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Due to increasing global energy demand and the fact that a major source of the
required energy is generated from fossil fuels, the combustion process has turned
into a topic of interest in converting fossil fuels to energy. An ideal combustion sys-
tem is one that can combine high engine efficiency with low fuel consumption and
low emissions. Increasing humidity is a technique used by researchers for influenc-
ing the combustion process. The present study aims to review previously conducted
researches in this regard. Based on viewpoints of these researches, the reviewed
studies were categorized into four groups: the case studies used, the methodol-
ogy applied, the design guidelines considered, and the performance parameters
studied. It can be concluded from the reviewed articles that NO, reduction is the
most significant advantage of increasing humidity in the combustion process, and
has led to the widespread use of this method. The other studied emissions either
remained constant or their respective increases were negligible.
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Introduction

Energy and power generation from the heat released during the combustion of dif-
ferent fuels is a topic frequently discussed and studied by researchers nowadays. In general,
an ideal combustion process provides the highest efficiency and performance while releasing
the least amount of hazardous materials into the environment (emissions). Depending on the
type of the combustion system, these parameters can have different values. In a particular study
on the combustion process, a researcher might examine an industrial gas turbine in the power
generation cycle of a power plant. In another study, the turbojet engine of an airplane might be
studied and in another study, a group of researchers might work on the combustion process of
a Diesel engine. Today, experts pay specific attention the quality as well as the quantity of the
combustion process parameters such as emissions. Governments, besides environmental re-
searchers, are especially concerned about NO, emissions. The results obtained in many different
studies have shown that adding water or steam would considerably improve the conditions of
the combustion process [1, 2].
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Accordingly, the present study aims to conduct a review study on this subject to guide
future researchers in the field. Upon categorizing the relevant studies based on their viewpoints,
the following sections and subsections presented in this article:

Approach I. Categorizing based on the apparatuses and place of the conducted study,
whether laboratory or industrial facilities were used in the study. Also in this approach, it will
be determined what kind of engine system has been studied on the combustion process. A gas
turbine that used for power-generation, an aircraft engine or a Diesel engine.

Approach II: Classifying the studies by the methodology used (experimental or empir-
ical, numerical, analytical, or a combination thereof).

Approach I1I: Reviewing the design studies and parametric studies in terms of the type
and phase of the injected or added humidifier (water or vapor), addition of different diluents to
the combustion process, comparing addition of humidifier to the fuel side or oxidizer (air) side,
the point at where the humidifier is injected or added (combustion chamber, compressor, or gas
turbine), type of flame or combustion (premixed, partially premixed, or non-premixed), and the
type of fuel used in the combustion process.

Approach 1V: Providing the significant design goals (performance parameters), even
under undesirable conditions should be monitored [3]. Parameters such as maximum efficiency,
lowest pressure loss, minimum emission, suitable outlet temperature distribution, combustion
and flame stability, and reliability.

Search method

This section discusses the methods used for extracting the content for the present
article. First, the data bases search engine was used to look up the following key words or
phrases (both individually and in context): NO,; emission, steam or water injection, steam or
water addition, combustion design, combustion performance, flame stability, and experimental,
numerical and/or analytical analysis. The articles were mostly extracted from the following
websites: springer.com, scientific.net, tandfonline.com, elsevier.com, imeche.org, nasa.gov,
sciencedirect.com, and asme.org. The search period extended from March 15 to April 15,2019,
during which more than 190 references were extracted. Upon comparing the searched article
titles with the subject matter, the irrelevant articles were duly disregarded. Subsequently, the
abstracts of the remaining articles were examined and those with acceptable structure and con-
tent were selected based on the authors’ point of view. Next, the conclusion and introduction
sections of these articles were studied to further filter the less relevant articles. Finally, 130
articles were selected in this way for the preliminary study phase.

The next step involved studying each selected reference, taking the necessary notes,
and summarizing them according to a specific format. Upon further examination, a number of
selected articles were designated as suitable for use in the present article.

Findings

This section explains what topics a researcher should consider in studying this field.
The first step in this section was to identify the existing case studies. In other words, the case
studies were examined based on researchers options in terms of access to equipped laboratories,
industrial facilities or only the experimental results are available. Only upon completing such
examination can a researcher decide the type of study (i. e. experimental, numerical, or analyti-
cal) that he or she plans to conduct. Next, the target points had to be set. Two types of studies are
generally conducted in the field of gas turbine and combustion: design studies and performance
studies. The efforts made in the design studies must aim at improving the performance or effi-
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ciency of the studied system. Accordingly, the se-
lected articles were categorized into four groups
based on their presented perspectives which are

shown in fig. 1. References were prioritized based e Desian erformance
on the opinions and experiences of the authors e study study
of this study (according to subjects such as be-

ing state-of-the-art and referring to more details).

Then, the essential articles were analyzed in more
detail in each section.

Figure 1. Four approaches of this work
Approaches: Case studies types

Engineering studies are generally conducted on specific research subjects called case
studies. Their results are discussed and evaluated based on the information obtained from one or
more relevant case studies which may be experimental, numerical, or analytical. When search-
ing for references, the researcher must take into account the characteristics of each case study.
Accordingly, the case studies were categorized into different groups based on main keywords.

Industrial or lab test stand case studies

Case studies in the field of gas turbine and combustion are conducted on either (or
sometimes both) industrial or laboratory equipment.

Industrial

In an industrial research study, Xue et al. [4] investigated the effects of adding steam
to the gas turbine cycle in the conceptual design phase and examined the resulting performance
of the studied turbine. To validate their model, they used annular combustors of two actual
turbofan engine models, one of which was similar to the CFM56 [5] and the other was the
NASA energy efficient engine E3 [6, 7]. The input parameters associated with the gas turbine
engine performance required for combustor design were extracted from a home computer code
developed by them that called turbomatch [8, 9], tab. 1. Adding steam via a computer code,
they first formulated and subsequently modeled a preliminary detailed design procedure for
single annular combustors, thus integrating gas turbine performance into the field of combustor
design. The results obtained from their proposed model were in good agreement with the actual
results, as shown in tab. 2.

Upon comparing their model with the actual combustors, they fixed the operating con-
ditions to examine the effect of adding steam on the design parameters, and went on redesign
the combustor. According to the results in fig. 2, the length and height of the different combustor
components had to be increased.

Lab test stand case studies

In their series of laboratory studies, Novelo et al. [10] studied the effects of water
injection on reducing NOx and increasing engine efficiency in compressors. The laboratory
measurements in this study were taken using the equipment developed by the authors. Their
work was comprised two parts. In the first part, they measured and analyzed the characteristics
of the droplets that were to be injected into the compressor at different injection pressures and
water temperatures. They then examined the effects of injecting these particles into the com-
pressor and the combustion chamber. The first part of this experiment (i. e. measuring size of
the droplets) was conducted by using a laser via the method described in references [11-13],
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Table 1. Operating values of combustor

inlet at design condition [4]

Parameters G5B9 L5
model | model
Inlet total pressure [atm] 28.5 30.0
Inlet total temperature [K] 800.5 815.0
Fuel flow rate [kgs™] 1.3 1.35
Air-flow rate [kgs™1] 43.92 55.2

as shown in fig. 3. This method was consistent
with the standard ASME method used for mea-
suring droplet dimensions [14]. At this stage, an
impact-pin nozzle was used.

