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"Fear less, hope more; 
whine less, breathe more; 

talk less, say more; 
hate less, love more; 

and all good things are yours.” 
 

A Swedish saying 
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Abstract 

Evaporative gas turbine cycles (EvGT) show an exceptional exhaust heat 
recovery potential, which makes them a strong competitor to other advanced 
gas turbine cycles, especially from small to intermediate sizes. Evaporative 
gas turbines are distinguished by humidifying the working fluid before 
combustion at temperatures below the boiling point of water; and the heat 
required for evaporation of water is partly taken out of the exhaust gas. Thus, 
humidification is a key operation in these cycles. This thesis investigates, 
both theoretically and experimentally, two alternative approaches to 
humidification: the packed-bed humidification tower and the tubular 
humidifier. Both these equipments involve countercurrent contact between 
water and the working fluid. Humidifier design criteria are developed and 
critical parameters such as flooding, wetting rate and entrainment are 
discussed. The experimental parts were carried out on the packed-bed tower 
in the EvGT pilot plant, and on a tubular humidifier test rig especially erected 
for this purpose. The theoretical models were confirmed by the experiments.  

The height of a transfer unit, necessary for designing packed beds, was 
calculated for the packing employed in the EvGT pilot plant. It was found 
that the data provided by the manufacturer may be used with minor 
corrections.  

The tubular test rig operated satisfactorily delivering hot humid air. The 
theoretical models coincided well with the experimental results, verifying the 
design criteria developed here. The heat transfer calculations indicated that 
most resistance to heat transfer is on the exhaust gas side. Thus, a surface 
extended tube (Sunrod) was used in the test rig. It could be concluded that the 
tubular humidifier is a strong alternative to the packed-bed tower, especially 
in small high-pressure gas turbines. 

Furthermore, the importance of the non-ideality of the air-water vapor 
mixture in modeling evaporative cycles was first highlighted in this work. 
Through applying real thermodynamic properties of air-water vapor mixtures 
in cycle calculations, it was found that the compressed air contains a higher 
amount of moisture than indicated by the ideal gas mixture model. This 
affects the design of the heat recovery system and cannot be neglected. 
 
Language: English 
Key words: evaporative gas turbine, indirect-fired gas turbine, 
humidification, packed bed, tubular humidifier, evaporator, saturator.  
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1 Introduction 
 
 
 
 

1.1 Background 
 
The world’s energy demand, especially in developing countries, is growing 
steadily. Global energy use is expected to grow by 75 percent by 2020 [48]. 
A tremendous obligation lies ahead to meet this demand with minimum 
impact to the environment. The hazards of nuclear energy are well known 
and an expansion is controversial. Sweden has even decided to gradually 
phase out its nuclear power production. New hydro power plants impose a 
dramatic and irreversible impact on the surrounding environment and local 
population. Today, energy from thermal processes based on fossil fuels 
stands for 85 percent of the world’s commercial energy production, 65 
percent of the world’s electricity and 97 percent of the energy for 
transportation [48]. However, we are becoming conscious of the global 
warming effect of uncontrolled CO2 emissions. There is an ambition to 
replace fossil fuels with renewable sources such as biomass, wind and solar 
energy. For example, if China concentrated on exploiting its coal reserves to 
meet its future energy demand, China could on its own double the worldwide 
greenhouse effect within 50 years [83]. However, since China is exploiting 
other energy resources, China has been able to reduce its green house gas 
emissions by 8 percent between 1995 and 2000. Although renewable energy 
sources are important and deserve more attention, they can hardly alone 
cover the future energy demand. Hence, it is essential to improve the existing 
technologies and make them more efficient. One of these important 
technologies is the gas turbine. Modern gas turbine technology is considered 
as the most effective and clean instrument that involves energy conversion 
through combustion of a fuel, especially natural gas. For example, switching 
from coal-fired power generation, usually employing steam turbines, to 
natural gas-fired combined cycles improves the efficiency significantly in 
combination with considerably less specific emissions.  

This thesis concerns high-efficiency evaporative gas turbine cycles. These 
cycles have shown the potential to outperform existing gas turbine cycles, 
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especially for small-scale applications. The main focus of this work is on the 
humidification process in these cycles.  

Simple cycle gas turbines have been frequently used for propulsion and 
peak or reserve power production, since early 1950s. The gas turbine market 
has expanded rapidly during the last two decades. Between 1999 and 2000 
alone, the number of gas turbine units ordered increased by 37 percent [56]. 
Gas turbines of various sizes are available today, from a few kW (i.e. 
microturbines) to a few 100 MW. Some advantageous of gas turbines include 
high efficiencies; low specific investment costs; flexibility; compact size; 
quick start-up times and low maintenance requirements. The general trends in 
the development of gas turbines are higher turbine inlet temperatures; higher 
pressure ratios; and more complex arrangements by introduction of 
intercoolers, aftercoolers and more sophisticated exhaust heat recovery 
systems. In modern gas turbines the exhaust gas from the expander usually 
has a temperature above 500 ºC. The key to a higher efficiency is recovering 
the large amount of this exhaust gas heat, which otherwise would go to 
waste. The most common way to do this is by coupling a steam bottoming 
cycle to the gas turbine (Figure 1-1). This system is called the combined 
cycle (CC) and has dominated the market since 1980s. The power efficiency 
of large CC power stations is 55-60 percent. These use multiple-pressure-
level steam cycles to optimize the gas turbine exhaust heat recovery.  

 
 

 
Fig. 1-1 Simplified combined cycle 
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The modern steam bottoming cycle recovers heat to temperatures as low as 
100°C. 

