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besides steam generation for processing lines. Subcritical boilers, supercritical boilers,
and Heat Recovery Steam Generator (HRSG) are types of boilers commonly used to
produce high capacity steam. This review article focuses on the optimization of HRSG
operational efficiency. Industry players are keen on the improvement of operational
efficiency since these directly influence the operating cost. Steam pressure, steam
output, heat transfer efficiency and temperature distributions are key areas
comprehensively reviewed in this article. Generally, improvement studies on boilers are
not feasible to conduct during operation. Therefore, the scaled-down model used in the

Keywords: experiment or the boilers CFD models are simulated to understand the characteristics of
Steam boiler; cogeneration; HRSG; the boilers. This review article is expected to overview HRSG boiler efficiency
CFD improvements and factors influencing boiler operational parameters.

1. Introduction

Steam generators are generally known as boilers. Boilers are the complex structure of heat
exchangers which contain a bundle of tubes hold together in a shell. Boilers mainly categorize based
on fuel, type of working fluid, operating pressure, number of combustion gas passes, firing
arrangement and flow location [1]. Flow location is one of the well-accepted categories to identify
the type of boiler. Boilers were identified based on two types of flow: a fire tube boiler and a water
tube boiler.

Water-tube boiler's tubes, contain water and are surrounded by hot gas. Meanwhile, fire tube
boiler's tubes have hot gas on the inside and are surrounded by water outside. Industrially common
boilers are fire tube boilers where generally comes as packaged boilers. Packaged boilers are
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assembled and tested in the factory. This type of boiler is commonly used in industrial heating.
Commonly used water tube boilers are circulating fluidized bed and pulverized coal fired boilers.
Fluidized bed boilers are boilers containing hot bed fuel particles where the air is blown to create
combustion. The heat generated is then used to convert water to steam.

Meanwhile, pulverized fuel boilers use fine powder sprayed into the furnace [2, 3]. The main
difference between the fluidized bed boiler and the pulverized boiler is that the fluidized bed boiler
has a refectory in the furnace to avoid erosion. Waste heat recovery boilers use exhaust heat from
the gas turbine and recover the energy from the hot exhaust gas. This type of heat recovery boiler is
commonly used in cogeneration plants and combined cycle power plants. Hike in fuel price and
diminishing fossil fuel resources were an important factor to ensure the HRSG operations are efficient
[4]. Therefore, the objective of this review is to insight studies covered various aspect of
improvement in HRSG efficiency. Gas turbine exhaust gas mass flow rate and temperature been an
important criterion in designing and arrangement of HRSG where, the inlet parameters are mainly
studied [5-7]. Besides, HRSG designs and arrangements, operational efficiency focus by researchers
since the operation efficiency able to reduce the operational cost [8-10].

2. Cogeneration Plant

The fast depleting energy source is a key factor to use energy efficiently. One of the industrial
methods leading to energy efficiency is capturing the flue gas and using the heat to produce steam
through boilers and electricity through generators. Effectively capturing the flue gas heat became an
interesting study scope by industrial players and academicians since flue gas with high temperatures
contains a considerable amount of energy [11-13]. Study shows, waste heat effectively harvested by
various technologies rather than energy lost in the industrial process to the environment [14].

The cogeneration plant is one of the industrial facilities that harvest waste heat efficiently. The
cogeneration plant is also known as a combined heat and power plant, shown in Figure 1. The
cogeneration plant consists of Gas Turbine Generator (GTG) and HRSG. GTG generate electricity and
hot exhaust gas at the same time. Meanwhile, HRSG produces steam using the exhaust gas released
by GTG. A steam turbine can be added as a back pressure machine for a combined cycle power plant
[15]. The general structure of the combined cycle power plant is shown in Figure 2.
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Fig. 1. The general structure of a combined heat and power plant
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Fig. 2. The general structure of a combined cycle power plant
2.1 Heat Recovery Steam Generator

HRSG is an important plant in both cogeneration plants and combined cycle power plants. The
general structure of HRSG is shown in Figure 3. Various parameters were studied with the aim of the
optimization of HRSG heat recovery from the gas turbine exhaust. An optimization of HRSG can be
done on two levels. The first level optimization area covers operating parameters such as type and
number of heating sections, pressure level, steam pressure and steam temperature. The second level
covers detailed design components such as type of surface, flow arrangement, gas velocity and
geometry dimension of HRSG [16]. Table 1 shows the various study performed to improve the HRSG
efficiency.