In the second part of their experiment,
they made use of the laser measurement equip-
ment used in the first part and also an injector
plate alongside a Rolls Royce Artouste gas tur-
bine engine. Water-to-air ratios of 0.5%, 1%,

Table 2. Results of combustor preliminary design [4]

. : CFM56 model E3 model
Overall dimensions e e
Model | Data [5] | % Deviation | Model | Data [7] | % Deviation
Diffuser length [m] 0.123 0.119 2.56 0.085 0.099 —13.40
Primary zone length [m] 0.051 0.053 -3.98 0.035 0.034 1.48
Secondary zone length [m] 0.059 0.060 —0.85 0.041 0.040 2.56
Dilution zone length [m] 0.066 0.065 1.57 0.054 0.053 0.48
Linear height [m] 0.084 0.086 -2.06 0.074 0.076 -2.67
Casing height [m] 0.106 0.012 —11.08 0.097 0.119 —18.58
Jet holes
Fuel nozzle number [-] 20 20 0 19 20 -5.00
Secondary zone jet hole number [—] 79 80 -1.25 81 80 1.25
Dilution zone jet hole number [—] 120 120 0 120 120 0
50 - pr—— - 50 v
40 CFM model combustor S a0f E3 model combustor
(]
%‘ 30 g 30fF
§ g
é 20 g 20
g 10 :]%1 10f
S o £
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Figure 3. Mechanism of laser scattering [10,
15]; 1 — laser, 2 — laser lens, 3 — water droplets,
4 — receiver lens, 5 — detectors on receiver
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Figure 2. Change in combustor design parameters showed in percent [4] (abbreviations

are listed in tab. 2)

and 2% were applied. The droplet dimensions
at the compressor inlet were obtained via for-
mulas validated from the measured droplet di-
mensions. Simultaneously, at the other end of
this set-up towards the outlet, the emissions
were instantaneously measured and logged.
According to the results obtained from the first
part of the experiment, the droplet dimensions
decreased with increased injector pressure. In
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addition, the droplets grew larger as their axial distance from the nozzle increased, fig. 4. The
measurements showed a 2.2% increase in the fuel-to-air ratio, which corresponded to a 40% in-
crease in CO emissions. However, it was the 25% reduction in NO, emissions that demonstrated
the true worth of the applied method, see fig. 5.

Water-to-air ratio
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Figure 4. Diameter of droplet-distance from Figure 5. Effects of water injection on engine
nozzle [10] (69 bar, 138 bar) parameters change [10]

In another study, Mazas et al. [16] numerically and experimentally investigated the
effects of the addition of water vapor on laminar burning velocity in oxygen-methane flames en-
riched with oxygen-steam-nitrogen at atmospheric pressure and a constant inlet temperature of
373 K. The experimental measurements were conducted on an oxycombustion-dedicated set-
up comprised of gas feedlines, a humidifier for generating water vapor, and an axisymmetric
burner with steady conical laminar premixed CH4-O,-Ny-HyOpupory flames. They determined
the flame speed using a conical flame method with a Schlieren device. They applied the mix-
ture equivalence ratio, molar oxygen enrichment, and water vapor molar fraction variations of
0.6-1.5, 0.21-0.5, and 0-0.45, respectively [17].

In their experimental-numerical study, Nicola Donohoe et al. [18] studied the effect
of dilution through water vapor addition at high pressures on combustion chemistry when hy-
drogen, syngas, and natural gas were used as fuel. They conducted their experimental mea-
surements on two separate systems. The first system was a rapid compression machine, which
was part of the equipment at the National University of Ireland Galway [19, 20]. The second
system was a shock-tube device (Texas A and M University); the detailed description of which
is presented by Aul et al. [21].

Engine types

Categorization can also be based on the type of engine used in the turbine. Depending
on the studied turbine application, the engine might be used to generate electricity for a power
plant or to provide thrust in a turbojet system. Classification can also be based on the water
spray method used in Diesel engines. Whereas experimental studies are dependent on direct
measurements and observations made on the studied engine, the numerical and analytical stud-
ies merely use the available engine data.

Gas turbine (power plant) case studies

In their study on a power plant gas turbine, Zhang et al. [22] proposed an analytical
model for the thermodynamic analysis of a partial oxidation steam-injected gas turbine cycle.
They studied the respective effects of partial oxidation reaction temperatures, as well as other
key variables, actually examining a new system that combined the partial oxidation gas turbine
(POGT) and the steam injected gas turbine (STIG) systems. Due to the staged release of the
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chemical energy of the fuel, the POGT system
has great potential in improving the system ef-
ficiency. A STIG system is more efficient and
less expensive, and also produces lower levels
Water purnp of emissions [23, 24]. They also conducted an
"""""""""" energy analysis to compare their newly devel-
oped system with a system that operated based
on the STIG cycle. Figure 6 shows a schematic

&

Combustor

M~ Coolingair
of the POSTIG cycle.
Comoresor T They used the conservation of mass and
Figure 6. Partial Oxidation STIG cycle [22] energy equations to model their compressors,

combustors, turbines, and pumps. Their super-
heater, evaporator, and heat exchanger models, however, were adopted from the relevant stud-
ies in the literature [25]. According to their results, the following key variables affected the
efficiency and the specific work output of the POSTIG cycle:
— The bottoming gas turbine cycle temperature.
— The pressure ratio of the bottoming gas turbine cycle compressor.
— The partial oxidation temperature.

Gas turbine (aircraft) case studies

In their numerical-experimental study, Benini et al. [26] studied the variations of CO
and NO emissions in a turbojet combustor as a result of the direct injection of water (in the form
of mist) and steam into the combustion chamber. The advantages and disadvantages of each
case for a 200 Newton static thrust turbojet were evaluated. They introduced variations amount-
ing to 200% in the steam-to-fuel and water-to-fuel ratios. To solve the thermofluid dynamic
flow field within the combustor and study the emissions resulting from the combustion process,
the ANSYS CFX computer package was used to generate a 3-D CFD model of the combus-
tion process. To cool the combustion gases, in both the experimental and numerical models,
a cooling (refrigerant) flow was injected directly into the combustor liner outlet. Their model
included all the main paths for NO formation [27]. Their model was verified by comparing its
results to the measurements conducted on the direct-flow annular-type combustor of the test
turbojet engine at the Padova University laboratory. The exact specifications of the laboratory
turbojet and combustion chamber are presented in references [28]. According to their report,
figs. 7 and 8, NO emissions were reduced by 16% at an injected steam flow rate twice that of
the injected fuel, whereas water injection reduced NO emissions by merely 8% (at constant fuel
ratio). Due to its higher thermal capacity, water exhibits better cooling properties than steam.
Their results showed that the CO levels were reduced due to steam injection, whereas water
injection increased CO emissions. This was indicative of incomplete or partial combustion in
the combustion chamber.

Lee et al. [29] examined the effect of dilution on the combustion performance by add-
ing N,, CO,, and steam to an industrial gas turbine that used synthetic gas (comprised of CO,
H,, and CH, and etc.), in their experimental study. Upon establishing the desired N,, CO,, and
steam dilution ratios, they logged their observations and measurements related to the following
parameters: combustion instabilities, flame shapes, and NO, and CO emissions. Table 3 lists the
measurement conditions applied in these tests. Also reduction in NO, emissions was reported at
all the three dilution cases results.
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Figure 7. Steam injection: measured Figure 8. Water injection: measured
(dash) vs. computed (solid) emissions [26] (dash) vs. computed (solid) emissions [26]
Table 3. Experimental conditions [29]
. Dilution ratio [%]
Heat input | Syngas-flow e i Overall
[kW] rate [Nm’h '] Hy[Nm’h] -} CO [Nmh] equialence ratio N, CO, | Steam
30 25.62 3.15 6.36 0.343 0-90 0-40 | 0-100
35 29.89 3.68 7.42 0.400 0-90 0-40 | 0-100
40 34.17 4.2 8.47 0.457 0-90 0-40 | 0-100
45 38.44 4.73 9.53 0.514 0-90 0-40 | 0-100
50 42.71 5.26 10.59 0.572 0-90 0-40 | 0-100
55 46.98 5.78 11.65 0.628 0-90 0-40 | 0-100

Diesel engine case studies

The effect of adding humidity has also been studied in diesel engines. In their theoret-
ical-experimental study on direct-injection diesel engines, Kokkulunk et al. [30] examined the
effect of steam injection on the performance as well as emissions of these engines. Employing
the electronic injection method for optimal injection, they subsequently reported improved en-
gine efficiency and performance in addition reduced NO, emissions as compared with standard
engines. Their experimental results showed that steam injection (at the ratio of 20%) improved
the torque and effective power at 1200 rpm by at most 2.5%. In addition, the specific fuel con-
sumption and effective efficiency increased by 6.1% at 2400 rpm. The NO and CO, emissions
at 1200 rpm and 1800 rpm were reduced by 22.4% and 4.3%, respectively. However, smoke
concentration at 2200 rpm increased from 44-46%.

