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parison between steam and
water tilt-angle injection effects on NOx reduction
from the gaseous flame

Mostafa Raafat Kotob, *a Tianfeng Lub and Seddik S. Wahida

Nitrogen oxide emissions control is a technology that meets the air pollutant reduction criteria in the energy

production field, and it becomesmore stringent yearly. Thus, this study experimentally compares the effects

of direct-water and -steam injections at different tilting angles on NOx emission reduction. Using the

experimental study conducted in the Combustion Laboratory of the Mechanical Power Department at

the Faculty of Engineering, Minia University, Egypt, the exhaust gas temperature was found to be the

main parameter affecting NOx emission. An experimental test rig was designed and simulated as

a gaseous fuel combustion chamber. The results show that water and steam injections can effectively

reduce NOx emissions by 70% and 57%, respectively. Besides, direct-water injection is more effective

than steam injection owing to the 13% extra reduction in the NOx emission. Moreover, the best

inclination angle into the primary combustion zone for both water and steam injection is 45�. The

experimental results agree well with the results obtained in previous studies in this field.
1. Introduction

Atmospheric pollution by nitrogen oxides (NOx) has been
a subject of growing concern over the past decade. NOx
contribute to photochemical smog, causing respiratory and eye
damage.1 The research basis is that different international
environmental agencies around the world have highlighted that
NOx emissions are becoming a major issue. Although the
regulated air pollutant emissions have been a bit decreased over
the past decade, specically in Europe, around 22% of the
population is still living in places where NOx concentrations
exceed the established air quality standard.36 Many NOx control
technologies have been applied to stationary combustion
equipment, and NOx reduction strategies based on water and
steam injection into fuel have been studied at the end of the
20th century. The addition of water and steam to fuel engines
such as internal combustion engines and gas turbines was
introduced as a method for NOx emission reduction. Water and
steam injection directly into the manifold was the original
means of introduction into the engine,37,41 then different
injection techniques of were used, such as the single-point
injection and injection upstream/downstream of the
compressor. In August 2015, water and steam injection tech-
nology was applied in the combustion chamber and spark-
ring and Energy, Faculty of Engineering,

E-mail: Mostafakotob@yahoo.com; Tel:

niversity of Connecticut, 191 Auditorium

the Royal Society of Chemistry
ignition engine by BMW and BOSCH; the system initially
offered 5% higher power, with NOx emission reduction by
around 13%.38 Recently, the inuences of different water and
steam injection timings on NOx emissions from the gaseous
fuel engines and gas turbines have been studied.39,40 Consid-
ering diluted injection, the reduction in NOx emissions levels
has been studied and several techniques have been reviewed.2–4

The amount of water or steam used for NOx emission reduction
has been investigated.2,5 Water and steam injections positively
affect the industrial engine performance and the NOx emission
reduction. Thus, several studies were conducted in this
regard.6–9 The diluted steam and water injections are evaluated
based on a specic parameter such as mixture temperature and
pressure in a computational thermodynamic model of simu-
lated gas turbines.10 The reduction efficiency of NOx increases
with the increase in steam- or water-fuel ratio until an optimal
ratio is achieved, beyond which no direct interference exists
with the combustion mixture; subsequently, the NOx reduction
level is not affected.11 Experiments also showed that with a 2%
steam injection of the total airow rate, the NOx emission
reduction level could reach 25–33% and decrease to 38–47%
with a 4% injection rate. Furthermore, the injected steam has
been used to cool the gas turbine medium, increasing the total
efficiency by approximately 2–3%.12,13 For water injection,
theoretical and experimental results included the computa-
tional model values, showing that with 15% water addition in
the combustion air, the NOx value was reduced from 15 to 7–8
parts per million, considering the same exhaust temperature
owing to the decrease of the oxygen atom concentration.14 In
addition, with water and steam injections, the power output
RSC Adv., 2021, 11, 25575–25585 | 25575

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra03541j&domain=pdf&date_stamp=2021-07-22
http://orcid.org/0000-0003-0130-7373
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03541j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011041