Duct Burner Superheater Evaporator Economizer

Exhaust Gas i

Fig. 3. The general structure of HRSG

Stack

91



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 94, Issue 2 (2022) 89-98

Table 1
Various studies on HRSG efficiency

Research topics Studied parameters Reference
Experimental analysis of HRSG for simulating internal HRSG inlet duct flow and HRSG [5]
flow behaviour using Euler and swirl similitudes pressure levels

Exergy analysis of HRSG: Effect of supplementary firing HRSG velocity profile and pressure  [8]
and desuperheater drop

Combined cycle plant efficiency increase based on the  Various configurations of HRSG in  [6]
optimization of the HRSG operating parameters combined cycle plant

Thermal design and optimization of a HRSG in a Various configurations of fin-tube  [17]
combined cycle power plant by applying Genetic in HRSG

Algorithm

Computational fluid dynamics modelling of high- Various fuel nozzle configurations  [18]

temperature air combustion in an HRSG and optimum mass flow rate of

fuel

Operational efficiency in terms of thermodynamic parameters is an important criterion to achieve
an improved HRSG efficiency. Flue gas entered to the first entry point in HRSG is the main source of
energy towards the steam production in HRSG. The first entry point for HRSG is the inlet duct. The
researchers conducted various studies to split the flue gas and reintroduce it at multiple sections of
the HRSG to improve steam production. A method to boost the performance of HRSG by split the
flue gas at the HRSG inlet to produce a higher amount of steam in the evaporator was identified. The
flue gas at the inlet of HRSG is split and introduced in two sections. One at Superheater, which
resulted in high-pressure superheater steam, is close to their ideal heat transfer condition.
Meanwhile, another flow of the split gas was introduced directly to the evaporator [19]. Flue gas split
concepts using two arrangements were conducted using wet recycling and dry recycling. Dry
recycling is done after the removal of moisture and water. Meanwhile, wet recycling was done right
after the gas exit from HRSG. This two arrangement was studied with the diluted flue gas where the
split gas modification resulted in a lower power requirement and a smaller heat transfer area [20].

Besides the flue gas inlet towards HRSG, HRSG configuration with double and triple pressure is
able to improve the boiler's efficiency in terms of steam output. A study on HRSG configuration with
double pressure and triple pressure on the plant's efficiency found that the increased pressure level
of steam generation increased the heat recovery from the flue gas. Therefore, researchers concluded
that the overall plant cycle's energy efficiency improved with an increase in the number of pressure
levels. The improved efficiency justifies the increase in the investment cost by the author [21].
Economic point of view is an important key area in HRSG design and optimization besides
thermodynamic parameters. HRSG optimization is a complex process that involves various
parameters. Therefore, research opts for numerical modelling of HRSG to study its optimization. A
genetic algorithm model was used to study cost-efficiency repowering steam power plants with HRSG
and GTG [7]. Similarly, in another research, a genetic algorithm model was used to optimize the
thermal design and minimize the cost of HRSG [17]. The mixed-integer nonlinear programming
approach optimized the HRSG heat stream and showed positive results toward HRSG optimization
on heat network and maximizing power output [22].

Even though the flue gas is the main source of energy for the HRSG steam production, HRSG
operates in fired and unfired mode. HRSG in combined heat power plants is usually fired to
accommodate fluctuation in steam demand. The gas turbine's exhaust gas temperature varies from
450°C to 525°C. Gas turbine exhaust gas contains an oxygen content of 12%-15% based on the model
of GTG used. Therefore, this oxygen concentration is sufficient for supplementary fuel burning at the
HRSG duct burner. Besides that, there is HRSG comes with an additional air blower fan to increase
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the oxygen concentration. Supplementary firing in the duct burner of HRSG can increase the exhaust
gas temperature at a range of 850°C [23]. After supplementary firing, an increase in turbine exhaust
gas temperature leads to a rise in the steam output by 65%. Supplementary firing significantly
reduced stack temperature and increased superheated steam temperature. The stack temperature
acted as an indicator of the efficiency of the HRSG since more heat captured by HRSG lowered the
stack temperature. An increase in superheated steam temperature was noticed when increased in
inlet gas temperature of HRSG. Meanwhile, reduced stack temperature was seen due to the
improved heat transfer in the economizer [24]. From here, we can conclude that the presence of
supplementary firing in HRSG increases the exhaust gas temperature and relatively increases the
steam output, leading to improved efficiency in HRSG.