In another experimental study, Tesfa et al. [31] studied the effect of water injection
on the performance and emissions characteristics of an ignition-compression Diesel engine
that burned biodiesel under steady-state conditions. According to their results, water injection
caused NO, and CO emissions to decrease and increase by (at most) 50% and 40%, respective-
ly. Thus, they concluded that water injection could be used to reduce NO, emissions without
causing power reduction or negative effects on fuel consumption.

Other case studies have also been conducted on the effects of wet combustion in
internal combustion engines (diesel engines included) during the previous period, including
references [32-48].
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Approaches: Type of investigations

Categorizing engineering articles based on their methodology can facilitate their re-
view. Accordingly, articles can be classified into three categories: experimental, numerical, and
analytical. Also some articles combined these three methodologies. In this section, a number
of articles are discussed based on the main present keywords, and their categories identified
according to the aforementioned classification.

Experimental articles

The experimental-analytical study by Araki ef al. [49] examined the operational char-
acteristics of an advanced humid air turbine (AHAT) system. This study aimed to improve the
operational conditions of the gas turbine power generation system that utilized the AHAT sys-
tem. The authors also intended to study various operational characteristics of a 3 MW AHAT
pilot plant. The characteristics were, effects of ambient temperature, characteristics of loading,
characteristics of start-up, and variations of heat transfer characteristics of the recuperator. This
pilot plant was constructed in 2006 in Hitachinaka, Japan, to conduct a feasibility study on the
use of the AHAT system. Their secondary goal was to compute and compare the effects of am-
bient temperature and power variations in an AHAT and a combined-cycle (CC) system (based

4200 48 on the assumption that the two systems could

S 4000 Measured (corrected) | ¢ &= be classified as mid-sized industrial gas turbine

= Predicted

S 3800 oot ook 44 ég systems).

é:, 3600 -3 2 According to their report, which is shown

© . .
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E [} >

o . .
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Figure 9. Effects of ambient temperature on perature effects for the three plants are shown
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Figure 10. Effects of predicted ambient temperature on the mid-sized AHAT and CC plants [49]

Upon carrying out the necessary computations and measurements at partial load, they
observed that, in spite of the power variations experienced by the 3 MW system, there was a
good agreement between the calculated and the measured electrical efficiencies. They reported
that by reducing the rotational velocity (power) to 60% of its maximum level, the reduction in
electrical efficiency was reported to be 6.2% in the mid-sized AHAT system, which was less
than the 8% obtained for the CC system (the maximum output power was assumed to be 100%,
equal to 3990 kW). The system start-up time was reported to be a function of the recuperator
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thermal capacity. The measured start-up time for the cold engine of the 3SMW AHAT plant was
announced as 60 min.

Numerical articles

In a NASA report, Daggett and Hendricks [50] numerically studied the effect of water
atomization and injection via a new approach implemented in commercial aircraft aimed at
reducing the NO, emissions of their engines. In older aircrafts (e. g., Boing 707 and 747), water
injection would be used for increasing engine thrust. However, the study used a new technique
called water misting in which, in addition increasing thrust, other factors such as reducing fuel
consumption, NO, emissions, and inlet temperature of the turbine were also considered. The
author also believed that once the objectives of this numerical study had been realized, the pro-
posed technique could reduce maintenance costs.

A conceptual design of the Boeing 777-200ER (with certain alterations applied to the
size and material of the wings), equipped with a GE engine, was used in this study [51]. Two
types of engines were studied. The first was an industrial 40 MW aeroderivative engine (Model
GE LM6000), capable of injecting atomized water into the compressor and the second was a
state-of-the-art aircraft engine NEPP with a large bypass ratio, which was used by NASA Glen
and Boeing companies to examine the ultimate performance. The exact specifications of the latter,
however, have not been disclosed, and the only reported fact is that it resembles Model PW4000
of the GE series. To validate the results obtained by NASA, Boeing used the information related
to the GE90-85B and PW4084 engines.

It was reported in this study that using wa- 0% SFC NO, T 0
ter misting before the low pressure compressor — _se LPC;T =0 &
(LPC) was more useful than injecting water into ~ -10% et s -100 é
the combustion chamber or adding water inside ~— -15% -150 g
the high pressure compressor (HPC), as was 0y
done in the older method, fig. 11. This phenom- jZi :zzg
enon is more pronounced on hot days. Although 350
water injection into the high pressure compres- 400 400
sor produces the same reduction of NO,, it also  -4s% 450
reduces fuel efficiency by almost 1.7%. Direct — -50% ~500

injection into the combustion chamber would  Figure 11. Comparison between LPC

lead to greater NO, reduction (roughly 70%) as  and HPC injection by SFC, NO, and T,
compared to other methods while reducing the ~ changes [S0]

fuel efficiency by about 2%. The optimal temperature was achieved at the turbine due to water
injection into the LPC.

The T, stands for temperature at the inlet to the high pressure turbine, turbine inlet
temperature (TIT).

As reflected in their NASA report, Balepin et al. [52] conducted a numerical study on NO,
reduction due to water injection in a commercial jet engine during the takeoff and climbout flight
phases. In addition NO, reduction during these two flight phases, they also reported a perceptible
decrease in the turbine inlet temperature (which would result in prolonged engine life as well as
increased safety). Water injection was studied in five different locations of the turbofan engines,
the LPC, HPC, and combustor. Figure 12 shows water fraction of the core air-flow [%] against the
NO, drop [%] for observed cases. Most economical case (NO, reduction with regard to the required
amount of water) is injection in the LPC with reduced cooling air bleed. Regardless of the amount of
water needed, injection in the combustor (Case 5) resulted in the highest NO, reduction.
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® The aforementioned results are plotted for
water injection at the inlet of:
—  the LPC, reduced cooling air bleed,
@ the HPC, reduced cooling air bleed,
the LPC, normal cooling air bleed,
% —  the HPC, normal cooling air bleed, and
—  combustor.
Their calculations also showed that the wa-
20 40 60 ter required for NO, reduction was only 0.42% of
NO, reduction [%] the total fuel mass consumed. They also reported
Figure 12. The NO, reduction against that the saved fuel mass amounted to approxi-
water fraction for water injection [S0] mately 0.1 of the total mass of the water used.

In their experimental-numerical study, Paepe et al. [53] examined the effect of dilution
via steam injection on CH, combustion in a humidified micro gas turbine. In general, using steam
injection in a gas turbine would positively affect its performance. However, due to the greater
sensitivity exhibited by a micro gas turbine, humidification, if applied without conducting the
necessary preliminary studies, might lead to incomplete and unstable combustion. Thus, reducing
the overall efficiency, and at times, even causing the engine to stall. Another unfavorable occur-
rence that might occur is an increase in CO. They conducted the experimental observations at
atmospheric pressure on a premixed variable-swirl combustion chamber. They also studied the
simulations carried out on the subject by other researchers using the information provided in these
studies to extract their results. Adiabatic flame temperature (equilibrium calculations) as well as
CO emissions level (equilibrium and chemical kinetics) were simulated. The GASEQ [54] was
used for the equilibrium calculations, while OpenSMOKE [55] and GRI-Mech 3.0 [56] were used
for the chemical kinetics calculations (using a perfectly-stirred reactor or PSR). For their study,
they used a modified version of the combustion chamber introduced by Sayad et al. [57] who had
conducted an experimental study on the conditions that influenced the lean blowout (LBO) limit.
They argued that there was a linear relation between the steam fraction and the LBO equivalence
ratio, i. e., increasing steam fraction would increase the equivalence ratio that led to LBO. The re-
sults showed that steam injection would produce negligible CO emissions in the presence of a per-
fect stable combustion. As the equivalence ratio decreased due to the reduction in fuel rate, the CO
levels began to rise as a result of reduced combustion temperature (due to incomplete combustion
and in combination with a low residence time the LBO limit approaches to complete blowout).