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/2
0/

20
26

 9
:5

0:
58

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
increased from 39 to 43 MW and the NOx emission level
decreased from 150 to 73 ppm.15 For a small mobile gas turbine,
by injecting water into the combustion chamber, fuel
consumption decreased by �16%, and the power output
increased by 6%.16 The optimum water injection rate for NOx
reduction has been numerically investigated and determined as
130% of the fuel ow.17 With the fuel half of the steam injection
ow rate, NOx emissions were reduced by �12%.18 The proper
location and direction of the angle of injection are directly
correlated with this study, whether for the water or steam.When
steam was directly injected into the ignition region (fuel spray
or combustion air), NOx was considerably reduced. Although
the behavior of water droplets and steam injections are similar
in the combustion chamber, studies theoretically showed that
water injection effectively reduced NOx because of its latent heat
of evaporation.19 Thus, herein, the effects of both steam and
water spray injections in the combustion chamber are investi-
gated theoretically, considering the tilt injection angles. Both
results are compared to determine the effectiveness of water or
steam in reducing NOx emissions from gaseous fuel. Despite
the presence of some general theoretical guidelines for the tilt
angle of water and steam injection in gas turbines combustors
and engines, many features are still unknown due to fewer
studies in this regard. Herein, the effect of tilt angle injection
for both water and steam injection into the combustor is
studied experimentally and the real best tilt angle of injection is
introduced with a comparison of the effectiveness between
water and steam injection to reduce the NOx concentration
values.
2. Methodology

An LPG domestic bottle containing propane (C3H8) in the
Combustion Laboratory (CL) of the Mechanical Power Depart-
ment (MPD) at the Faculty of Engineering (FE), Minia University
(MU), Egypt22 was used in the chemical reaction. Table 1 shows
the user-given data. The engineering equation solver (EES)
program was used to solve the chemical reaction equations to
obtain the NOx results. EES is a general equation-solving
program that can solve nonlinear algebraic and differential
equations. It can also perform linear and nonlinear regression
and provide an uncertainty analysis. It has highly accurate
thermodynamic and transport property data that are provided
for hundreds of substances, allowing it to be used with the
equation solver capability.23 Table 2 shows the measured points
of the CL.

The gas ow meter at the Faculty Laboratory was fabricated
to measure the oxygen gas ow rate. Thus, for measuring the
LPG ow rate, the following calibration procedure calculation
was performed:

Oxygen density ¼ 1.323 kg m�3 at 20 �C

LPG density ¼ 1.898 kg m�3 at 20 �C

Q corrected (LPG) ¼ Q scale (oxygen) � factor
25576 | RSC Adv., 2021, 11, 25575–25585
Factor ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r scale

r corrected

s
¼

ffiffiffiffiffiffiffiffiffiffiffi
1:323

1:898

r
¼ 0:83

The airow rate is in g s�1 at different equivalence ratios.
Tables 3 and 4 show the ratios (Ø) and the gas ow rates and the
data summary at different equivalence ratios with measured
combustion air supply ow rates, respectively.

By applying a thermodynamic analysis of the simulated
gaseous fuel combustion to that used in gas turbines,20 a rst-
law thermodynamic basis has been used, considering the
gaseous chamber of the designed test rig as an open system. To
calculate a stoichiometric ratio for a steady-state ow equation,
eqn (1) was used.

Q � W ¼ DH + DKE + DPE (1)

The process is considered an adiabatic process (Q ¼ 0), and
the work transfer with potential and kinetic energy changes can
be neglected. Thus, the equation is represented as follows:

SHoP ¼ SHoR (2)

The product and reactant enthalpies are proportional func-
tions of temperature (Table 1); thus, the following hydrocarbon
combustion was considered to determine the different proper-
ties of combustion:

[Gaseous fuel] + [air] ¼ products of combustion

[R1(C) + R2(H) + R3(O) + R4(N) + R5(S)] + R6[O2 + 3.76N2] /

P1CO2 + P2H2O + P3NO2 + P4SO2 + P5N2 + P6O2 (3)

The stoichiometric air-fuel ratio (A/F)S considering P as zero
is given as follows:

ðA=FÞS ¼
R6½32þ 3:76� 28�

12R1 þR2 þ 16R3 þ 14R4 þ 32R5

(4)

ðNO%Þ ¼ P5

P1 þ P2 þ P3 þ P4 þ P5 þ P6
(5)