For large size power stations, CC technology is profitable; however, at 
smaller sizes (below 20 MW) CC is no longer cost-effective. The remaining 
alternatives are then simple gas turbine cycles, steam injected gas turbine 
cycles or diesel engines. For small to intermediate power stations, the steam-
injected gas turbine (STIG) has significantly higher efficiencies than the 
simple cycle. In the STIG cycle the steam from the heat recovery steam 
generator (HRSG) is injected into the working medium before, during or after 
combustion (Figure 1-2). A modified STIG, called the CHENG cycle, has 
been commercially available for several years and a few units have been sold 
for combined heat and power production; however, the demand for STIG 
technology has been rather limited. The main reason is that the exhaust gas 
heat in small gas turbines is usually used for process steam generation. 
Combined heat and power (CHP) production is also referred to as 
cogeneration. STIG cycles for power generation produce steam at high 
pressures; thus, only high temperature exhaust heat is recovered. While feed 
water preheating promotes exhaust heat recovery at low temperatures; a 
significant portion of the exhaust heat is still wasted.  

 
 

 
Fig. 1-2 Simplified STIG cycle 
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A number of advanced gas turbine cycles have been proposed and a few are 
under investigation as future competing technologies. Among the most 
promising is the evaporative gas turbine cycle (EvGT), also known as the 
humid air turbine (HAT). 

The EvGT concept involves addition of water vapor to the compressed air 
by evaporation of water in a humidifier. Humidification of the compressed air 
utilizes the low value exhaust gas heat (i.e. heat at low exhaust temperatures) 
since humidification water is used as the heat sink in cooling of the exhaust 
gas (Figure 1-3). Thus, the EvGT technology has the potential for higher 
overall efficiencies than STIG for a similar gas turbine. Humidification water 
can be recovered and re-circulated. 

The electrical efficiency of EvGT at small to intermediate sizes (1-20 MW 
power) is estimated to approximately 45-50 percent, which makes it a strong 
competitor to diesel engines. The electrical efficiency of large size EvGT 
(>20 MW power) is estimated to 50-60 percent. This is comparable to the 
electrical efficiency of combined cycles. However, EvGT cycles, when 
commercially available, will have significantly lower investment costs due to 
the absence of steam turbines. Also, high moisture content in the compressed 
air results in lower flame temperatures, which consequently leads to lower 
thermal NOx generation in the combustion products. 

 
 

 
Fig. 1-3 Simplified EvGT working principal 
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Gasparovic and Stapersma [38] proposed an evaporative gas turbine with 
water injection in the compressed air as early as 1973. Nakamura et al. [62] 
patented the first modern EvGT cycle in 1981 and called it “water injection 
type regenerative gas turbine cycle based on a novel method of heat 
recovery”. This proposed cycle was intercooled and recuperated and showed 
a power efficiency of 50 percent with a turbine inlet temperature of 1000°C 
and a pressure ratio of 6 bars. The power efficiency of simple gas turbine 
cycles at that time did not exceed 25 percent. Nakamura and his coworkers 
suggested humidifying 60-100 percent of the compressed air, packed towers 
as well as tubular humidifiers and water recovery through condensation of 
the exhaust gas. Frutschi and Plancherel [35] compare the combined cycle to 
injection and evaporation cycles in their work from 1988. In 1989, Rao [69] 
patented the HAT cycle, which is rather similar to Nakamura’s proposed 
cycle. Four years later, Rao [71] suggested another HAT with some 
modifications, mainly adding a second expander. Combined spray 
intercooling, spray aftercooling and steam injection were studied by Bolland 
[19]. Day and Rao [28] published a paper in 1992, where they investigated a 
natural gas fired HAT. In 1991, Annervall and Svedberg [10] compared 
different thermodynamic cycles including EvGT. Cohn [24] presented a 
number of new approaches to power production featuring air humidification 
in 1993. These include CASH (compressed air storage with humidification), 
CASHING (CASH integrated with natural gas), and IGCASH (integrated 
gasification CASH). Stecco [78] has evaluated different configuration of 
HAT cycles. Nakhamkin [65] patented the CHAT cycle (cascaded humidified 
advanced turbine) in 1995. In the same year, Yan et al. [89] undertook an 
investigation considering the externally fired EvGT and Chiesa [22] 
examined the thermodynamic performance of mixed gas-steam cycles 
including intercooled recuperated STIG and HAT. In 1996, Westermark [84] 
patented the part-flow humidification strategy. In 1997, Gallo [37] presented 
a comparison study of advanced cycles including CC, STIG and EvGT. 
Jonsson and Yan [50] present an economical assessment of evaporative 
cycles and compare different evaporative cycle configurations. For further 
references, Lindquist [53] gives an extensive literature review on this topic. 

The first ever evaporative gas turbine pilot plant is located in Lund 
University in Sweden. This plant was built within the frame of the EvGT 
Project. Parallel with this project, the Tubular Humidifier Project was 
initiated at the Royal Institute of Technology in Stockholm with the objective 
of investigating the humidification process for various operation conditions 
separately. The experimental part of this thesis is mainly based on 
experiments on the humidification systems from the EvGT pilot plant and the 
tubular humidifier test rig. 
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1.1.1 The EvGT Project 
 
In Sweden, the EvGT Project was initiated in 1993 to investigate the 
potential of humidified gas turbine cycles at the Royal Institute of 
Technology and Lund University. The EvGT Consortium was formed in the 
same year. Consequently, an EvGT pilot plant was constructed and ready for 
operation in Lund in 1998. Partners in this consortium include, gas turbine 
manufacturers (Alstom Power and in earlier stages VOLVO Aero 
Corporation), major Nordic utility companies (Vattenfall, Sydkraft and 
Energy E2), and research organizations (the Swedish Energy Agency, 
ELFORSK and ELKRAFT).  