In Lim’s [58] experimental-numerical study conducted at Purdue University, the ef-
fects of adding steam and preheating air on the flame structure and formation of NO, during
combustion with laminar counterflow flames were studied. The sampling technique was imple-
mented to conduct the experimental studies, carry out the NO, measurements, and measure the
other combustion species. The numerical calculations were conducted via a code developed
based on the GRI-Mech 2.11 software. An experimental combustion chamber test stand was
used for the studies.
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Analytical articles

Mathioudakis [59] used explicit analytical relations to study the effects of water or
steam injection on gas turbine performance. Drawing on the information obtained regarding the
performance parameters, they used this model to examine the fuel variation, the output power,
and the efficiency of the studied turbine in the absence of water or steam injection. According
to the results, it was possible to predict the behavior as well as the performance of the system
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by using the proposed model and a minimum amount of design data rather than making use
of more detailed models. The proposed analytical relations were verified by comparing their
outcome to the results obtained from more accurate computer models that had been previous-
ly validated. The design data of many commercial gas turbines were used to demonstrate the
engine parameter deviations. Thus, a comprehensive guidebook was provided to evaluate the
expected parameter deviations when water or steam was injected between the compressor outlet
and gas turbine inlet. The obtained relations were used to predict the differences between the
gas turbine behavior or performance in the presence and absence of water or steam injection.
Even the changes in fuel characteristics were duly predicted.

An important result obtained from the collected information was that water and steam
injection would both increase the turbine output power, fig. 13. However, steam injection would
increase the turbine efficiency, whereas water injection would decrease it, as shown in fig. 14.
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Figure 13. Power deviation variation Figure 14. Efficiency deviation variation
against war (single shaft, constant against war (single shaft, constant
geometry) [59] geometry) [59]

In recent figures war stands for water flow rate to air-flow rate ratio. Their model
could also be used to accurately examine the variations of operational conditions in the com-
pressor (e. g., pressure ratio and mass-flow rate) due to steam or water injection.

The combined use of steam-injection gas turbines with other plants has been investi-
gated in many studies. Examples include the numerical-analytical study by Esfahani et al. [60].
They conducted a feasibility study on the performance of a steam-injected gas turbine operated
alongside a multi-effect thermal vapor compression (METVC) desalination system.

Bouam et al. [61] injected steam into the combustion chamber of a gas turbine in the
Sahara Dessert, Algeria, in order to improve its performance, ultimately proposing a numerical
model by conducting a thermodynamic analysis. The reason for this study was the reduced
thermal efficiency experienced by the turbine due to the harsh operating conditions imposed
on it by the regional climate. They proposed that suitable quantities of steam be injected at the
upstream of the combustion chamber.

Conducting a thermodynamic analysis, Kim [62] investigated the effects of water and
steam injection on the thermodynamic performance of gas turbines. In their parametric analy-
sis, they studied the performance of three power-generating gas turbine systems: the regener-
ative after-fogging gas turbine system, the steam injection gas turbine system, and the regen-
erative steam-injection system. With due attention the pressure ratio and water-to-steam ratio
variations, they used an analytical model to evaluate the important system parameters including
the thermal efficiency, fuel consumption, specific power, and CO, emission in the environment.
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Approaches: Design or parameter study

Researchers pay special attention the design cases related to the parameters that influ-
ence the quality as well as the quantity of combustion parameters. In this section, the studied
articles conducted on these design parameters are classified based on their major keywords.

Type of injected or added humidifier

The phase of the added water (steam or liquid water) was observed to be the focal
point of some of the reviewed case studies. Other studies examined the effect of the diluents
used (e. g., exhaust gas re-circulation).

Touchton [63] conducted one of the first comprehensive studies in this respect. In
their experimental study, they examined the effect of combustion chamber design as well as
operational parameters on NO, emissions control via water or steam injection. The study aimed
to examine the combustion system of gas turbine models GE MS7001E and MS9001E gen-
erally operated in CC power plants. The results related to the standard combustion systems,
the modifications applied to their spraying method and location, and the combustion chamber
design modifications were also included in the study. Both the studied gas turbine models were
uniaxial and rotated at constant speed. The second model (with 14 combustion chambers) was
developed from the first model (with 10 combustion chambers). The results obtained from the
injection of water were then compared to those from steam injection in the same combustor.
The influence of the fuel type on the effectiveness of water and steam injection in the same
combustor was also studied. The author then compared their findings with those presented in
the previous studies. According to their report, steam or water injection would reduce the peak
flame temperature, thus preventing NO formation. He believed water injection was highly pref-
erable to steam injection (due to the latent heat associated with water evaporation). The study
also reported that, in jet-stirred combustion chambers burning methane as fuel, no significant
differences were observed between the results in the following: Case 1 — adding steam to the
air-flow and Case 2 — adding steam to the fuel flow in the primary zone of the combustion cham-
ber. In addition, the role of important parameters such as inlet temperature, overall equivalence
ratio, and swirl in NO formation was found to be insignificant.

Other studies that simultaneously examined the effects of water and steam injection
include Benini et al. [26] and Mathioudakis [59], Gas turbine (aircraft) case studies and Ana-
Iytical articles, respectively. Some studies including Lee et al. [29] Gas turbine (aircraft) case
studies and Kruger et al. [64] Performance study: Emission also investigated the effect of inert
or neutral diluents.

Location of humidity addition and injection in study apparatuses

Humidity injection location is another matter that is of interest to the researchers in
the field. Most recent studies have examined the direct injection into the combustion chamber.
However, injection into the compressor or even the turbine has also been investigated. Injection
into the turbine is generally aimed at reducing blade temperature.

Farokhipour et al. [65] recently studied water spray injection into the gas turbine
combustion chamber to decrease the NO, emissions. They used an Euler-Lagrangian model
in their numerical study. They also studied the effects of such an injection on the performance
parameters of the turbine. They found in the course of their study that few accurate numerical
studies had been conducted on spraying water into combustion chambers. They studied the
parameters of the water spray injection design such as mass-flow rate, injection location, and
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injection direction, and examined their respective effects on performance as well as on NO,
reduction. They also paid particular attention the swirl number.

For numerical discretization of the Eulerian part of the governing equations, they
applied the finite volume method, using the PISO algorithm [66], to decouple the pressure
velocity term from the Navier-Stokes equations. The detailed numerical solution of the La-
grangian equations is discussed in the other studies conducted by the same team of research-
ers [67, 68]. Considering the previous literature, they decided to use the 4-equation transition
k- SST model [69], since it was a suitable tool for simulating the intermittent swirl-stabi-
lized flames and was considered to be the best available RANS model [70]. They also used
a special 30-species, 184-reaction CNG-air mechanism in the flamelet calculations to model
the combustion chemistry [71]. To predict the amount of NO, emissions, they added eight
reactions in this mechanism. Three of these reactions were related to the Zeldovich mech-
anism where thermal NO, was produced [72], two of the reactions were due to the N,O-in-
termediate mechanism [73], and the remaining three reactions were associated with the NO,
reburning mechanism [74]. To further investigate the subject, they introduced a number of
performance/design parameters and relations: a swirl number formula, two different relations
for combustion efficiency, highest temperature of the combustor outlet gas, Tr..ou, pattern
factor relations, and temperature uniformity index, y, and temperature standard deviation
(parameters related to the temperature profile of the outlet flow), a relation (merit function)
to calculate NO, values and evaluate the total NO, and CO emissions, water evaporator effi-
ciency, and entropy generation rate [75].