Considering excess air, the equation is given as

CR1
HR2

OR3
NR4

SR5
+ (1 + x)R6[O2 + 3.76N2] / P1CO2 + P2H2O

+ P3NO2 + P4SO2 + [(P5 + x)N2] + [(P6 + x)O2] (6)

Dissociation occurs during the combustion process, and
several chemical reactions occur simultaneously. For example,
the combustion of pure carbon in oxygen is given as

C + O2 4 CO2 + TE (thermal energy) (7)

The thermal energy (TE) released during combustion is
sufficient to initiate the reverse reaction, i.e., the thermal
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Characteristics of LPG fuel used in the experiment

Item Value Unit

Used fuel – LPG domestic bottle 80% propane C3H8 %
20% butane C4H10

Assume that for the balanced chemical reaction the fuel is propane C3H8

Entrance pressure range 0.32 to 10 Bar
LPG ow rate range 5 to 100 l h�1

0.095 to 19 l min�1

LPG inlet temp. 20 �C
LPG volume to mass unit 1 litre ¼ 0.51 kg ¼ 510 gram L & gram
Air volume to mass unit 77.3 litre ¼ 100 gram L & gram
Oxygen density 1.323 kg m�3 at 20 �C
LPG density 1.898 kg m�3 at 20 �C

Table 2 Experimental test rig measured points

LPG ow rate l min�1 gram per s

Point 1 2.7 22.95
Point 2 4.8 40.8
Point 3 6.7 56.9
Point 4 10.5 89.2

Table 3 Combustion air measured points of LPG fuel at different
equivalence ratios (Ø)

LPG g s�1 Ø Air g s�1
Air g s�1 calc.
¼ (A/F) stoichiometric � LPG g s�1

22.95 1.1 325.5 ¼ 14.11 � 22.95
1.0 360 ¼ 15.686 � 22.95
0.8 432 ¼ 18.82 � 22.95
0.7 468 ¼ 20.39 � 22.95

40.8 1.1 575.6 ¼ 14.11 � 40.8
1.0 640 ¼ 15.686 � 40.8
0.8 767.85 ¼ 18.82 � 40.8
0.7 831.9 ¼ 20.39 � 40.8

56.8 1.1 802.8 ¼ 14.11 � 56.8
1.0 892.5 ¼ 15.686 � 56.8
0.8 1070.8 ¼ 18.82 � 56.8
0.7 1160.1 ¼ 20.39 � 56.8

89.2 1.1 1258.6 ¼ 14.11 � 89.2
1.0 1399.2 ¼ 15.686 � 89.2
0.8 1678.7 ¼ 18.82 � 89.2
0.7 1818.7 ¼ 20.39 � 89.2

Table 4 Volumetric flow rates of LPG fuel with combustion air
measured points

LPG l min�1 Ø Air l min�1

2.7 1.1 4.19
1.0 4.64
0.8 5.56
0.7 6.03

5.5 1.1 8.5
1.0 9.4
0.8 11.3
0.7 12.24

6.7 1.1 10.34
1.0 11.53
0.8 13.81
0.7 14.91

10.5 1.1 16.22
1.0 18.03
0.8 21.62
0.7 23.44
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dissociation of CO2. Because this reaction is endothermic
(absorbing energy from the products), the temperature of the
products will be reduced. The dissociation of the individual fuel
species related to the combustion process of some reactions is
reversible; hence, some of the energy indicated in eqn (7) will be
lost. The reaction eqn (8) will adjust itself to attain an equilib-
rium state. This phenomenon is known as dissociation and is
responsible for the decrease in the combustion temperature at
some temperature (T), thus, a fraction of the y mole fraction
(moles of any species) among the products is dissociated. For
the C–H–O–N system, the complete chemical equilibrium
scheme is based on the following reversible reaction equations:
© 2021 The Author(s). Published by the Royal Society of Chemistry
CO + 1
2
O2 4 (1 � y)CO2 (8)

H + H 4 (1 � y)H2 (9)

O + O 4 (1 � y)O2 (10)

N + N 4 (1 � y)N2 (11)

1
2
O2 +

1
2
N2 4 (1 � y)NO (12)

1
2
H2 + OH 4 (1 � y)H2O (13)

H2 +
1
2
O2 4 (1 � y) + H2O (14)

The dissociated reaction achieves the following form:

yR1
R1 + yR2

R
2
4 yP1

P1 + yP2
P2 (15)

A general equilibrium constant for any reverse reaction is
given by

Kp ¼ NP1yP1NP2yP2

NR1yR1NR2yR2

ð1=Ntot ÞDy (16)
RSC Adv., 2021, 11, 25575–25585 | 25577
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Fig. 1 Schematic diagram of the experimental test section.