The project included three major blocks: the pilot plant; water circuit and 
water chemistry; and future development of EvGT. The overall goals were: to 
verify and evaluate the EvGT cycle; to study and design the humidifier and 
the exhaust gas condensation system; and finally to study the feasibility of 
medium scale EvGT cycles in power and cogeneration applications. Lund 
University was in charge of the EvGT pilot plant. The Royal Institute of 
Technology was responsible for the water circuit (the humidifier as the key 
component) and the water treatment plant. In this thesis the packed bed 
humidifier in the EvGT pilot plant is thoroughly described and experimental 
results are presented (Paper V). 

A number of researchers have published their work within the frame of 
the EvGT Project. Rosén [73] gives a detailed description of the pilot plant 
and its components in his work. He stresses the vital importance of the 
humidification system in evaporative cycles 

Ågren’s work [3] includes evaluation of the performance and process 
parts of evaporative cycles. He presents different humidification strategies. 
Additionally, he carried out theoretical and experimental work on the EvGT 
water recovery and purification issues on the pilot plant. Also, he has shown 
that exhaust condensation promotes the EvGT pilot plant to achieve self-
sufficiency concerning water consumption.  

Lindquist [53] has given a comprehensive literature review on humidified 
cycles in his work. He also reports on experiences from pilot plant operation 
in different modes: dry, recuperated, humidified, and with or without an 
aftercooler. Furthermore, his work includes extensive theoretical studies on 
evaluation and comparison of a number of advanced gas turbine cycles for 
different applications. 

Bartlett [15] has presented results from the water treatment system and 
entrainment. Further, his work includes thermodynamic evaluation of 
different humid cycles in district heating and power applications. 

The pilot plant block of the EvGT Project was carried out successfully. 
Currently, the future development of the humidified cycles are under 
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investigation. The next stage in commercializing these cycles is to build a 
demonstration plant. 
 

1.1.2 The Tubular Humidifier Project 
 
It has been stressed that humidifying the compressed air is a key operation in 
evaporative cycles. The humidifier has the unique feature that large amounts 
of water can be evaporated at temperatures below the boiling point when 
water has countercurrent contact with compressed air. This is because of the 
diluting effect that air has on water vapor at the air-water interface. Thereby, 
the humidification process is controlled by the humidity of the compressed 
air and not the boiling point. The humidifier utilizes the heat rejected in the 
aftercooler or the heat taken out of the exhaust gas at low temperatures. The 
pilot plant in Lund, like most EvGT concepts, includes a packed bed 
humidification tower; however, an alternative is a tubular humidifier unit. In 
a packed bed humidification system the exhaust gas is cooled separately in 
the economizer by the humidification water, while in a tubular humidifier the 
exhaust gas is cooled in the same piece of equipment, i.e. the humidifier. 
Exhaust gas passes a vertical heat exchanger on the shell side, the two-phase-
fluid, i.e. water and compressed air, flow on the tube side. Water is 
evaporated into the passing compressed air. Evaporation at elevated pressures 
is a new concept and therefore existing experimental data for designing such 
equipments are sparse. New reliable experimental data are considered 
necessary since: 
• High temperatures (150-250°C) require metal tubes or metal packings. 

Conventional packings suitable for cooling towers cannot be used. 
• Extremely low entrainment in the compressed air is required, since the salt 

contents in the water droplets cause serious damage to the recuperator and 
the gas turbine. 

• High pressures (e.g. 40 bars in aeroderivatives) lead to significantly higher 
gas densities, which affect the flow characteristics. 

• Vast differences in temperatures and volume flow rates exist along the 
humidifier length because of the large amount of water evaporated. 

 
The main goal of this project was to theoretically and experimentally 
investigate the design of tubular humidifiers for EvGT applications. For the 
experimental study, a flexible tubular humidifier test rig was designed and 
erected by us at the Royal Institute of Technology in Stockholm. Partners in 
this project included: The Swedish Energy Agency, Vattenfall, Munters 
Euroform and Aalborg. A thorough investigation of the humidifier’s 
performance and characteristics at different pressures was conducted. 
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Primarily, the goal was to show that the idea of a tubular humidifier for 
EvGT applications can work. Design parameters such as heat and mass 
transfer coefficients; wetting; flooding; and entrainment were studied. The 
experimental results obtained can be extrapolated for design of large-size 
humidifiers in EvGT cycles. Paper I appended in this work presents tubular 
humidifier design aspects. Paper IV and VI include experimental work 
carried out on the tubular humidifier test rig. 

Currently, this tubular humidifier rig is coupled to a catalytic combustor 
and tested for combustion of humid air with natural gas and gasified biomass. 
 
 

1.2 Scope of This Work 
 
The main objectives of this work can be summarized as follows: 
• Theoretical study of the humidification process in packed-bed towers and 

tubular humidifiers; 
• Experimental evaluation of the packed-bed humidifier in the EvGT pilot 

plant; 
• Experimental evaluation of the tubular humidifier test rig; 
• Studying and applying real thermodynamic properties for the air-water 

system for EvGT applications; and 
• Developing general humidifier design criteria. 
 
Chapter 2 starts with a general and brief description of humidified gas turbine 
cycles. The main focus is on the humidification system. Different 
humidification approaches are presented. 