Since supplementary firing has been an important factor in HRSG efficiency improvement, the
study on duct burners and various fuel types has always been an aim of researchers and industry
players. HRSG duct burner configuration was studied in multiple configurations to produce the
desired result. The most common design is inclined and grid configuration. In the inclined
configuration, the burner head is arranged in ways that flame parallel with exhaust gas and fuel
supply pipe. In grid configuration burners, the elements are arranged in series with space in vertical
intervals. Fuel manifold pipes are fixed to each burner element. The firing burner fuel feeds into the
manifolds and is dispersed through the tip to the HRSG duct burner for supplementary firing [25].
The vast majority of studies about supplementary firing were conducted on a combined cycle power
plant. Early days of the study on supplementary firing in combined cycle performance using partial
gasification with char, full gasification with coal, and full gasification with syngas concluded
supplementary firing did not increase combined cycle efficiency and specific net output in terms of
work output per unit of mass of coal. Among the supplementary fuel studied, full gasification with
syngas produced the highest work output compared to other fuels as supplementary firing [26].
Meanwhile, recent studies show otherwise. In a biomass-integrated gasification combined cycle
power plant, the increase in the supplementary firing rate increased the work output in integrated
coal gasification combined cycle power plant for pressure ratio and temperature ratio gas cycle [27].
A similar outcome was concluded in a study on the effect of supplementary firing in HRSG and found
that the efficiency of HRSG increases with supplementary firing [8].

2.2 Computational Fluid Dynamic analysis in HRSG

CFD is a cost-effective tool to analyze the fluid flow using a numerical solution without modifying
the existing unit [28-37]. Therefore, researchers are keen to utilize CFD modelling to improve HRSG
efficiency. Fluid flow, heat transfer and combustion analysis for a typical HRSG application were
studied using CFD simulation models. HRSG burner combustion of a CFD can provide an overview of
temperature distribution and the concentration of the by-products formed during the combustion.
CFD predicted data, able to assist in HRSG optimization.

In a study, high-temperature air combustion in HRSG was investigated using CFD. The simulation
showed that fluid velocity magnitude is close to the burners and HRSG boiler inlet side compared to
the other part of the boiler. Meanwhile, the low-velocity magnitude in the top section of the boiler
caused a dead zone region. Burner vicinity had a higher flame temperature, and lowest Oxygen
concentration since most of the oxygen was used for the combustion reaction. The study also found
that more NOX was formed closer to the burner due to the high oxygen concentration and
temperature. Increased equivalence ratio in the fuel-lean condition leads to high flame temperature
and more NOX [38]. The study showed that HRSG efficiency depends on the temperature distribution
and oxygen concentration in high-temperature air combustion.
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Operation of combined cycle power plant operation and combined heat and power plant
influence by the gas turbine operation. On the other hand, gas turbine load fluctuation is based on
the power demand. Therefore, various loads from GTG will lead to various exhaust gas flow at the
inlet of HRSG. Therefore, researchers studied HRSG with different load and swirl angles with the aid
of a CFD model, which was validated using power plant data. The velocity profile for various loads
showed a similar velocity profile. With that, it is seen that the load variation does not bring drastic
differences towards the efficiency of the HRSG of that particular case study. Meanwhile, the swirl
angle showed a higher temperature contour depend on the swirl angle at the inlet. Therefore, the
efficiency of HRSG in terms of temperature distribution can be modified according to the swirl angle.
This model generally acts as a guide to the power plant operator to understand the gas flow path
[39].

The fluctuation in load can lead to fluctuation in GTG exhaust gas temperature. The exhaust gas
temperature also depends on the model of the gas turbine used. Therefore, to predict the suitable
HRSG tube selection, a study was conducted with an inlet temperature range from 127°C to 327°C.
The study also included artificial heat leakages as an important component where higher heat
leakages result in lower energy efficiency. The study concluded that three cylinders with 227°C and
eight cylinders with 127°C showed the highest efficiency. The optimization study showed that the
HRSG efficiency depends not only on the number of tubes present in the HRSG tube bank but also on
the inlet exhaust gas temperature. [40]. Therefore, the exhaust gas exit from GTG entering HRSG
need to be uniform as possible to achieve higher efficiency. The research was done to ensure uniform
velocity and heat distribution. Uniform heat distribution after the perforated plate of a HRSG is crucial
to provide uniform heating at the first section of HRSG, which is generally superheater tubes. A study
showed that incorporated perforated plate at the inlet channel of HRSG provided a uniform
distribution of velocity and temperature. The study also further showed axial velocity profile in the
diffuser's outlet section can be improved by increasing the perforated plate's pressure loss coefficient
if there are no burners and baffles. Uniformity of axial velocity is important in passes between baffles
to attain uniform flame length, and the CFD showed a uniform temperature distribution at the burner
[41].