Fig. 2 Exhaust temperature comparison between steam and water
injection to fuel flow rate of 2.7 litre per min at W/F and S/F 0.2.

Fig. 3 NOx comparison between steam and water injection to fuel
flow rate of 2.7 litre per min at W/F and S/F 0.2.
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To determine Kp, the Gibbs function is commonly used:

DG ¼ VDP � SDT (17)

At equilibrium, the temperature is constant (DT ¼ 0) and
substituting V ¼ nRT/P for an ideal gas gives the following
equation:21

DG ¼ nRTDP/P (18)
25578 | RSC Adv., 2021, 11, 25575–25585
Integrating between states 1 and 2

G2 � G1 ¼ RT ln
p2

p1
(19)

For a reversible reaction with two reactants and products, the
above equation becomes
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Exhaust temperature comparison between steam and water
injection to fuel flow rate of 2.7 litre per min at W/F and S/F 0.3.

Fig. 5 NOx comparison between steam and water injection to fuel
flow rate of 2.7 litre per min at W/F and S/F 0.3.

Fig. 6 Exhaust temperature comparison between steam and water
injection to fuel flow rate of 2.7 litre per min at W/F and S/F 0.4.

Fig. 7 NOx comparison between steam and water injection to fuel
flow rate of 2.7 litre per min at W/F and S/F 0.4.

Fig. 8 Exhaust temperature comparison between steam and water
injection to fuel flow rate of 5.5 litre per min at W/F and S/F 0.2.

Fig. 9 NOx comparison between steam and water injection to fuel
flow rate of 5.5 litre per min at W/F and S/F 0.2.
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Gp � GR ¼ RT ln

�
PR1 PR2

Pp1 Pp2

�
(20)
© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 25575–25585 | 25579

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03541j


Fig. 10 Exhaust temperature comparison between steam and water
injection to fuel flow rate of 5.5 litre per min at W/F and S/F 0.3.

Fig. 11 NOx comparison between steam and water injection to fuel
flow rate of 5.5 litre per min at W/F and S/F 0.3.

Fig. 12 Exhaust temperature comparison between steam and water
injection to fuel flow rate of 5.5 litre per min at W/F and S/F 0.4.

Fig. 13 NOx comparison between steam and water injection to fuel
flow rate of 5.5 litre per min at W/F and S/F 0.4.

Fig. 14 Exhaust temp. comparison between steam andwater injection
at different rates at fuel flow rate of 2.7 litre per min.

Fig. 15 NOx comparison between steam and water injection at
different rates at fuel flow rate of 2.7 litre per min.
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The term in the square bracket on the RHS of eqn (20) is
known as the equilibrium constant Kp; values for Kp for each
constituent can be determined using eqn (16), subsequently
25580 | RSC Adv., 2021, 11, 25575–25585
determining the dissociated form of combustion. The stoi-
chiometric reaction for a typical fuel is given by eqn (3). This
equation does not consider the dissociation of the products;
therefore, it needs to be changed to reect the molecules
occurring in the products.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.1 Calculation structure

The given combustion methodology investigates the NOx
emission from gaseous fuel combustion. The calculation cate-
gories and steps are as follows:

2.1.1. Stoichiometric calculations. First, the fuel composi-
tion and fuel properties are inserted. Next, the balanced equa-
tion of the combustion chemical reaction is determined (eqn
(3)). We assume 298 K as the reference temperature and
increase the temperature by 1 �C to enable the adiabatic ame
temperature determination.