Other studies on the simultaneous injection into the combustor and compressor in-
clude articles by Dagget [50] and Balepin [52], both of which are Nimerical articles. Also, El-
wekeel and Abdala [76] researched the injection in the combustion chamber and turbine, which
will be referred to in Approaches: Performance stady.

Type of flame: Premixed, non-premixed, and partially premixed

Another categorization observed and based on the main subject of the studied articles
was combustion type or flame type (the latter is a more specialized expression). A flame can be
premixed, non-premixed (diffusion flame), or partially premixed.

Premixed flame

In their experimental study, which led to the extraction of a numerical model, Statho-
poulos et al. [77] studied the emissions of a wet premixed flame at high pressure. The fuel
was comprised of natural gas and a mixture of hydrogen-enriched natural gas. Their purpose
was to examine the advantages of adding steam
to a premixed flame as well as the effects of
pressure variations and hydrogen content of the
fuel on the_ flame shape and the. emissions. The  y,iaple diameter orifice ™~ ©
goal of this study was to continue and devel- ... e\

K xial air injection_

op the results of previous research by Kuhn et

al. [78] on combustion system performance at  Fuelinjection -
high pressure. Tp cond}lgt their measurements, Tange"'a'a'D'i;E'tie;n holes
they used a swirl-stabilized combustor which

was comprised of a radial swirl generator and
a mixing tube located before a cylindrical com-  Figure 15. Main section of used test
bustion chamber, as shown in fig. 15. apparatus [77]
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Air would enter through an orifice (on the main axis of the combustor) and pass
through the radial swirl generator before entering the mixing tube. Using this system could al-
leviate existing concerns regarding flame flashback. The overall amount of air passing through
the system was kept constant during the experiment, and the value of this parameter was ob-
tained from the velocity field measurements conducted in previous studies [79].

The tests in this study were conducted using a high pressure test rig in a high pressure
combustor in Stuttgart, Germany. A detailed description of this test stand (HBK-S) can be found
in references [80].

Measurements were taken for two different fuel types at different pressures (maxi-
mum 9 bar) and four different steam dilution ratios (maximum 25% of steam-to-air mass-flow
rate ratio). Natural gas (enriched by hydrogen up to 10% by mass) was selected as the basic
fuel. Using a reactor network model generated via the CANTERA computer package [81], they
obtained the required emissions results based on their adjusted conditions. They subsequently
compared these results with their experimental results. To simulate the desired process, they
combined a single perfectly stirred reactor (PSR) to model the flame with a plug flow reactor
(PFR) to model the post-flame zone (PFZ) since, in CANTERA, a PFR must be modelled by
joining several PSR [82, 83].

In general, there was an acceptable agreement between the simulation results obtained
for the two mixtures and the experimental results. They attributed the slight discrepancies be-
tween the numerical and experimental results to the heat transfer model and the existing un-
certainty associated with the measurements and the chemical reaction mechanisms. According
to their results, increasing pressure and hydrogen enrichment during the measurements led to
increased flame burning velocities, thus introducing variations in the flame shape and position.
In view of the previous studies, they expected NO, emissions to increase with increasing com-
bustion pressure (due to the strengthened thermal pathway). They also knew, based on the same
studies, that steam injection into the combustion chamber would reduce NO, at high pressures
without having a negative effect on CO emissions. Through their measurements and observa-
tions, they learned that the combustion of hydrogen-enriched fuel at a high pressure required
intensive steam addition in a gas turbine to reduce NO, emissions down to the threshold recom-
mended by environmental standards. They added steam in sufficient amounts within the stan-
dard limits by taking into account the performance conditions of the studied gas turbine [84].

The next study by Goke et al. [85] examined the effects of pressure variations and
dilution (via steam) on the NO, and CO emissions in a premixed flame which used natural gas
as fuel. In this experimental-numerical study, a natural gas injector with satisfactory operation
at high steam rates was designed, thus guaranteeing a stable flame. Their injector involved a
radial swirl generator followed by a mixing tube with a diffuser which led into the combustion
chamber via an area expansion. They reported that steam would significantly reduce NO, con-
centration, and that such reduction was intensified with increasing pressure. The flame stability
was observed favorable and recorded as an almost perfect combustion at a 25% steam injection.
At all pressure levels, a 20% steam injection led to NO, reductions below 10 ppm. The CO
emissions were also very low at the same time.

Non-premixed flame

Taking advantage of CFD numerical simulation, Lancua ef al. [86] studied the effects
of using fuel gas and adding steam on NO, reduction in industrial burners with non-premixed
flames. The simulationol ANSYS FLUENT (ANSYS tutorial, 2015) was used to conduct a
CFD analysis on a 300 kW swirl-stabilized combustion chamber. The required input data for
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the simulation (e. g., temperature, velocity, and boundary conditions) were obtained from the
experimental data provided by Sayre et al. [87]. They used the k-¢ turbulence and P-1 radiation
models to simulate the flow. They also selected the non-premixed model in FLUENT due to
the separate fuel and air inlets. Two fuel groups were tested to examine the effect of fuel com-
position: a typical methane composition, Union Gas [88], and a biomethane composition, Rasi
[89]. According to the simulation results increasing the amount of added steam decreased the
temperature of the system. The presence of the steam slightly decreased the peak temperature
of the flame (about 40 K), but its effect on the reaction mechanism was so considerable that the
NO, emissions at the maximum amount of steam were reduced by half as compared with dry
conditions. Upon adding steam with this ratio,
the reduction of NO, emissions was halved and
independent of fuel composition and burner ge-
ometry. According to their calculations, the ad-
dition of steam to the fuel or air for subsequent
injection into the combustion chamber was an
inexpensive method for reducing NO, emis-

sions. However, adding steam to fuel (rather 20 .
than to air) was reported to be more effective. 10 A"
To determine the NO, quantity from the infor-
mation obtained after the CFD simulation, they
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Figure 16. Percent of NO, drop under steam
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in fig. 16.

A later experimental-numerical study by Wang and Chiou [90] involved certain mod-
ifications in the structure of a conventional gas turbine owned by the Tai Power Company. This
turbine had a heat recovery steam generator and used the non-premixed combustion meth-
od. Upon selecting the simple working cycle of this turbine as the main unit, the STIG and
IAC units were added to the system in the same order. In addition, the advantages of using
these units separately, as well as the effect of using them simultaneously, were enumerated.
It was recommended that the steam injection and inlet air cooling technologies be used in
the studied system to increase its power generation capacity and its efficiency. Under local
summer conditions, they reported a 70% increase (from 52.14-88.2 MW) in the power output
in the presence of both the STIG and IAC systems. In addition, the efficiency increased from
29.3-37.24%, and the thermal rate was improved by 20.4%.

In another numerical study, Hwang and Choi [91] studied the effect of dilution with
H,O on the counterflow diffusion flame structure. They also examined NO emissions when
CH,-O,-N, was used as the fuel.

Partially premixed flame

In their experimental study, Chen et al. [92] examined the effect of adding humid air
to a partially premixed combustion process that used two types of liquid diesel fuel. They also
studied the impact of this addition on the generated NO, emissions. During their research in pre-
vious studies, they examined the effects of adding pre-combustor humidity in the presence of
natural gas as fuel [93-96]. They concluded that since liquid fuel generally produced more NO,
than lean premixed natural gas, studying the NO, generation behavior in such systems would
be beneficial due to the associated negative environmental effects. According to their results,
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at a constant flame temperature, adding 10% humidity to the compressed air before entering
the combustor would reduce NO, concentration by 90% (as compared with the dry conditions).
They also presented information on the CO measurements. They attributed such a significant
reduction in NO emissions to the reduced number of O atoms along with the increase of OH
radicals due to the humid air combustion process.

