and all speeds.
In the numerical study, the Douaud and Eyzat knock
model was employed to assess knock. Knock Index is a
value based on time defined as follows:


VTDC
6000
KI ¼ 10000Mu
exp
maxð0; 1  ð1  UÞ2 Þ
T
V
Iave
IKref IKcorr
ð25Þ
where M is the knock index multiplier, u is the percentage
of cylinder mass unburned, VTDC is the cylinder volume at
the top dead center, V is the cylinder volume, T is the bulk
unburned gas temperature (K), U is the equivalence ratio of
the unburned zone, Iave is the induction time integral, IK-ref
is the reference induction time integral, IK-corr is the
induction time integral correlation factor.
The water injection module was located downstream the
intercooler and injected water into the intake duct. The
cyclic water injection quantity was controlled by setting the
injection rate or injection pulse-width and determined by
the percentage of cycle fuel injection. The water-to-fuel
ratios studied were 0.1, 0.2, 0.3, and 0.4.

4. Results and analysis
Figure 6 shows the in-cylinder temperature behavior at
3000 rpm and full load with different water-to-fuel ratios.
Figure 7 shows the temperature change after water was
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Figure 4. Comparison of measured and predicted data.

Figure 6. In-cylinder temperature curves (3000 rpm, full load).
Figure 5. Knock boundary of the based engine.

added to intake air compared to the original situation at
3000 rpm and full load. The temperature change DT is
defined as follows:
DT ¼ T0  TRw=f

ð26Þ

where T0 is the in-cylinder temperature of the base engine,
TRw=f is the in-cylinder temperature after water was added to
intake air.

It indicates that by combining figures 6 and 7, the incylinder temperature decreases with the increase in water
addition quantity. The intake air humidification had the
largest influence on the initial temperature of working
medium, and the influence decreased with the progress in
intake stroke. This is because water has a larger latent heat
of vaporization, and the water injected into the intake duct
absorbs a large amount of heat to vaporize, leading to a

Sådhanå (2018) 43:79

Figure 7. Reduction of in-cylinder temperature (3000 rpm, full
load).
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Figure 9. Knock index.

Figure 8. Knock induction time.
Figure 10. In-cylinder pressure curves (3000 rpm, full load).

sharp decrease in the initial temperature of the working
medium. With the progress in compression, the decrease in
in-cylinder temperature increased and achieved its peak
value at the top dead center. This is because the addition of
water increases the specific heat capacity and decreases the
adiabatic index of a working medium. A sharp increase in
the in-cylinder temperature was observed after the start of
combustion (SOC), but the effect of water on in-cylinder
temperature decreased. This is because the change in the
initial combustion temperature is not so large that it can
significantly affect the combustion temperature. The incylinder peak temperature clearly decreased to 42.92 K,
78.14 K, 116.02 K, and 156.18 K with water-to-fuel ratios
of 0.1, 0.2, 0.3, and 0.4, respectively. The in-cylinder
temperature and its change gradually decreases with the
progress in expansion stroke until the end of the exhaust
stroke. The decrease in the in-cylinder temperature lead to a
decrease in the induction time integral, benefiting the suppression of knock.

Figure 11. Reduction of in-cylinder pressure (3000 rpm, full
load).
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Figure 12. Increase of air flow (g/cycle).

Figure 14. Increase of brake thermal efficiency (%).

Figure 15. Injected water at all working conditions (mg/cycle).

Figure 13. Increase of torque output (Nm).

As shown in figure 8, the induction time integral significantly decreased with the increase in water-to-fuel ratio.
The dashed line in figure 8 shows the knock threshold.
Figures 8 and 9 show that the engine knock was completely
suppressed when the water-to-fuel ratios were 0.4, 0.2, 0.3,
0.2, and 0.2 at 1000 rpm, 2000 rpm, 3000 rpm, 4000 rpm,
and 5000 rpm, respectively.
Figure 10 shows the in-cylinder pressure behavior with
different water-to-fuel ratios at 3000 rpm, and figure 11
shows the pressure change after water was added to the
intake air compared to the original situation at 3000 rpm.
The pressure change Dp is defined as follows:
Dp ¼ p0  pRw=f

ð27Þ

where p0 is the in-cylinder pressure of the original engine,
pRw=f is the in-cylinder temperature after water was added to
intake air.
Figures 10 and 11 show that the in-cylinder pressure between
the start of intake stroke and ignition timing clearly decreased.
Especially at the top dead center, the pressure reduction was
3.89 bar when the water-to-fuel ratio was 0.4. The pressure
decrease became negative after the ignition. This indicates that
the in-cylinder pressure increased, and the largest pressure
increment was 0.79 bar the when water-to-fuel ratio was 0.3.
The in-cylinder pressure showed a slight change in the expansion stroke, even though the pressure clearly decreased at the top
dead center. This is because the vapor is an inert gas under the
in-cylinder condition; therefore, the increase in water-to-fuel
ratio means that there are more working media in cylinder.