2.1.2. Dissociation calculations. The Kp values using Table
1 are based on the adiabatic ame temperature. Next, the
dissociation degree is determined using eqn (15). Thus, the
actual products of combustion are determined based on the
results of the dissociation degree. We assume a temperature of
298 K and increase the temperature by 1 �C steps to determine
the actual ame temperature. The actual ame temperature is
calculated until it converges; for example, the new actual ame
temperature minus the old actual ame temperature is either
less than, or equal to a determined value such as 0.1 K.
Depending on A/F, the balanced equation of the combustion
chemical reaction (eqn (3)) can be modied to account for
excess air and the process is repeated until the required NOx
emission values are obtained.
3 Experimental test rig

Fig. 1 shows the experimental setup in CL, at MPD, FE, MU,
which is used to compare the effects of water and steam injec-
tions in the primary combustion air with different operating
conditions on NOx emissions from a simulated and experi-
mental gaseous fuel combustor. Herein, a water injection kit
and steam injection unit were used with the main test rig to
investigate the direct-injected water and steam effects at
ambient temperature to control the NOx emissions from the gas
fuel. Water enters the primary combustion air path in the
combustor from a clean small storage with a calibrated ruler
having different directions, including the inclination angles
and ow rates. Steam is added to the same location using
a locally-made electric steam boiler with a 200 kg total capacity,
2.8 bar exit pressure, and �4 l min�1 steam ow rate. Both the
steam and water kits are used to examine the nal results of
NOx emissions values. An experimental setup for the con-
structed device is shown in Fig. 1. It consists of a gaseous
combustor, an inlet LPG fuel cylinder kit, and steam and water
injection units. The combustor is a canned-type gaseous pre-
mixed combustion chamber consisting mainly of two parts. The
body of the combustion chamber is comprised of a carbon steel
cylinder of 10 cm diameter, 100 cm length, and 5mm thickness.
A tab exists in the circumference with a 3 cm body diameter to
x the fuel nozzle. The second part of the combustion chamber
is the fuel nozzle, free with the combustor casing and accessible
for both retraction and insertion. It has a 2 mm inlet diameter
and is connected to a stainless steel pipe with 50 cm length and
2 cm diameter. A threaded nut for four holes of 10 mm diameter
is tapped and threaded at the top of the combustor body. The
© 2021 The Author(s). Published by the Royal Society of Chemistry
holes are the measuring points, and the distance between each
hole is approximately 20 cm. The fourth hole is connected to
a small T-90� pipe with a 1 cm diameter and 40 cm length as the
measuring point for the exhaust ue gas analyzer probe. Other
holes are used for measuring the exhaust temperature, and both
steam and water injection holes at the fuel nozzle fuel tips are
present, and if needed, one hole is provided as a spare and the
last hole for the ue gas exhaust measuring point to measure
the NOx emission values. For the fuel system, LPG fuel (80%
C3H8 and 20% butane) is supplied from the commercial gas
bottles through a rubber hose and injected at the fuel nozzle;
the nozzle diameter is 5 mm. The fuel ow rate is regulated
using the control valve and is measured using a medical regu-
lator implemented using a rotameter that is used to measure
the oxygen gas ow rate. The scale is a direct, high capacity, and
glass tube type with �5% accuracy and is calibrated to measure
the LPG fuel. In addition, the air is supplied to the combustion
chamber using an air centrifugal compressor (Ingersoll rand) in
CL with 50 kW power. It provides air to the combustion
chamber for fuel combustion. The discharge from the air
compressor end is connected to the primary air pipe, tted into
the fuel nozzle pipe at 45� and 10 cm before the nozzle tip. The
connection is made using a exible hose and an air control valve
to adjust the inlet air for the combustion process. The airow
rate is measured using the same medical regulator that is used
for measuring the inlet LPG fuel. For water and steam injection
units, water is injected through a rubber hose into the primary
combustion air zone. In contrast, steam is injected into the
same location through a small 0.5-inch diameter stainless steel
pipe. Both units are xed on a stainless steel stand with
a 130 cm height from the injection point to be simulated as
a head tank for the water and steam injections under the same
conditions. Water is supplied from a normal potable water
source, whereas steam is supplied using a small electric boiler
as mentioned above.
3.1 Experiment description