In Chapter 3, a literature review on the thermophysical properties of the 
air-water system is given. The best available method for computing real data 
is selected and its importance on cycle simulation and design is displayed. 

In Chapter 4, the design and modeling of the packed tower humidifier is 
described. Experimental results from the humidifier in the EvGT pilot plant 
are given. Additionally, a study on indirectly-fired humidified gas turbine 
cycles is presented. 

Similarly, in Chapter 5, the design and modeling of the tubular humidifier 
is described and experimental work from the tubular humidifier test rig is 
presented. 

Finally, Chapter 6 presents the overall conclusions and highlights the most 
important aspects that must be taken into account when selecting and 
designing humidifiers for gas turbine applications. 

The nature of this work is primarily applied science, based on six papers 
appended after the summary. Paper I presents a theoretical study of the 
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design procedure of a large size tubular humidifier. Paper II is a system 
analysis of humidified closed cycle gas turbines fired by biomass. The impact 
of thermodynamic properties of air-water vapor mixture on design of 
evaporative cycles by computer modeling was investigated in paper III. 
Experimental works carried out on the tubular humidifier test rig, and on the 
EvGT pilot plant equipped with a packed bed humidifier are presented in 
papers IV-VI. 
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2 Evaporative Gas Turbine Cycles 
 
 
 
 
In this chapter a general view of the evaporative gas turbine cycle is 
presented. The main focus is on the humidification and the heat recovery 
approaches.  
 
 

2.1 General Description 
 
The evaporative cycle is basically characterized by: 
• High efficiency; 
• Low specific investment costs; 
• Low NOx emissions; 
• Good part-load features; 
• Quick start-up time; and 
• Compact size. 
 
Heat recovery in the gas turbine exhaust gas is essential for obtaining high 
efficiencies. High quality heat in the expander discharge (temperatures above 
500 ºC) can be readily recovered in a recuperator or a humid air superheater; 
while a steam boiler utilizes the exhaust gas heat at temperatures above the 
boiling point of water. In the STIG cycle, the exhaust heat recovery is 
insufficient for temperatures below the boiling point of water. Although some 
portion can be recovered by feed water preheating, the significant part of the 
low temperature heat is wasted in the exit exhaust gas. The basic advantage 
of the evaporative cycle is that it recovers additional exhaust heat at very low 
temperatures. 

Humidification in the EvGT system is a process of adding water vapor to 
the compressed air stream by evaporation. The increase in the working 
medium (air-water vapor mixture) mass flow rate without additional 
compressor work, together with the enhanced heat recovery potential 
concomitant with the introduction of water vapor, boosts the electric power 
output and the overall efficiency of this cycle. Compressing a gas is 
significantly more energy consuming than pumping a liquid. As stressed 
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before, most of the heat required for humidification comes from the exhaust 
gas heat recovery system. Humidification water is an ideal heat sink, because 
of its availability and low temperatures, for cooling the exhaust gas.  

Generally, humidification permits a large amount of water to evaporate at 
temperatures below its boiling point as noted before. This phenomenon is a 
result of the vapor concentration difference that exists at the water-air 
interface and consequently the lower partial pressure in the air-water vapor 
mixture. Air has diluting effect on the concentration of water vapor at the 
interface. Thus, as the evaporation is controlled by the humidity of the 
compressed air and not the boiling point, the exhaust gas heat can be 
recovered to significantly lower temperatures. Ågren [3] uses “the wet shirt” 
metaphor to explain how liquid water in presence of air can change phase to 
vapor without boiling.  

Evaporative cycles can have different configurations. Figure 2-1 shows 
the principal of a proposed evaporative cycle. The cycle in this example 
employs a packed bed humidification tower (PH). The economizer (ECO) 
utilizes the low quality exhaust heat, producing hot water. This water is 
evaporated into the compressed air in the humidification tower. The 
humidification tower is located after the aftercooler (AC). The aftercooler is 
an important component in the humidification system since it provides 
compressed air of favorable temperatures to the humidifier. In other words, 
the humidifier is always accompanied with an aftercooler. Introduction of 
water to the compressed air is thermodynamically advantageous, as the 
increase of the mass flow rate through the expander without increasing the 
compressor work augments both the power output and the overall efficiency 
of the cycle. Steam from the boiler (BL) is injected into the humid air to 
increase its mass flow rate further. Hence, this cycle can be referred to as an 
evaporative STIG.  The humid air is finally heated in the superheater (HSH) 
before combustion. Steam generation is optional; however, it has been shown 
that it is thermodynamically sound to produce steam where temperatures 
allow this [4,5]. EvGT cycles have shown promising potential for 
cogeneration applications. These cycles include steam injection with a 
complementary humidifier [74]. 

In the CC concept, the gas and the steam are expanded separately in a gas 
turbine and a steam turbine, respectively. However, in an EvGT cycle the 
steam expansion is integrated in the gas turbine, i.e. the air-vapor mixture is 
expanded in the same turbine, resulting in lower investment costs and a 
compact design. The main challenge presently for the gas turbine industry is 
to develop turbo-machinery and combustors fully adapted to this mode of 
operation, i.e. gas mixtures of high moisture content. 
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Fig. 2-1 Example of evaporative cycle with packed-bed humidifier 

 
 

2.2 Humid Cycles 
 
In Figure 2-2, three simplified humid cycles are shown and there 
humidification strategies are compared. Figure 2-2a, the STIG cycle, includes 
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injected into the compressed air before combustion or directly into the 
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includes a steam boiler and a humid air superheater (HSH). The economizer 

BL

AC 

PH 

HSH 

ECO 

Air 

EGC 

Fuel

To stack 

IC 
G

Bleed-off



Humidification in Evaporative Power Cycles 14

is divided into two sections. One section provides hot water to the boiler and 
the other section produces hot humidification water. 