CFD is used as a tool to study the influence of geometrical modification towards the
improvements on HRSG efficiency. HRSG tube modelled with different tube bank configurations
simulated in CFD to exhibit flow behaviour. The flow velocity depends on the inlet flow and geometry
conditions. An increase in the number of tube rows resulted in destroying any velocity component
parallel to tube rows. The geometry arrangement of HRSG tubes greatly influence the pressure drop,
and it varies from case to case basis. The study also explored finned tubes, resulting in reduced
pressure drop with increased pitch length [42]. The influence of flue gas and temperature distribution
in whole HRSG was studied using CFD on single angle roof, dual-angle roof and airflow optimized
evase. The study revealed a flue gas recirculation region at the upper section of the HRSG duct.
Meanwhile, no recirculation was noticed at the optimized airflow model [43]. Geometry modification
at inlet duct considered to achieve uniform velocity profile. CFD was used to modify the upper duct
wall of 5SMW HRSG to optimise flow, and a uniform velocity profile was achieved [44]. Significant
problems arise for a supplementary firing if the burner is placed in a non-strategical location in the
HRSG duct. The efficient location of supplementary firing in the HRSG duct was studied with three
different locations. The burner at the inlet and centre of the HRSG duct produced desired
temperature contour. In that particular location, the simulated burner is predicted to operate
without generating a high temperature zone since the maximum allowable temperature for the tube
is 600°C. The study concluded that the increase in steam temperature from 397°C to 451°C with the
burner location and optimized nozzle flow rate lead to a 37% increase in heat transfer [18].
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The safety aspect of a HRSG during operation has been an important aspect of past studies. The
operational parameters that might lead to failure were studied using CFD. Startup failure in HRSG
associated with residual fuel concentration. The transient natural gas ignition failure simulation
showed that the exhaust flow rate slowly reduces with time after ignition fails. The CFD showed that
the natural gas migrates through HRSG near the ceiling due to the buoyancy effect. After 800s, the
only a small trace was found. With that, the researchers concluded, no significant damage was
initiated due to the natural gas ignition failure [45]. In a recent study, the efficiency of HRSG in an off-
design operation was studied. In that study, the variation of gas turbine flow rate was compared with
the base model. The flow gas increase showed an increase in gas temperature along the tube's length,
where differential temperature between inlet and exit was reduced compared to the base model.
With the decrease of gas flow, the differential temperature increased. On the efficiency side, when
flow gas increased, the efficiency is 77%, where the base model is 86% due to abundant hot gas flow,
leading to an increase in the temperature at the stack exit. Meanwhile, the study on partial or total
plugging of the tube showed low-pressure evaporator had a moderate effect on efficiency, reducing
86% to 83%. A significant effect was noticed on the efficiency at low-pressure economizer, where the
efficiency reduced from 86% to 73%. Deviation of the exhaust gas flow into the boiler's zone of low
heat transfer showed when gas flow is entirely through the core of the heat exchangers, and the
efficiency may increase by as much as 8%. A drop in the efficiency by almost 50% obtained when gas
is permeated through the inactive zone of the HRSG [46].

3. Conclusions

In this review article, research done in past years shows that the improvement of the efficiency
of power generation boilers is widely studied. There is always a need for new technology to improve
power generation boiler efficiency to meet the industrial market demand. Therefore, researchers
need to continuously contribute innovative ideas and knowledge to optimize the existing HRSG
design and operating conditions. The improvement of boiler efficiency by experimental analysis
during operation is not feasible and incurs a higher cost. Therefore, CFD is widely used to replicate
the boiler operation and further use the validated model to improve the area. HRSG always operate
as an integrated part with GTG. Therefore, GTG operating conditions lead to significant operational
stability and efficiency in HRSG. HRSG duct plays a major role in the uniform heat distribution towards
the first section of HRSG. The researchers can further study to improve the heat distribution in the
HRSG duct. The tube arrangements and improved tube design are other areas not explored much in
HRSG related research.

Acknowledgement

The work is financially supported by Ministry of Higher Education under Fundamental Research Grant
Scheme, reference code FRGS/1/2020/TKO/USM/03/6. The author would like to thank Universiti
Sains Malaysia and Toray Plastic Malaysia for providing technical support.