Fuel type study

The fuel type is an important parameter in engine design since it directly affects the
efficiency and geometric characteristics of the engine. The fuel type also influences the quality
and quantity of the generated emissions.

Kayadelen and Ust [97] presented an accurate and practical analytical model to rec-
ognize the exhaust species characteristics and the thermodynamic properties of the working
or operating gases in combustion chambers equipped with water or steam injection systems.
The effects of injecting the diluents (water or steam) on each exhaust species were studied
for different fuel types as well as for different diluents and equivalence ratios. They were then
compared with the experimental results obtained via precise measurement instruments. Using
the model proposed for mole fractions, they calculated the specific heat of the exhaust mixtures
as well as the adiabatic flame temperature. They also presented the same calculation results for
four fuels at different water-to-steam injection ratios. In their analytical model, all gases were
assumed to be ideal gases, i. e., their enthalpy and specific heat were dependent only on tem-
perature variations. The following numerical tools were employed to compare their simulation
results: CHEMKIN [98] that uses the Gibbs energy perspective minimization and GASEQ [54]
where the element potential method is used. According to recorded data, a good agreement was
observed between their simulation results and the results obtained from these computer pack-
ages, which showed the reliability of the proposed model by the authors. Their model was also
applicable for other diluent and fuel types and was capable of carrying out parametrical analysis
due to its high accuracy.

Goke et al. [99] studied the effect of steam dilution on premixed and rich-quench-
lean (RQL) combustors with hydrogen and natural gas used separately as fuel. According to
their report, a stable flame was observed in the premixed combustor at an inlet temperature of
about 650 K (when natural gas was used) until a steam ratio of 30% was reached. In the RQL
combustor, however, flame stability was maintained only until a 20% steam ratio was reached.
Their results indicated that if hydrogen were used as fuel, further steam additions would be pos-
sible. In addition, the flame flashback risk was observed to be reduced in the presence of steam
for fuel compositions that contained hydrogen. As such, pure hydrogen could be burned in the
premixed combustor even at the minimum steam-to-air ratio (10%) until the stoichiometric
conditions were established.

Effect of humidity addition and/or injection air (oxidizer) side or fuel side

An oxidizer and fuel are necessary for the combustion process to occur. In the studies
conducted on gas turbines, air is generally used as the oxidizer. Depending on the flame type,
the importance of the humidity injection or addition side is determined. Generally, steam is
injected into the combustion chamber in a premixed flame. Therefore, the air and fuel are hu-
midified simultaneously. However, in a non-premixed flame, the humidity might be injected to
the air side first before being added to the fuel side.

Upon proposing an analytical model and conducting the required numerical calcula-
tions, Zhao et al. [100] used the detailed chemical kinetics in GRI-Mech to study the effect of
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adding steam to a counterflow diffusion flame on the NO, emissions generated by the OH rad-
ical in the presence of methane-air fuel composition. They found that if the steam were added
to the air side, adding steam would have a greater effect on the flame characteristics. This was
attributed to the probability of steam entering the reaction zone [101]. To generate their numer-
ical-analytical model, they first applied the conservation of mass and energy as well as the state
equations. In addition determining the thermodynamic properties of each species, the CHEM-
KIN database was used [102]. A simplified transport model was used to calculate the transport
properties [103]. They introduced relations for effective thermal conductivity, effective mass
diffusivity of species, and effective viscosity of mixtures. As for the required numerical calcula-
tions, a code previously written for counterflow dif-
fusion flames was run [104]. Their results showed
that at a fixed initial temperature for the fuel and
oxidizer, increasing the amount of steam would re-
duce the flame temperature as well as the OH con-
centration. However, at a constant steam rate, the
flame temperature and OH concentration increased afr
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radicals from being consumed.

Another result indicated that the increased OH concentration due to steam addition
negatively affected the NO, reduction process. However, as the CH concentration was also
reduced during this process, the rate of HCN and N generation dramatically slowed down, and
the overall NO emissions were also reduced because of the greater effectivity of the reduced N
radical concentration.

Approaches: Performance study

Another categorization that can be applied to the articles in the field of gas turbine
and combustion can be based on a performance study of the relevant systems. Subjects such
as emissions rate, power output, efficiency, fuel consumption, flame characteristics, and flame
stability can be included in this classification. These are the most common subjects currently
pursued by the researchers in the field. In this section, a number of performance studies are
reviewed which address the mentioned topics.

In their performance study, Elwekeel and Abdala [76] studied the effect of the mist
cooling technique on exergy and energy analysis in a steam-injected gas turbine cycle. In their
considered system, the steam generated by the exhaust gas re-circulation was injected into the
combustion chamber and simultaneously used for cooling the turbine blades through a closed
loop. They used different values for mist fraction, steam coolant temperature, mist temperature,
pressure ratio, turbine inlet temperature, and blade temperature, 7, and observed their respec-
tive effects on the following: fuel conversion ratio, energy ratio, plant efficiency, net work, and
exergy efficiency. According to their reported results, at higher saturated steam coolant tem-
peratures, a higher net work and plant efficiency were obtained. In addition, they concluded that
increasing mist mass fraction would reduce the turbine blade temperature, reduce aecrodynamic
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losses, and increase blade life. At the same time, slight reductions were observed in the net work
and plant efficiency. For low saturated steam coolant temperature with a mist fraction between
2-26%, the efficiency of the system varied between 47.6% and 47.2%.

Delattin et al. [105] examined the effects of steam injection on the efficiency and
performance of a micro-turbine in their analytical-numerical study. By performing a process
analysis on a dry micro-turbine, they simulated its dry process via ASPEN software. According
to their results, if the CHP mode were deactivated, the steam-to-air ratio could be increased to
3.3 through a simple steam heat exchanger. The excess heat would be fully directed into the
exchanger to increase the electrical efficiency by 5%, thus reducing the total annual working
hours by 1500 hours as compared with the dry condition.

In another study that included experimental measurements along with numerical cal-
culations, Boushaki ez al. [106] examined the effects of hydrogen and steam addition on the
laminar burning velocity in premixed methane-air flames. Their results showed a linear increase
in the laminar burning velocity upon increasing the hydrogen fraction. By increasing the hydro-
gen-to-methane volumetric ratio by 25%, the laminar burning velocity increased by about 25%
from 37-46 cm/s. It was reported that adding steam to the system and increasing the air humidi-
ty from 0-100% could reduce the burning velocity by 50%. According to the results, increasing
the hydrogen increased the adiabatic flame temperature, whereas increasing the steam fraction
reduced this temperature. In addition, it was observed that increasing pressure under isentro-
pic conditions would raise the gas temperature, which would in turn increase flame velocity.
In such a case, the linear relationship between the increase in hydrogen fraction and laminar
burning velocity at higher pressures would be lost, leading to a further increase in this velocity.

In a following performance study by Alaefour and Reddy, the effect of steam injection
into the combustion chamber of a gas turbine on the performance of a CC power plant oper-
ating on natural gas (containing methane as its major component) was examined based on the
first law of thermodynamics, as well as energy analysis [107]. According to their results, steam
injection affected the work output and efficiency of the gas turbine, the steam turbine, and the
main power generation unit of the combined cycle. The results showed that the work output of
the gas turbine increased and reached its peak as maximum steam addition (5%) was applied in
spite of the fact that steam addition had demonstrated a negative effect on the total work output
of the steam turbine, decreasing it to a minimum at the maximum steam ratio. A similar trend
was also reported for the performance efficiency of the components. According to the results,
increasing steam injection would, in general, raise both the performance efficiency and the total
work output of the gas turbine and the combined cycle assembly.