 
 

 
Fig. 2-2 Different humidification strategies 

 
 

Part-flow humidification is considered beneficial especially where there is a 
relatively low temperature difference between the compressor discharge and 
the turbine exhaust, i.e. non-intercooled gas turbines. It is thermodynamically 
disadvantageous to cool the entire compressed air flow of a high temperature, 
only to heat it up again later. Furthermore, the size of the heat exchangers, 
i.e. aftercooler, and humidifier can be kept small in the part-flow cycle, 
resulting in lower investment costs and a lower pressure penalty compared to 
the full-flow cycle. There is also less humidification water in this cycle that 
must be pumped in the circuit. Since the compressor discharge has a very 
high temperature, it is possible to add a steam boiler before the aftercooler 
and generate more steam for injection. Some of the steam can also be used 
for cooling of hot parts (turbine blades and combustor walls etc).  

In an intercooled gas turbine however, the temperature of the compressor 
discharge is much lower. This stream should be heated before combustion 
and there is a large heat source in the expander exhaust. In this case it is 
beneficial to humidify the entire flow and use it as a heat sink for exhaust 
heat recovery. The presence of water vapor in the compressed air improves 
its heat transfer characteristics. The intercooler provides an additional heat 
source for the increased amount of humidification water required.  
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2.2.1 Water Consumption 
 
The issue of water consumption in humid cycles has been a concern, since it 
can impose a great burden on the running costs. The evaporated water, the 
injected steam, the steam cooling, and the water vapor generated by 
combustion all accumulates in the exhaust gas. If this water vapor could be 
recovered and returned to the cycle it would be possible to close the water 
circuit. Experimental studies on the pilot plant in Lund have shown that if the 
exhaust is cooled to low enough temperatures in an exhaust gas condenser, a 
significant portion of its moisture content can be recovered. A small fraction 
of the condensate should be bled-off to avoid impurity enrichment in the 
humidification water. Since the recovered condensate only contains very low 
concentrations of salts it can be desalinated rather easily and used as feed 
water [6].  
 
 

2.3 Humidification Approaches 
 
There are different techniques and devices that can be used for 
humidification of a gas. Below three major approaches are described. 
Generally, humidification can be carried out merely by water spraying; 
however, countercurrent contact devices are preferable of reasons that will be 
discussed. 
 

2.3.1 Water Spray 
 
The simplest method of bringing water into contact with compressed air is by 
spraying fine water droplets by a nozzle in the hot compressed air stream 
(Figure 2-3) [72]. If the temperature of the compressed air is high, as in a 
non-intercooled gas turbine, the water droplets evaporate rapidly in a fashion 
similar to quenching. The main drawback of this method is that it puts 
extremely high requirements on water purity. Water that is not completely 
de-ionized contains small amount of salts. Since the entire amount of injected 
water is evaporated, the salt content remains as dust in the combustion gases. 
The salt dust can impose considerable damage to the turbine blades. 

In 1997, de Ruyck et al. [29] presented a new evaporative cycle without a 
humidification tower and called it REVAP. Water droplets are added to the 
compressed air and the two-phase working fluid enters the exhaust heat 
recovery system, e.g. recuperator, where water evaporates and the resulting 
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gas mixture is heated. Through this method the spray cooling of the 
compressed air is combined with additional heat transfer from the exhaust 
gas. 

Liquid water can also be sprayed in the compressor inlet air (inlet air 
cooling) [58] and in the intercooler (evaporative intercooling) [82,94]. 
Siemens has applied the so-called wet compression to a series of gas turbines. 
A General Electric gas turbine, Sprint LM6000 (44 MW), with spray 
intercooling is commercially available. 
 
 

 
Fig. 2-3 Spray humidification 

 
 

2.3.2 Packed-Bed Tower 
 
Most EvGT concepts include a packed-bed humidification tower. The tower 
consists of a shell containing surface extension material or packing, water 
distributor, water collector, support grids and droplet eliminator (Figure 2-4). 
There are various types of packings of different material, shapes and sizes 
commercially available. Since humidification in EvGT cycles is carried out at 
high temperatures, packings made of stainless steel are suitable. The two 
major packing groups identified are random dumped packing, and structured 
packing. Raschig rings, Berl saddles, Pall rings, Hy-Pak and Intalox are all 
random dumped packings (Figure 2-5).  
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Fig. 2-4 Packed-bed Humidifier 
 
 
 

 
Fig. 2-5 Random dumped packings, (a) Intalox Metal, (b) Hy-Pak Metal 

(courtesy of Norton Co.) 
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Fig. 2-6 Structured packing (courtesy of Norton Co.) 

 
 
Structured packings are made from corrugated metal sheets (sometimes 
perforated), folded usually at a 45º angle to the horizontal (Figure 2-6). These 
metal sheets are assembled alternately reversed into modules to form a 
honeycomb of triangularly shaped passages with one side open. Generally, 
structured packings offer a large surface area per unit volume, a high 
capacity, a good wetting characteristic and a low pressure drop. Hence, they 
are very efficient for mass transfer processes, and especially suitable for 
processes sensitive to pressure drops, e.g. gas turbines. Generally, packed 
towers are not suitable for very low water rates; however, insufficient wetting 
is not likely to occur in evaporative cycles due to high liquid rates. 