References

[1] 0. S. Mota, Utilities and Effluent Treatment | Heat Generation, in Encyclopedia of Dairy Sciences (Second Edition),
J.W. Fuquay, Editor. 2011, Academic Press: San Diego. p. 589-595. https://doi.org/10.1016/B978-0-12-374407-
4.00472-6

[2] Noor, Noor Akma Watie Mohd, Hasril Hasini, Muhamad Shazarizul Hazig Mohd Samsuri, and Meor Mohd Faisal
Meor Zulkifli. "CFD Analysis on the Effects of Different Coal on Combustion Characteristics in Coal-fired Boiler." CFD
Letters 12, no. 10 (2020): 128-138. https://doi.org/10.37934/cfdl.12.10.128138

95


https://doi.org/10.1016/B978-0-12-374407-4.00472-6
https://doi.org/10.1016/B978-0-12-374407-4.00472-6
https://doi.org/10.37934/cfdl.12.10.128138

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 94, Issue 2 (2022) 89-98

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]
[16]

(17]

(18]

(19]

[20]

Samsuri, Muhamad Shazarizul Haziqg Mohd, Hasril Hasini, Noor Akma Watie Mohd Noor, and Meor Mohd Faisal
Meor Zulkifli. "Temperature Profile Assessment of Sub-Bituminous Coal by Using a Single Burner Combustion Test
Facility." Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 78, no. 1 (2021): 1-10.
https://doi.org/10.37934/arfmts.78.1.110

Ameri, M., P. 0. U. R. I. A. Ahmadi, and S. H. O. A. |. B. Khanmohammadi. "Exergy analysis of a 420 MW combined
cycle power plant." International  journal of energy research32, no. 2 (2008): 175-183.
https://doi.org/10.1002/er.1351

So, Hyun-Kyoo, Tae-Hyun Jo, Yong-Han Lee, Do-Wook Kim, Bon-Chan Koo, and Do-Hyung Lee. "Experimental
analysis of HRSG for simulating internal flow behavior using Euler and swirl similitudes." Journal of Mechanical
Science and Technology 32, no. 10 (2018): 5031-5038. https://doi.org/10.1007/s12206-018-0950-x

Franco, Alessandro, and Alessandro Russo. "Combined cycle plant efficiency increase based on the optimization of
the heat recovery steam generator operating parameters." International Journal of Thermal Sciences 41, no. 9
(2002): 843-859. https://doi.org/10.1016/51290-0729(02)01378-9

Naserabad, S. Nikbakht, A. Mehrpanahi, and G. Ahmadi. "Multi-objective optimization of HRSG configurations on
the steam power plant repowering specifications." Energy 159 (2018): 277-293.
https://doi.org/10.1016/j.energy.2018.06.130

Param, Hanieh Khalili, and Ofelia A. Jianu. "Exergy Analysis of Heat Recovery Steam Generator: Effects of
Supplementary Firing and Desuperheater." ASME J. Energy Resour. Technol. 142, no. 5 (2020): 050908.
https://doi.org/10.1115/1.4046084

Kaviri, Abdolsaeid Ganjeh, Mohammad Nazri Mohd Jaafar, Tholudin Mat Lazim, and Hassan Barzegaravval.
"Exergoenvironmental optimization of heat recovery steam generators in combined cycle power plant through
energy and exergy analysis." Energy conversion and management 67 (2013): 27-33.
https://doi.org/10.1016/j.enconman.2012.10.017

Khokhlov, D. A., M. N. Zaichenko, K. V. Sterkhov, and K. A. Pleshanov. "Computational Model for High-Pressurized
Heat Recovery Steam Generator Heat Transfer Study." In 2020 V International Conference on Information
Technologies in Engineering Education (Inforino), pp. 1-5. IEEE, 2020.
https://doi.org/10.1109/Inforino48376.2020.9111734

Reddy, B. V., G. Ramkiran, K. Ashok Kumar, and P. K. Nag. "Second law analysis of a waste heat recovery steam
generator." International  Journal of Heat and Mass Transfer45, no. 9 (2002): 1807-1814.
https://doi.org/10.1016/S0017-9310(01)00293-9

Helman, Harlinda, and Syamimi Saadon. "Design and Modelling of a Beta-Type Stirling Engine for Waste Heat
Recovery." Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 64, no. 1 (2019): 135-142.