Performance study: Emissions

Due to the particular significance of emissions, their adverse environmental impact,
and their role in global warming, a number of studies that have addressed engine emissions (in
addition the general keywords) are also -cited in this section.

In their analytical performance study, Nadir and Ghenaiet studied the thermodynamic
performance of a steam turbine injection generator with due regard to blade cooling and NO,
emissions. Steam was sprayed into the combustion chamber in this study [108]. Due to the high-
er heat transfer occurring in the gas-steam mixture (as compared with a pure gas), blade cooling
might be unsuccessful, and the blade material might be damaged as a result [109]. In their joint
study, they proposed two solutions for the problem to prevent its undesirable consequences by
maintaining blade temperature around 800 °C, the desirable range [23]. The first solution in-
volved maintaining the discharge combustor temperature at its initial temperature and substan-
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tially increasing the coolant fraction. The second solution (which was subsequently proposed)
was to maintain the coolant fraction at its initial value and induce a substantial decrease in the
discharge combustor temperature. The analytical model and the two solutions were proposed
for the Siemens gas turbine Model V94.3A. Their model was originally designed without steam
injection equipment, and this study aimed to provide steam injection possibilities for this tur-
bine. Based on their results and analyses, they reported that both solutions had led to improve-
ments in the performance of the system. They also reported that the first solution had produced
better results with regard to specific work, efficiency, and steam quantity. According to their
results, neglecting the problem of cooling the blades, steam injection significantly improved the
gas turbine performance and particularly its power output. Finally they mentioned that utilizing
the STIG cycle would lead to reduced NO, emissions. The NO, reductions resulting from the
first and second solutions were below 10 ppm and 14 ppm, respectively.

In their experimental-numerical study, Belokon et al. [110] collected sufficient exper-
imental data to study the performance of a compressor that was injected with highly humidi-
fied air. The experimental results were instrumental in generating a diffusion flame combustor
model with CH, as fuel and a maximum steam-to-air ratio of 20%, which could be used for the
estimation of combustion efficiency and the quantity of NO, emissions. This diffusion flame
combustor was used to achieve the most efficient combustion process possible because of its
higher flame temperature (close to stoichiometric temperature) as compared to premixed com-
bustors. The operating pressure was equal to the atmospheric pressure, and the inlet temperature
was 700 K.

They subsequently measured the combustion efficiency and the NO, level of the stud-
ied turbine. The well-known Theta, 6,, parameter [111] is an effective operational parameter in
the design of combustors, which expresses the exponential dependence of the thermal efficien-
cy of the combustor on the reaction temperature within the combustor. In the calculations of
dry combustors (no steam added), the inlet temperature, 7;,/e*®, is used instead of the reaction
temperature. Based on previous studies, Belokon et al. [112] argued that in diffusion flame
combustors with water injection, if the inlet temperature is substituted by stoichiometric tem-
perature, T, a modified 6, (e™3") can be obtained to achieve more realistic results. They report-
ed that the combustion efficiency and the NO, levels obtained from the flamelet model and from
the modified Theta formula were in very good agreement with the experimental results. They
proposed two solutions if the case in which a specific amount of steam used in the calculations
produced an undesirable combustor performance:

— modifying the combustor dimensions to obtain the desired performance and
— modifying the amount of injected steam.

In another experimental-numerical performance study, Hermann et al. [113] inves-
tigated the flame stability and formation of emissions particles in premixed combustion at
different water vapor fractions in the fuel composition. They found during calculations that
increasing the water would substantially reduce the NO, emissions. However, the measure-
ments showed this reduction in NO, concentration had diminished since richer combustion
was required for providing an acceptable normal efficiency as well as better combustion (i. e.,
acceptable CO concentration).

In their performance study, Kruger et al. [64] conducted large eddy simulations relat-
ed to the oxidization of hydrogen under ultra-wet conditions in a premixed combustor model
of a gas turbine. Their study was aimed at examining the flame properties and emissions by
applying detailed chemistry. In this experimental-numerical research, the use of an ultra-wet
gas turbine was recommended. The major modifications introduced in this turbine included a
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new design for the combustion chamber so that it could accommodate a large quantity of steam
without the loss of combustion stability.

Their experimental data were obtained from measurements via a test rig under atmo-
spheric conditions. The preheated air was mixed with the overheated steam before entering the
combustion chamber. Further details on this experiment are given in references [114]. Due to
lack of sufficient studies on hydrogen flame dilution with large steam quantities, the informa-
tion provided in Koroll and Mulpuru’s [115] study was adhered to for comparison purposes.
Their calculations showed that, unlike steam, inert diluents consistently reduced the burning
velocity. Substituting the inert diluents with steam increased this velocity. They reported that
the addition of steam to the combustion process would not only increase the efficiency but also
reduce the NO, emissions due to the increased heat capacity and the reduced peak temperature
of the combustion chamber. The significant reduction in NO, formation can be attributed to the
shifting of the preheat zone to higher temperatures. According to the calculations, adding steam
caused the heat release to spread. Thus, the flame front thickened and the flame often developed
slowly to the downstream of the flow.

In Kobayashi et al. [116] experimental study, the effects of dilution with oversaturated
water vapor on the fundamental characteristics of premixed methane-air turbulent flames under
the high pressures and temperatures produced in an internal combustion engine were investigat-
ed. To this end, they applied high temperature air combustion (HiTAC) to high load combustors
and clarified the effects of exhaust gas re-circulation in the IC engine. They also compared the
parameters related to the flame structure such as turbulent burning velocity, mean volume, and
the structure of the turbulent flame region with the corresponding parameters in the case where
CO, dilution was applied. The results of previous studies were used for this comparison [117].

Syed [118] in his Ph. D. dissertation at the University of Louisiana, successfully used
a new detection device to monitor and model emissions in gas turbines equipped with water
injection systems. A continuous emissions monitoring system (CEMS) was installed on the
exhaust to measure the NO,, O,, and CO concentrations. The data reconciliation and gross
error detection technique were used to verify the validity of his data sampling performance.
The emissions measurement data was utilized to validate the kinetic emissions model that was
developed (based on GRI-Mech 3.0) for estimating the NO,, CO, and O, quantities. The kinet-
ic model was applied inside a network of equiva-
lent reactors (ERN) that included perfectly stirred

Model predictions
60 P

[a)]

§ iz and plug flow reactors. This network accurately

p us modeled the primary and dilution zones. He com-

“ bined his model with the emissions measurement
35 | instrument that was installed in the exhaust, thus
30 managing to predict any problems that might
25 occur based on the variations of NO, and other
20 . . . . . emissions. For example, when variation of NO,

0 2 4 6 8 10 12

concentration from 35-44 ppm was observed, they
Figure 18. The NO, emissions against the cprrectly determined that the studied system had
quantity of bad fuel nozzles for normal six or seven damaged nozzle, fig. 18. None of the
operating conditions [118] available maintenance manuals could detect any
problem in the system.

Cardu et al. [119] showed a thermodynamic analysis on water injection into the com-
bustion chamber of a gas turbine assembly. They suggested total water injection into the com-
bustion chamber, instead of partial water injection. As a result, the desired temperature could be

Number of bad nozzles
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established in the chamber via the direct injection of water and the inlet air quantity would be
considered as the optimum for the combustion.

The thermal efficiency of the gas turbine with higher total water injection was report-
ed to be greater than that obtained in other cases. Higher thermal efficiency means that perfect
combustion can be achieved at lower combustion chamber temperatures. Thus, there would be
less concern with regard to the thermal resistance of materials used in gas turbine components.