In the humidification tower, compressed air of moderate temperatures is 
brought into countercurrent contact with falling hot water. A portion of the 
water evaporates into the compressed air and the remaining water is collected 
at the bottom and re-circulated.  The collected water is relatively cold and it 
is cooled further when the exhaust gas condensate or fresh water is added. 
The main part of the humidification water is usually heated in the economizer 
and a smaller part in the aftercooler and the intercooler if available.  

The water flow to the humidification tower is much larger than the 
amount evaporated in the bed. The reason is that water is the heat carrier. 
This promotes proper wetting of the packing surface, which is essential for 
effective mass transfer. Since only water is evaporated into the air, the 
impurities, e.g. salts, remain in the liquid water and exit the tower with the 
blow-down from the water circuit. However, small droplets of liquid are 
entrained in the air and a droplet eliminator should be included. In fact, a 
great part of the salt particles contained in the intake air is captured in the 
humidification tower [13,14]. Thus, if droplet elimination is sufficiently 
effective the humid compressed air leaving the humidification tower may be 
cleaner than the compressor intake air. The use of countercurrent humidifiers 
instead of water sprays lowers the water purity requirements significantly, 
and hence, the cost of water treatment can be kept low.  
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2.3.3 Tubular Humidifier 
 
In a tubular humidifier cooling of the exhaust gas and humidification of the 
compressed air are carried out simultaneously in the same piece of 
equipment. In other words, compared to the packed bed humidification 
tower, the economizer and the humidifier are integrated into one component. 
Tubular humidifiers have a compact design and are considered to operate 
efficiently, since heat exchanging is carried out directly between the initial 
heat source (exhaust gas) and the final heat sink (compressed air). 

The tubular humidifier generally consists of a vertical tube bank and a 
shell (Figure 2-7). The exhaust gas stream is cooled on the shell side. 
Compressed air and water film are brought into countercurrent contact inside 
the tubes. The compressed air stream is fed to the bottom and it flows 
upwards inside the tubes in direct contact with a falling water film. Hence, 
the principles behind the tubular humidifier are similar to a wetted wall 
column. The water film is evaporated into the compressed air boosted by 
indirect heat transfer from the exhaust gas stream. The exit compressed air is 
warm and humid. The exit exhaust gas is significantly cooled. The remaining 
water collected at the bottom is relatively cold and can collect considerable 
amounts of heat in the aftercooler.  

All EvGT cycles include an aftercooler. The basic principle is to remove 
some sensible heat from the compressed air in the aftercooler and to put it 
back to the compressed air by increasing its humidity (latent heat). In other 
words, the aftercooler provides compressed air of favorable temperatures for 
humidification and countercurrent flow in the humidifier. Very high air 
temperatures lead to quenching in the humidifier, which is difficult to 
control.  

Figure 2-8 shows a FEvGT with a tubular humidifier (TH). Comparing 
this cycle to the cycle with a packed bed humidifier in Figure 2-1 displays the 
main difference. In Figure 2-1, water is heated separately in the economizer 
while in Figure 2-8, the humidifier and the economizer are integrated into 
one piece of equipment. 
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Fig. 2-7 Tubular humidifier  
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Fig. 2-8 FEvGT with tubular humidifier 

 
 

2.3.4 Humidification in Future Humid Cycles  
 
The most recent trend in the gas turbine development is increasingly high 
pressure-ratios. Today, aeroderivatives operating up to 40 bars are available. 
Bartlett [15] and Lindquist [53] have shown that the efficiency of the EvGT 
cycle increases steadily with increasing pressure ratios. High efficiency gas 
turbines with compressor discharge pressures around 60 bars (CHAT cycle) 
were suggested by Nakhamkin [60]. It is a fact that with higher pressure-
ratios the exhaust gas temperature from the expander decreases. 
Consequently, the steam generation in the heat recovery system suffers, and 
most of the exhaust heat has to be recovered through evaporative 
humidification. The best humidification method at these extreme pressures is 
still ambiguous.  

The packing material in the packed bed humidifier have not been tested 
for such applications and at least some packing types may not be sufficiently 
robust for these extreme operation conditions. Also, a thick humidifier shell 
is required. Finned tubes made of stainless steel should be used in the 
economizer because of the high water pressure. Thereby, the cost of these 
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components would increase considerably. Thus, the packed bed humidifier is 
unfavorable for high-pressure EvGT cycles. 

The tubular humidifier has a robust construction and is promising for 
high-pressure cycles. However, the surface tension of liquid water drops 
steadily with increasing temperature and its viscosity and density decreases 
with increasing pressure and temperature. Consequently, it may become more 
difficult to obtain a continuous falling water film at extreme conditions in the 
humidifier tubes. It should be noted that water surface tension has the 
greatest impact on the film formation. However, our experiments carried out 
at 20 bars and 160°C with the tubular humidifier pilot plant showed 
promising results. If the humidification water temperature remains at a 
moderate level (about 200°C) even at extremely high cycle working-
pressures, the tubular humidifier is a suitable solution. An idea that has not 
yet been tested is to combine the tubular humidifier and the recuperator in 
one unit. Water can be fed somewhere in the middle of the tube length. This 
way the lower part of the tubes operates as a humidifier and the upper part as 
a superheater for humidified air. 