Noh, Nor Amelia Shafikah Mat, Baljit Singh Bhathal Singh, Muhammad Fairuz Remeli, and Amandeep Oberoi.
"Internal Combustion Engine Exhaust Waste Heat Recovery Using Thermoelectric Generator Heat
Exchanger." Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 82, no. 2 (2021): 15-27.
https://doi.org/10.37934/arfmts.82.2.1527

Jouhara, Hussam, Navid Khordehgah, Sulaiman Almahmoud, Bertrand Delpech, Amisha Chauhan, and Savvas A.
Tassou. "Waste heat recovery technologies and applications." Thermal Science and Engineering Progress 6 (2018):
268-289. https://doi.org/10.1016/].tsep.2018.04.017

Miller, Joseph. "The combined cycle and variations that use HRSGs." In Heat recovery steam generator technology,
pp. 17-43. Woodhead Publishing, 2017. https://doi.org/10.1016/B978-0-08-101940-5.00002-6

Franco, Alessandro, and Nicola Giannini. "A general method for the optimum design of heat recovery steam
generators." Energy 31, no. 15 (2006): 3342-3361. https://doi.org/10.1016/j.energy.2006.03.005

Rezaie, Ali, George Tsatsaronis, and Udo Hellwig. "Thermal design and optimization of a heat recovery steam
generator in a combined-cycle power plant by applying a genetic algorithm." Energy 168 (2019): 346-357.
https://doi.org/10.1016/j.energy.2018.11.047

Khoshhal, Abhas, Masoud Rahimi, Afshar Ghahramani, and Ammar Abdulaziz Alsairafi. "Computational fluid
dynamics modeling of high temperature air combustion in an heat recovery steam generator boiler." Korean
Journal of Chemical Engineering 28, no. 5 (2011): 1181-1187. https://doi.org/10.1007/s11814-010-0481-3
Moosazadeh Moosavi, Seyed Abootorab, Mostafa Mafi, Abdolrazzagh Kaabi Nejadian, GholamReza Salehi, and
Masoud Torabi Azad. "A new method to boost performance of heat recovery steam generators by integrating pinch
and exergy analyses." Advances in Mechanical Engineering 10, no. 5 (2018): 1687814018777879.
https://doi.org/10.1177/1687814018777879

Zebian, Hussam, and Alexander Mitsos. "A split concept for HRSG (heat recovery steam generators) with
simultaneous area reduction and performance improvement." Energy 71 (2014): 421-431.
https://doi.org/10.1016/].energy.2014.04.087

96


https://doi.org/10.37934/arfmts.78.1.110
https://doi.org/10.1002/er.1351
https://doi.org/10.1007/s12206-018-0950-x
https://doi.org/10.1016/S1290-0729(02)01378-9
https://doi.org/10.1016/j.energy.2018.06.130
https://doi.org/10.1115/1.4046084
https://doi.org/10.1016/j.enconman.2012.10.017
https://doi.org/10.1109/Inforino48376.2020.9111734
https://doi.org/10.1016/S0017-9310(01)00293-9
https://doi.org/10.37934/arfmts.82.2.1527
https://doi.org/10.1016/j.tsep.2018.04.017
https://doi.org/10.1016/B978-0-08-101940-5.00002-6
https://doi.org/10.1016/j.energy.2006.03.005
https://doi.org/10.1016/j.energy.2018.11.047
https://doi.org/10.1007/s11814-010-0481-3
https://doi.org/10.1177/1687814018777879
https://doi.org/10.1016/j.energy.2014.04.087

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 94, Issue 2 (2022) 89-98

[21]

(22]

(23]

[24]

[25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

Mansouri, Mohammad Tajik, Pouria Ahmadi, Abdolsaeid Ganjeh Kaviri, and Mohammad Nazri Mohd Jaafar.
"Exergetic and economic evaluation of the effect of HRSG configurations on the performance of combined cycle
power plants." Energy Conversion and Management 58 (2012): 47-58.
https://doi.org/10.1016/j.enconman.2011.12.020

Zhang, Jianyun, Pei Liu, Zhe Zhou, Linwei Ma, Zheng Li, and Weidou Ni. "A mixed-integer nonlinear programming
approach to the optimal design of heat network in a polygeneration energy system." Applied Energy 114 (2014):
146-154. https://doi.org/10.1016/j.apenergy.2013.09.057

V. Ganapathy, 16 - Heat recovery steam generators: performance management and improvement, in Power Plant
Life Management and Performance Improvement, J.E. Oakey, Editor. 2011, Woodhead Publishing. p. 606-634.
https://doi.org/10.1533/9780857093806.5.606

Vernon L. EriksenJoseph E. Schroeder, 3 - Fundamentals, in Heat Recovery Steam Generator Technology, V.L.
Eriksen, Editor. 2017, Woodhead Publishing. p. 45-63. https://doi.org/10.1016/B978-0-08-101940-5.00003-8
Peter F. Barry, Stephen L. Somerst, Stephen B. Londerville, Kenneth Ahn, and Kevin Anderson, 7 - Duct burners, in
Heat Recovery Steam Generator Technology, V.L. Eriksen, Editor. 2017, Woodhead Publishing. p. 115-144.
https://doi.org/10.1016/B978-0-08-101940-5.00007-5