Their results showed that the NO, quantities produced in the studied gas turbine were
lower than those in the conventional gas turbines, which could be due to excess air reduction in
the system. In addition, the compressor dimensions would be smaller as a result of this reduc-
tion. Thus, the overall size of the system would be reduced. Based on their results, the thermal
efficiency of the conventional water injected gas turbines (GTIWI) was observed to be less than
that of the studied gas turbine (GTITWI), but more than that of the gas turbines without water
injection:

Mot < NieTiwt < 11,GTITWI

Conclusions

The previous studies on combustion process humidification as well as a number of
other studies on the subject were used in the present study to review the effects of adding
humidity to the combustion process. Due to the inevitable conflicting requirements that exist
in any method, the most favorable method would be the one in which the overall advantages
outweigh the disadvantages. The articles were initially selected based on their keywords and
later chosen based on the search method. A more detailed review of the selected articles was
then carried out. In view of the studied statistical population, the laboratory case studies out-
numbered the industrial ones. Moreover, the number of articles on power plant gas turbines was
far more than those on aircraft gas turbines (which was reasonable due to the widespread use of
gas turbines in power plants). State-of-the-art studies have also been carried out on aircraft gas
turbines. The statistical dispersion between the experimental and numerical case studies was
almost equal. The analytical studies, however, were fewer in number. In most cases, humidity
was added in the combustion chamber and also it injected in gas phase (steam). In the majority
of case studies, humidification was applied to the oxidizer side (air). A greater number of stud-
ies were conducted on non-premixed flames.

It was argued in almost all of the studied articles that the positive effects of humidi-
fication were far more than the negative effects. The performance and efficiency of the studied
engines (with humidification) were improved by providing suitable operating conditions. Fuel
consumption was also reduced or kept constant through suitable engine designs. Neverthe-
less, increased fuel consumption was reported in some studies. In all the studied cases, the
most significant result of steam injection into the combustion process was the reduction of NO,
emissions, which is why this method is being considered by researchers. The other emissions,
including CO, either remained unaffected by the humidification process or experienced negli-
gible increases.

Table of approaches

Each article consists of different parts and details. In order to allow researchers to
access references more quickly in the future, the main articles used in this paper are presented
in tab. 4 and grouped by main keywords.
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Table 4. References categorization based on presented subjects

Industrial case

(4,

29,49, 50, 52, 59, 61, 63, 90, 105, 108, 119]

[

Lab test stand case

10, 16, 18, 26, 31, 53, 58, 64, 65, 77, 85, 86,
92,99, 100, 106, 110, 113, 116, 118]

Gas turbine

Approach I:
(power plant)

[22, 29, 49, 50, 59-63, 65, 76, 90, 105, 107, 108, 113]

the case study
Gas turbine
(aircraft)

[4, 10, 26, 50, 52, 65]

Diesel engine

[30-48]

[10, 16, 18, 26, 29, 31, 33, 49, 53, 58, 63, 64,
77, 85,90, 92, 99, 106, 110, 113, 116, 118]

design study Type of flame:

non-premixed or diffusion

Experimental
Approach II: Numerical [4, 16, 18, 26, 30, 32, 50, 52, 53, 58, 60-62, 64, 65, 77,
study type 85, 86, 90, 91, 99, 100, 105, 106, 110, 113, 118]
Analytical [22, 49, 59-62, 76,97, 100, 105, 107, 108, 119]
Typgr"gglezmd [4, 18, 22, 30, 53, 59, 60, 63,
O acd 64, 76, 77, 85, 86, 97, 99, 108]
humidifier: steam
Type of injected
or added [10, 26,31, 50, 59, 63, 65,91, 118]
humidifier: water
a(h‘;gf;";ﬂgﬂgg‘:ﬁ;yin [16, 18, 22, 26, 32, 50, 52, 53, 58, 59, 63, 65, 76, 77,
S : J 85, 86,92, 100, 107, 108, 110, 113, 116, 119]
facility study: combustor
Location of humidity
addition and injection in [10, 50, 52, 76]
facility study: compressor
Approach I1I: Type of flame: premixed [16, 22,53, 64,77, 85,99, 113, 116]
[10, 26, 31, 32, 49, 61, 65, 86, 90, 91,

100, 105, 106, 108, 110]

Type of flame:
partially premixed

[58, 92]

Humidity addition
and or injection air
(oxidizer) side

[16,22, 26,31, 49,50, 53, 58, 63, 64, 76, 86,
92,99, 100, 105, 106, 108, 110, 116, 119]

Humidity addition and
or injection fuel side

[22, 50, 58, 63, 86, 100, 106]

Fuel type study

[18,32,77,86,92,97, 99, 106]

Approach IV: " .
erformance Per ormance study
p study (Emissions study) 85, 86,91, 92, 97, 100, 108, 110, 116, 118, 119]

[4, 10, 26, 29, 31, 32, 41, 50, 52, 53, 58, 60, 62-65, 77,
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Nomenclature

C,  —specific heat at constant pressure, [29]

D32 or SMD - sauter mean diameter, [10]

Dv90 — droplet diameter: 90% of the volume, [10]

f — merit function, in order to evaluate the total
(CO and NO,) emission, [65]

H,  —linear height, [m] [4]

H.x — casing height, [m] [4]

Lgx  — diffuser length, [4]

Ly, — dilution zone length, [m] [4]

Ly; — primary zone length, [4]

Ls; —secondary zone length, [m] [4]

m  —mass-flow rate, [kgs™'] [29]

M,  —air mass-flow, [10]

Np; —number of dilution holes for the dilution
zone, [4]

Npn — fuel nozzle number, [4]

Nsz —number of dilution holes for the secondary

zone, [4]

S — swirl number, [53]

Sen  — Entropy generation rate in the combustor,
[JK-'s71] [65]

T,  —blade temperature, [76]

T, — stoichiometric temperature, [108]

Tsp —temperature standard deviation, can be

used to measure the non-uniformity of
temperature profile, [65]
T,  —temperature of unburned gases, [64]
W. or C, — specific compressor work, [10]
W,  —specific work, [108]

Greek symbols

Ve — temperature uniformity index, [65]
0 — correction factor distance, [10]
n.  —combustion efficiency, [65]

n,  —plantefficiency, [76]
Nvwp — Water evaporation efficiency, [65]

0, — temperature correction factor, 7’ T [10]
6,  —loading parameter, [108]

0, — modified loading parameter, [108]
References

® — equivalence ratio, [97]
10} — steam fraction, [%] [108]

Acronyms

AHAT - advanced humid air turbine system, [49]
CcC — combined-cycle, [49]

CDT — compressor discharge temperature, [10]

CEMS - continuous emissions monitoring
system, [118]

EGT — exit gas temperature, [10]

ERN — equivalent reactor network, [118]

FF — fuel flow, [10]

GTITWI — gas turbine installationtal water
injection, [119]
HPC — high pressure compressor, [50]

HRSC — heat recovery steam generator, [90]

IAC — inlet air cooling, [90]

LBO  —lean blowout, [53]

LES — large eddy simulation, [64]

LPC — low pressure compressor, [50]

METVC — multi-effect thermal vapor compression,
[60]

PF — pattern factor, [65]

PFR — plug flow reactor, [77]

PFZ — post-flame zone, [77]

POGT — partial oxidation gas turbine, [22]

POSTIG - partial oxidation steam-injected gas
turbine, [22]

PR — pressure ratio, [10]

PSR — perfectly stirred reactor, [77]

RAF — regenerative after-fogging, [62]

RCM  —rapid compression machine, [16]

RQL  —rich burn — quick mix — lean burn
(combustor), [99]

RSTIG —regenerative steam-injection, [62]

SFC — specific fuel consumption, [50]

STIG - steam injected gas turbine, [22]
WAC  — water atomization cooling, [49]
WAR  — water flow rate / Air-flow rate, [59]
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