Herein, the fuel source is provided using LPG commercial
bottles. The fuel ows through the fuel nozzle tube, and
a owmeter regulator controls its rate. A rotameter, which is
part of a owmeter regulator device, also measures the fuel ow
rate. An air compressor with 150 kW total capacity is used to
supply air to the combustion chamber, and a buttery valve
controls the airow rate. The water injection kit comprising
glucose lashes drops the injected water ow through a medical
injector to ensure that the droplets enter the combustor,
directly to the primary combustion air zone with different
inclination angles of 30�, 45�, 90�, and 135�. The droplets are
injected in the shape of atomizing droplets to enable full
atomization and prevent water stagnation inside the combustor
that could quench the ame. Moreover, a small electric boiler
with 200 kg capacity, 2.8 bar exit pressure, and 4 l min�1 steam
ow rate provides saturated steam and uses a exible stainless
steel hose to direct the steam into the primary combustion air
zone at different angles of 30�, 45�, 90, and 135�. The water
droplets ow into the combustor from a 130 cm height, and the
RSC Adv., 2021, 11, 25575–25585 | 25581
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steam ows through a 75 cm length exible hose. The exhaust
temperature was measured using the Chromel–Alumel ther-
mocouple (K-type) (with 200 mm diameter wires and a normal
measuring range of 0–1370 �C) using a digital thermometer.
NOx formation was measured using the gas emission analyzer
from the port of the gas sample heated handle with a length of
0.9  and a hose of 11.5 , and the NOx was measured using
a digital FGA-4000XD gas emission infrared analyzer.

Fig. 1 shows a schematic of the experimental test rig. It
mainly consists of a combustion chamber, LPG commercial
bottle, water and electric steam kit, air compressor, and injec-
tion probes for angle direction changes. There are two different
lines to supply the water and steam into the combustion
chamber. The test rig has manual globe valves to control the
fuel, water and steam ow rates. For the measurement tools,
a rotameter is used to measure and control the fuel ow rate
and a NOx digital analyzer is used to record the nitrogen oxide
emission values. For the experiment, the LPG gas bottle ow
rate was adjusted and choked by a globe valve and rotameter.
The water and steam were injected and individually controlled
by two globe valves and the combustion air was supplied by an
air compressor and also controlled by a globe valve at the
entrance of the test rig to maintain the air-to-fuel ratio at
around 12 : 1. NOx emissions from the exhaust probe were
recorded in PPM, which compared different operating param-
eters such as fuel ow rate, exhaust temperature, and water/
steam ow rates.
3.2 Experimental procedures

The experiment was conducted to record the NOx emission
concentration in ppm, exhaust gas temperature in �C, LPG ow
rates in L min�1, and the injected water and steam ow rate in
L min�1.

These results were recorded to experimentally establish the
effects of normal direct-water and -steam injections on NOx
emissions at different injection ow rates (related to LPG) and
the inclination of injection angles at the primary combustion
air zone into a typically constructed small gas combustor. Some
precautions and preparations were ensured before starting the
experiment, such as checking the LPG regulator (rotameter) and
zero-level adjustment. The digital temperature thermometer
was adjusted, and the selector shi was checked from �C to �F
and vice versa. Moreover, a K-type thermocouple was connected
in both TC1 and TC2, ensuring an accurate reading. The electric
steam boiler was checked for leaks, and the normal operation
was checked separately before feeding steam into the
combustor. The NOx analyzer was checked by adjusting the zero
calibration push-button for approximately 5 min to prepare the
analyzer for measuring the NOx values. Aer these prepara-
tions, the air compressor was started and its control valves were
partially opened to deliver the required amount of the
combustion air relative to the differential LPG ow rates per
measuring points, adopted with different equivalence ratios in
the measuring point tables. The LPG fuel valve was opened until
combustion was completed, then the fuel ow rate was adjusted
such that the rotameter read the specied ow rate difference of
25582 | RSC Adv., 2021, 11, 25575–25585
2.7–10 l min�1. In addition, the water injection kit and electric
steam boiler were externally checked to ensure adequate water
level and availability, and the injector was checked to ensure
atomized water droplet discharge. The exible hose of the
steam line was checked to ensure a continuous and seamless
ow of saturated steam. Next, the steam and water injection
units were checked to ensure the targeted delivery of steam or
water into the primary combustion air zone. Enough time was
allowed for the stability of all measuring instruments and the
test rig for each experimental condition.
3.3 Experimental error analysis