Gnanapragasam, N. V., B. V. Reddy, and M. A. Rosen. "Effect of supplementary firing options on cycle performance
and CO2 emissions of an IGCC power generation system." International journal of energy research 33, no. 7 (2009):
645-661. https://doi.org/10.1002/er.1499

Bhattacharya, Abhishek, Dulal Manna, Bireswar Paul, and Amitava Datta. "Biomass integrated gasification
combined cycle power generation with supplementary biomass firing: Energy and exergy based performance
analysis." Energy 36, no. 5 (2011): 2599-2610. https://doi.org/10.1016/j.energy.2011.01.054

Aziz, MS Abdul, M. Z. Abdullah, C. Y. Khor, A. Jalar, and F. Che Ani. "CFD modeling of pin shape effects on capillary
flow during wave soldering." International Journal of Heat and Mass Transfer 72 (2014): 400-410.
https://doi.org/10.1016/].ijheatmasstransfer.2014.01.037

Aziz, MS Abdul, M. Z. Abdullah, C. Y. Khor, and F. Che Ani. "Influence of pin offset in PCB through-hole during wave
soldering process: CFD modeling approach." International Communications in Heat and Mass Transfer 48 (2013):
116-123. https://doi.org/10.1016/j.icheatmasstransfer.2013.08.003

Aziz, MS Abdul, M. Z. Abdullah, C. Y. Khor, Z. M. Fairuz, A. M. Igbal, M. Mazlan, and Mohd Sukhairi Mat Rasat.
"Thermal fluid-structure interaction in the effects of pin-through-hole diameter during wave soldering." Advances
in Mechanical Engineering 6 (2014): 275735. https://doi.org/10.1155/2014/275735

Aziz, Mohd Sharizal Abdul, Nur Hidayah Mansor, Nina Amanina Marji, and Mohd Arif Anuar Mohd Salleh. "Effect of
Temperature on Solder Paste During Surface Mount Technology Printing." Journal of Advanced Research in Fluid
Mechanics and Thermal Sciences 75, no. 3 (2020): 99-107. https://doi.org/10.37934/arfmts.75.3.99107
Mohammad Hafifi Hafiz Ishak, Farzad Ismail, Mohd Zulkifly Abdullah, Mohd Sharizal Abdul Aziz, Hamid Yusoff, Mat
Tena’ain, Najib Saedi, and Abdul Hamid. "Fluid=Structure Interaction Study of IC Stacking Chips Arrangement During
Encapsulation Process." CFD Letters 11, no. 4 (2021): 1-15.

Saidin, Mohd Safarul Izmi, Mohd Sharizal Abdul Aziz, and Mohd Remy Rozainy Mohd Arif Zainol. "Numerical
Investigation of Hydraulic Characteristics on 3D Unsymmetrical Smooth Spillway." Journal of Advanced Research in
Fluid Mechanics and Thermal Sciences 64, no. 1 (2019): 107-116.

Rusdi, Mohd Syakirin, Mohd Zulkifly Abdullah, Mohd Sharizal Abdul Aziz, Muhammad Khalil Abdullah, Muhammad
Hafifi Hafiz Ishak, Yu Kok Hwa, Parimalam Rethinasamy, Sivakumar Veerasamy, and Damian G. Santhanasamy.
"SAC105 Stencil Printing Process using Cross Viscosity Model." Journal of Advanced Research in Fluid Mechanics
and Thermal Sciences 54, no. 1 (2019): 70-77.

Sahrudin, Intan Norshalina, Mohd Sharizal Abdul Aziz, Mohd Zulkifly Abdullah, and Mohd Arif Anuar Mohd Salleh.
"Study on the addition of nanoparticles in the lead-free solder during reflow soldering via numerical simulation-a
review." CFD Letters 12, no. 5 (2020): 111-119. https://doi.org/10.37934/cfdl.12.5.111119

Mohd Syakirin Rusdi, Mohd Zulkifly Abdullah, Mohd Sharizal Abdul Aziz, Muhammad Khalil Abdullah@Harun,
Srivalli Chellvarajoo, Azmi Husin, Parimalam Rethinasamy, and Sivakumar Veerasamy. "Multiphase Flow in Solder
Paste Stencil Printing Process using CFD approach." Journal of Advanced Research in Fluid Mechanics and Thermal
Sciences 46, no. 1 (2020): 147-152.