Water spraying is simple and does not require heavy equipment. As noted 
before, the main disadvantage is the high water purity requirements, which 
would lead to a considerable investment in a treatment facility. It is also 
challenging to regulate the amount of water sprayed in the compressed air. 
However, because of its simple construction this method has potential for 
high-pressure gas turbines but must first be thoroughly investigated. 
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3 Thermodynamic Data for Air-
Water Vapor Mixtures in Humid 
Cycles 

 
 
 
 
At atmospheric conditions and low moisture content humid air may be 
considered as an ideal mixture of gases, e.g. in cooling towers. However, at 
elevated pressures and at saturated or moderate superheated conditions, and 
with increasing humidity, deviations occur. Such conditions are common in a 
humidification stage, especially at the top of the humidifier where humidity is 
high. Deviations are mainly a result of interaction between the water vapor 
molecules or the air.  

Reliable thermodynamic properties, more specifically equilibrium and 
enthalpy data for air-water vapor mixtures, necessary for design and 
dimensioning EvGT systems are lacking at the relevant conditions in 
humidifiers. Until recently, it has been common to apply the ideal gas 
mixture model even for EvGT applications without taking account of the 
actual deviations. For example, all the studies referred to in the introduction 
of this thesis used steam tables for computing equilibrium data, and the ideal 
gas mixture model for computing enthalpies for humid air. A real model for 
computing accurate equilibrium and humid air enthalpies is vastly desirable.  

The importance of real thermodynamic properties in humid cycles was 
first highlighted by us and presented in Paper III. In this chapter the works of 
a number of other researchers are reviewed. In our work, the best available 
real model is selected and developed to a computer add-on tool for 
computing real equilibrium and enthalpy data. Comparisons with the ideal 
mixture model are carried out. Finally, the impact of using the correct model 
on EvGT cycle simulations is shown by an example. 
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3.1 Literature Review 
 
Available methods for computing real thermodynamic properties of humid 
air and saturated humid air are presented below. Pressure ratios in existing 
gas turbines can be as high as 40 bars (e.g. aeroderivatives). In the near 
future, pressures up to 100 bars are expected. The highest temperature in the 
humidifier is typically 250ºC and 1400ºC in the combustion gas entering the 
gas turbine. Due to the limited temperature and pressure range of moist air 
models, also models for mixtures of water and nitrogen are considered. 

The ideal gas mixture model employs Dalton’s law, which assumes that 
the partial pressure of gases in a gas mixture are additive (p=pa+pb+pc+ּּּ), 
and the partial pressure of each gas is assumed to be equal to the partial 
pressure of the ideal substance at the same condition. However, in reality the 
gas molecules interact and their behavior differ from the pure substances. 
This deviation can be taken into account by using the fugacity, Φa=γabpa, of 
each component. The fugacity coefficient (γab) expresses the molecular 
interaction of components a and b, in our case air and water [12].  

Two important relations concerning partial pressure of ideal solutions are 
Raoult’s law and Henry’s law. Ideal mixtures of pure substances obey 
Raoult’s law, especially the solvent. This relation is normally written 
pa=xapa

*. Ideal dilute mixtures obey Henry’s law, which is written pb=xbKb. 
pa

* is the partial pressure of the single pure substance. xa and xb are the mole 
fraction of the solvent and the solute, respectively. Kb is Henry’s constant and 
has the same dimensions as pressure [12]. 

Greenspan [41] fits experimental data obtained by Hyland [45] to an 
equation for the vapor pressure enhancement factor (f) presented by Goff 
[40]. The enhancement factor is defined as f=pv/pv°, where pv is the effective 
saturation vapor pressure, and pv° is the saturation vapor pressure of pure 
water. This equation is explicit in f, thus simpler than the implicit equation 
presented by Hyland. The underlying experimental data are taken into 
account in the Hyland and Wexler formulation [46,47]. 

Luks et al. [54] present a correlation for calculation of the equilibrium 
moisture content of air in the following range: -43 < t < 327°C; p < 203 bars. 
They use the virial equation of state for the gas phase and Henry’s law for the 
liquid phase, and the vapor pressure enhancement factor. The model is based 
on Hyland and Wexler [43,44] where the upper limit for experimental values 
are 60°C. They state that with some modifications predictions can be made in 
the extended range. This correlation is interesting in the sense that no other 
models reach as high in temperature (327°C) for saturation data; however, it 
gives only an indication of the real data since it is highly extrapolated. 
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Heidemann and Prausnitz [42] give equations for calculation of the 
equilibrium water content, density, enthalpy and entropy of saturated 
nitrogen/carbon dioxide mixtures in the following range: 20 < t < 320 °C; p < 
203 bars. The mixtures consist of 0, 13, 15, 17 and 20 percent carbon dioxide 
(CO2) in nitrogen (N2) on a dry basis. They use a modified Redlich-Kwong 
equation of state for the vapor phase and Henry’s law for the liquid phase. 
The limited experimental data available do not exceed 230°C. 

Hyland and Wexler [46,47] provide a new formulation for the volumetric 
and thermodynamic properties of dry and moist air for ASHRAE (American 
Society of Heating, Refrigerating and Air-conditioning Engineers), replacing 
the one by Goff [40]. The model is based on the virial equation of state and 
the vapor pressure enhancement factor. The work of Mason and Monchick 
[55] is also incorporated. For moist air the model is valid in the range (x is 
the molar fraction of water vapor): 0 < x < 1; 0 < t  < 100 °C; and 0 < p < 50 
bars. However, this model is based on experimental data, which do not 
exceed a temperature of 75°C. Nevertheless, the title of their work suggests 
that the upper temperature boundary is 100°C. Hyland and Wexler suggest 
further that the properties of saturated moist air can be computed up to 200°C 
with negligible errors. In the ASHRAE Fundamentals Handbook [11], moist 
air properties, based on this model are tabulated up to 90°C. The new values 
for cross virials by Wylie and Fischer [86] should be incorporated with the 
Hyland and Wexler model, although the upper temperature limit for these 
values is low, compared to the working range of a humidifier in an EvGT 
application.  