The experimental airow rate measurements were performed
using the same fuel ow meter model aer recalibration,
considering the air temperature and density. The results varied
from that obtained theoretically by approximately 3%. The
other compositions of the real LPG bottle composition were
neglected, except for C3H8, which was adopted in the chemical
reaction calculation because it is considered �7–9% of the
whole chemical composition.
4. Results and discussion

In this study, an experimental comparison was made between
the effects of direct-water and -steam injections on NOx emis-
sions from gaseous ames, considering commercial LPG (C3H8)
as the gas fuel for combustion at different fuel ow rates. The
overall standard chemical reaction was stoichiometrically
structured with the fuel–air mixture to investigate the NOx
product from hydrocarbon fuel.

Fig. 2–7 show the effects of different water and steam
injection ow rates, of 0.2–0.4 l min�1 under the conditions of
fuel ow rate of 2.7 l min�1 at different inclination angles of 30�,
45�, 90�, and 135�, on the exhaust gas temperature and NOx
emission concentration results. The exhaust gas temperature
and NOx gradually decreased as steam and water injection ow
rates increased (Fig. 2 and 3). At the steam-to-fuel injection ratio
(S/F) of 0.2, the exhaust gas temperature initially decreased
from 504 �C at an inclination angle of injection into the primary
combustion air zone of 30� to 129 �C at 45�, then it increased to
469 �C at 90� and decreased again to 356 �C at 135�. Simulta-
neously, the NOx emission concentration decreased from
415 ppm at an inclination angle of 30� to 207 ppm at 45�, then
increased to 359 ppm at 135� and decreased to 325 ppm at 135�.
At a water-to-fuel injection ratio (W/F) of 0.2, the exhaust gas
temperature initially decreased from 450 �C at 30� inclination
angle to 110 �C at 45� then, it increased to 398 �C at 90� and
decreased to 318 �C at 135�. The NOx emission concentration
decreased from 371 to 291 ppm at different inclination angles
from 30� to 135�. The exhaust gas temperature and NOx emis-
sion concentration were experimentally studied at S/F and W/F
of 0.3 (Fig. 4 and 5). At the steam injection, the exhaust
temperature decreased from 502 �C to 325 �C at 30–135�, and
NOx emission concentration varied from 415 to 325 ppm at 30–
135�. For S/F of 0.3, the exhaust temperature decreased from
© 2021 The Author(s). Published by the Royal Society of Chemistry
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402 �C to 291 �C, and NOx emission concentration decreased
from 371 to 291 ppm at 30–135�.