Yu, Kok Hwa, Yan Xu Tan, Mohd Sharizal Abdul Aziz, Yew Heng Teoh, and Mohd Zulkifly Abdullah. "The Developing
Plane Channel Flow over Water-Repellent Surface Containing Transverse Grooves and Ribs." Journal of Advanced
Research in Fluid Mechanics and Thermal Sciences 45, no. 1 (2018): 141-148.

Khoshhal, Abbas, Masoud Rahimi, and Ammar Abdulaziz Alsairafi. "The CFD modeling of NOx emission, HiTAC and
heat transfer in an industrial boiler." Numerical Heat Transfer, Part A: Applications 58, no. 4 (2010): 295-312.
https://doi.org/10.1080/10407782.2010.505156

97


https://doi.org/10.1016/j.enconman.2011.12.020
https://doi.org/10.1016/j.apenergy.2013.09.057
https://doi.org/10.1533/9780857093806.5.606
https://doi.org/10.1016/B978-0-08-101940-5.00003-8
https://doi.org/10.1016/B978-0-08-101940-5.00007-5
https://doi.org/10.1002/er.1499
https://doi.org/10.1016/j.energy.2011.01.054
https://doi.org/10.1016/j.ijheatmasstransfer.2014.01.037
https://doi.org/10.1016/j.icheatmasstransfer.2013.08.003
https://doi.org/10.1155/2014/275735
https://doi.org/10.37934/arfmts.75.3.99107
https://doi.org/10.37934/cfdl.12.5.111119
https://doi.org/10.1080/10407782.2010.505156

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 94, Issue 2 (2022) 89-98

(39]

(40]
[41]

[42]

(43]

[44]

[45]

(46]

Ivan F. Galindo-Garcia, Ana K. Vazquez-Barragdn, and Miguel Rossano-Roman, CFD Simulations of a Heat Recovery
Steam Generator for the Aid of Power Plant Personnel. 2012. p. 619-627. https://doi.org/10.1115/ICONE20-
POWER2012-55214

Erguvan, Mustafa, and David W. MacPhee. "Second law optimization of heat exchangers in waste heat
recovery." International Journal of Energy Research 43, no. 11 (2019): 5714-5734. https://doi.org/10.1002/er.4664
Mohammad AmeriFarnaz Jazini. "The CFD Modeling of Heat Recovery Steam Generator Inlet Duct." International
Journal of Energy Engineering 3 (2013): 74-79. https://doi.org/10.5963/IJEE0303003

Torresi, Marco, Alessandro Saponaro, Sergio Mario Camporeale, and Bernardo Fortunato. "CFD analysis of the flow
through tube banks of HRSG." In Turbo Expo: Power for Land, Sea, and Air, vol. 43178, pp. 327-337. 2008.
https://doi.org/10.1115/GT2008-51300

Shi, Xuefeng, Wulang Chriswindarto, and David Boyce. "Application of CFD modeling in HRSG evase design."
In ASME Power Conference, vol. 43505, pp. 115-122. 2009. https://doi.org/10.1115/POWER2009-81156
Hanafizadeh, Pedram, Sajjad Falahatkar, Pouria Ahmadi, and Mojtaba Mirzakhani Siahkalroudi. "A novel method
for inlet duct geometry improvement of heat recovery steam generators." Applied Thermal Engineering 89 (2015):
125-133. https://doi.org/10.1016/j.applthermaleng.2015.05.075

Zhou, Wei, Manuel Cardenas, and David Moyeda. "Method for CFD facilitated pressure rise calculation due to
deflagration in heat recovery steam generator." Process Safety Progress36, no. 4 (2017): 408-413.
https://doi.org/10.1002/prs.11887

Silva, P. R. S., A. J. K. Leiroz, and M. E. C. Cruz. "Evaluation of the efficiency of a heat recovery steam generator via
computational simulations of off-design operation." Journal of the Brazilian Society of Mechanical Sciences and
Engineering 42, no. 11 (2020): 1-18. https://doi.org/10.1007/s40430-020-02655-1

98


https://doi.org/10.1115/ICONE20-POWER2012-55214
https://doi.org/10.1115/ICONE20-POWER2012-55214
https://doi.org/10.1002/er.4664
https://doi.org/10.5963/IJEE0303003
https://doi.org/10.1115/GT2008-51300
https://doi.org/10.1115/POWER2009-81156
https://doi.org/10.1016/j.applthermaleng.2015.05.075
https://doi.org/10.1002/prs.11887
https://doi.org/10.1007/s40430-020-02655-1