Sådhanå (2018) 43:79
The mass of intake air increased with the decrease in
temperature. As shown in figure 12, the mass of cycle
intake air increased with the increase in water-to-fuel ratio,
and the most obvious increment occurred at high speed
operations. The largest increment was 8.837% at 5000 rpm
when the water-to-fuel ratio was 0.4.
The increase in cycle intake air mass improved the torque
output, as shown in figure 13. The largest increment of torque
was 7.46 Nm at 1000 rpm when the water-to-fuel ratio was 0.4.
Figure 14 shows that the thermal efficiency increased at
all the operations. As shown in figure 15, the mass of water
injection increased with the increase in loads because of the
high knock tendency.

5. Conclusions
It can be inferred from the study that the added water
mainly affects the thermodynamic process of gasoline
engines but the effects of chemical reaction is tiny. The
thermodynamic equations of intake air humidification of
gasoline engines indicate that the process of humidification
is an isenthalpic process. The in-cylinder temperature and
pressure decrease because of both the increase in specific
heat capacity and decrease in the adiabatic index of
working medium. Therefore, intake air humidification is an
efficient strategy of suppressing knock occurrence of
gasoline engines.
Although it needs to be further confirmed by experiment,
but this study illuminated the principles of how the technique affects the working process of gasoline engines with
mathematical analysis, and validated its effects with a
numerical model, hence provides a good guideline for
practice.
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c2va3
c2vv3
c3pa4

Nomenclature
EGR
exhaust gas recirculation
ta
temperature of dry air
t0
start of the compression stroke
tc
time of knock occurrence
s
induction-time
ON
fuel octane Number
p
instantaneous cylinder pressure
pma
partial pressure of dry air
pmv
partial pressure of vapor in the humidified air
pm
total pressure of the humidified intake air

c3pv4
c3va4
c3vv4
c4va1
c4vv1

79

in-cylinder pressure of the original engine
partial pressure of the saturated moist air
in-cylinder temperature after water was added to
intake air
pressure at state 1
pressure at state 2
pressure at state 3
pressure at state 4
instantaneous unburned gas temperature
air temperature before humidification
temperature of humidified intake air
temperature at state 1
temperature at state 2
temperature at state 3
temperature at state 4
in-cylinder temperature of the base engine
in-cylinder temperature after water was added to
intake air
enthalpy of the humidified intake air
enthalpy of the dry air entering the air unit
enthalpy of the water added to the air unit
lower heating value of fuel
mass of the dry air entering the air unit
mass of the water injected into the air unit
mass of the vapor
specific heat capacity at constant pressure
specific heat capacity at constant pressure
specific heat capacity
specific heat capacity of mixture at constant
pressure
specific heat capacity of dry air at constant
pressure
specific heat capacity of vapor at constant pressure
specific heat of mixture at constant volume
between States 1 and 2
specific heat of dry air at constant volume between
States 1 and 2
specific heat of vapor at constant volume between
States 1 and 2
specific heat of air at constant volume between
States 2 and 3
specific heat of vapor at constant volume between
States 2 and 3
specific heat of air at constant pressure between
States 3 and 4
specific heat of vapor at constant pressure between
States 3 and 4
specific heat capacity of air at constant volume
between States 3 and 4
specific heat capacity of vapor at constant volume
between States 3 and 4
specific heat of air at constant volume between
States 4 and 1
specific heat of vapor at constant volume between
States 4 and 1

79

Page 10 of 10

hw
hc
dmax
e
j12
j34
Q1
gb
gc
Qas
Qvs
Q2
Qae
Qve
KI
M
u
VTDC
V
U
Iave
IK-ref
IK-corr
DT
Dp

specific enthalpy of water
enthalpy of saturated steam at 0 °C
the maximum moisture content
compression ratio
adiabatic index in the adiabatic compression
adiabatic index between States 3 and 4
heat added to the system
cycle fuel injection quantity
combustion efficiency
heat absorbed by dry air
heat absorbed by vapor
heat released during the rejection at constant
volume
heat released from dry air
heat released from vapor
knock index
knock index multiplier
percentage of cylinder mass unburned
cylinder volume at the top dead center
cylinder volume
equivalence ratio of the unburned zone
induction time integral
reference induction time integral
induction time integral correlation factor
temperature change
pressure change
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