From Fig. 6 and 7, S/F and W/F are 0.4. The decrease in the
exhaust gas temperature and NOx emission concentration will
be greater as compared to S/F and W/F of 0.2. At a steam-
injection rate of 0.4 to the fuel ow rate, the exhaust gas
temperature decreased from 426 to 273 �C, and NOx emission
concentration decreased from 353 to 276 ppm at 30–135�. At
a water injection rate of 0.4 to the fuel ow rate, the exhaust gas
temperature decreased from 381 �C to 244 �C, and the NOx
emission concentration decreased 316 to 247 ppm at angles of
30�, 45�, 90�, and 135�. These results show that the exhaust gas
temperature decreased with the increase in the injection rate,
regardless of steam or water. Similarly, the NOx concentration
decreased and was proportional to the exhaust gas temperature
effect. From the different inclination angles into the primary
combustion air zone, the optimal NOx emission concentration
and exhaust temperature occurred at approximately 45�. This
trend is attributed to the improved steam injection and water
droplet distribution at this angle and the larger magnitude of
the gas droplets relative to the velocity at this angle, leading to
a better evaporation rate and a touchable intense break-up of
NOx to reduce NOx emissions. The water injection effect was
approximately 13–15% greater than that of steam by reducing
the effect on the exhaust gas temperature and NOx emission
concentration due to the greater latent heat of the water drop-
lets. This led to a better evaporation rate and specic heat
capacity of the injected water, which could aid the fuel in
penetrating further into the hot air region. This would increase
the entrainment of air by the fuel jet and thus, the injected
water could affect the stabilization of the ame surrounding the
combustion zone as compared to the steam, and the fuel jet li
off length has a signicant effect on NOx formation rate, which
leads to a decrease in NOx values, especially at higher load
conditions. The results are in agreement with the results of
previous studies.24–26,34,35 Fig. 8–13 show the effects of different
water and steam injection ow rates of 0.2–0.4 l min�1 from the
fuel ow rate of 5.5 l min�1 at different inclination angles of 30–
135� on the exhaust gas temperatures and NOx emission
concentrations. The exhaust gas temperatures and NOx emis-
sion concentrations increased for both water and steam injec-
tions as compared with those under the same conditions of 2.7
l min�1 fuel ow rate. Thus, the exhaust gas temperature and
NOx emission concentrations are directly proportional to the
fuel ow rate due to the increasing airow rate to execute the
required stoichiometry to complete combustion. Consequently,
the ame temperature will be increased, and accordingly, the
exhaust gas temperature will increase, which is proportional to
the NOx values, considering the better effect of water injection
as compared with the steam injection on NOx value reduction
by �18%. The results are experimentally in agreement with
those of previous studies.27–29,33 The effects of varying the steam
and water injection ow rates from 0.2–0.6 l min�1 to the fuel
ow rate of 2.7 l min�1 are investigated as shown in Fig. 14 and
15. The results indicate that the exhaust gas temperature
decreases with water and steam injections from 418 �C to 196 �C
and 468 �C to 398 �C, respectively. Moreover, NOx emission
© 2021 The Author(s). Published by the Royal Society of Chemistry
concentrations decreased with water and steam injections from
302 to 156 ppm and 338 to 317 ppm. By carefully examining
both curves, the optimal W/F and S/F to effectively reduce the
exhaust gas temperatures and NOx emission concentrations
were estimated to be 0.4–0.45 and 0.35–0.42, respectively. These
results can be attributed to the fact that regardless of the
injection, the distribution is reduced, leading to less evapora-
tion, possibly stagnating the water droplets, and the steam ow
occupies only the available volume of the combustion process
inside the combustor. The remaining steam could be slightly
liqueed, gradually increasing the exhaust gas temperature,
and consequently, the NOx emission concentration also. These
results are compatible with those in previous studies.30–32

5. Conclusion

Concerning the recent advances and correlated studies
regarding the water- and steam-injection effects on NOx
reduction, signicant attention has been directed toward the
combustion process using gas turbines. Only a few studies have
experimentally investigated the effects of water and steam
injections at different inclination angles into the primary
combustion air zone with the gas fuel. The following conclu-
sions were drawn. Both water and steam injections effectively
reduce NOx emissions from gaseous ames owing to the direct
effect on the ame temperature, thus, it appeared practically as
an exhaust gas temperature, and the NOx emission concentra-
tion is proportional to the exhaust gas temperature. Conversely,
the exhaust temperature of the water injection is greater than
that of steam injection, but the corresponding NOx emission
concentration of water injection is less than that of steam
injection at a fuel ow rate of 5.5 l min�1 and W/F and S/F of 0.3
owing to the transient conditions of NOx product dissociation.
The optimal inclination angle of both water and steam injec-
tions into the primary combustion air zone to reduce the NOx
emission is 45� because of the better water and steam distri-
bution and larger magnitude of the relative velocity of the gas
droplets, resulting in better evaporation and decompositions of
the NOx particles, nally reducing the NOx emissions.
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Nomenclature
B
 Blend ratio

HHV
 Higher heating value (MJ kg�1)

KE
 Kinetic energy (J)

N
 Number of moles

p
 Pressure (Pa)

Q
 Heat transfer (W)

R
 Gas constant (kJ kg�1 K�1)

S
 Entropy (kJ kg�1 K�1)

T
 Temperature
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TE
25584 | RSC A
Thermal energy (J)

W
 Work transfer (J)

G
 Gibbs function

Ho
 Enthalpy of formation at STP (kJ kmol�1)

Kp
 Dissociation equilibrium constant

PE
 Potential energy (J)

D
 Difference, change

y
 Mole fraction

P
 Products of reaction

R
 Reactants

S
 Stoichiometric

Q
 Equivalence ratio
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