Wormald and Colling [85] measured the excess enthalpy of the mixture of 
water and nitrogen, and fit an equation in the following range: x = 0.5; 0 < t < 
425 °C; and 0 < p < 126 bars. The enthalpy of mixing is the difference 
between the enthalpy of a mixture and the sum of the weighted enthalpies of 
the pure components. Since enthalpies are measured directly, the model is 
regarded as reliable; however, it is limited to a specific vapor quality. 

Gallagher et al. [36] present a generalized principle of corresponding 
states model for the free Helmholtz energy of the water-nitrogen system. This 
model is valid in the range of: 0.2 < x < 0.95; 170 < t < 730 °C; and 0 < p < 
1000 bars. The principle is to use existing equations for pure water at 
displaced volume and temperature, thereby giving the properties of the 
mixture. All thermodynamic properties can then be derived from the free 
Helmholtz energy. Temperature and volumity must be guessed whereupon 
iteration is required to find the final values. Gallagher and his co-workers did 
not make any efforts to fit the equation to pure nitrogen, hence the limited 
molar water vapor fraction of 0.2. However, even beyond this boundary the 
model is considered to give reliable values for the single-phase region. They 
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point out that a weakness lies in the poor location of the critical line and the 
phase boundaries and refer to a Fortran program with the code necessary to 
make the calculations, which was not found in the reference cited. Moreover, 
the model is too complex and its description is spars. 

Enick et al. [33] use the process simulator Aspen Plus™ to develop a 
computer model for high-pressure humidification. They use the Redlich-
Kwong-UNIFAC equation of state to predict saturation properties of the air-
water vapor system. The UNIFAC method is a predictive method of 
calculating phase equilibrium using group-group interaction parameters, and 
therefore, it should be used only in the absence of experimental information. 
This method becomes less reliable in the dilute regions, especially for highly 
non-ideal systems. In general, higher accuracy can be obtained from 
empirical models, especially when these models are used with binary 
interaction parameters obtained from experimental data. Finally, this method 
is only applicable in the range 27< t <152 °C and extrapolation outside this 
range is not recommended. The group parameters are not temperature 
dependent; consequently, predicted phase equilibrium extrapolates poorly 
with respect to temperature. This model is not considered suitable for EvGT 
applications. Moist air is typically diluted. Also at saturation states at high 
pressures the water-air system can be expected to be highly non-ideal. 

Fenghour et al. [34] measured the density of binary gas mixtures of water 
with nitrogen, carbon dioxide and methane at temperatures up to 427°C and 
pressures up to 350 bars. Three thermodynamic models were evaluated for 
prediction of phase behavior and gas phase properties. The two-fluid 
corresponding states model (similar to the Gallagher et al. [36]) proved to 
predict density and phase behavior most accurately over the complete range. 
The one-fluid corresponding state model yielded acceptable results regarding 
both density and phase behavior and requires less calculating time. The Peng-
Robinson equation is used widely in process simulations for the description 
of mixtures containing water. It proved to predict dew point temperatures and 
density satisfactorily with the following conditions: p < 300 bars; and x < 0.5.  

Rabinovich and Beketov [68] use the fundamental laws of 
thermodynamics and the molecular-kinetic theory of gases and liquids for 
construction of equations of state for moist gases. Computer programs and 
algorithms are worked out for calculating tables of thermodynamic 
properties. Tables of the equilibrium mass fraction of water vapor and its 
thermodynamic properties are calculated for practical use for air, nitrogen, 
oxygen, methane, hydrogen, helium, neon, argon, krypton, xenon, carbon 
dioxide and ethane. The range of validity for the models is: 0 < x < 1; -73 < t 
< 127 °C; p < 100 bars. 

Carotenuto and Dell'Isola [21] present approximate relationships for moist 
air enhancement and compressibility factors in the following range: x = 
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saturation content; -100 < t < 200 °C; and 1 < p < 50 bars. These relations are 
based on the Hyland and Wexler model [45,46]. It is not clear how the upper 
temperature boundary is chosen, especially since the underlying model does 
not reach above 100°C. 

Melling et al. [59] give simple analytical correlations for selected 
thermodynamic and fluid properties for the mixture of dry air and water 
vapor. The range of validity is: 0 < x < 1; 0 < t  < 200 °C; and p = 1 bars. For 
density it is assumed that the compressibility of the moist air is the weighted 
linear sum of the constituents air and water. For thermodynamic properties, 
an ideal-gas model for the specific heat was employed. 

Singh et al. [75] use a vibrating-tube densimeter to determine the 
volumetric properties and phase relations of binary mixtures of water, CO2, 
methane and nitrogen in the range of: 0 < x < 1; t = 300 °C; and 7.4 < p < 993 
bars. The results are not quantified in any way, but different systems are 
compared.  

Ji and Yan [49] have proposed a model where the dry air is assumed to be 
a mixture of nitrogen and oxygen. The fugacity coefficients for vapor were 
calculated by the modified Redlich-Kwong equation of state in which a new 
interaction parameter for oxygen-water system was correlated from 
experimental data from literature. The dissolved gas is assumed to follow 
Henry’s law. Henry’s constant for oxygen was also correlated from the 
oxygen-water experimental data, while for nitrogen it was calculated by 
Helgeson equation of state. The proposed model was verified by comparing 
the calculation results with available experimental data. Ji and Yan’s model is 
considered suitable for predicting saturated and superheated thermodynamic 
properties of air-water system up to 200 bars. The predicted results are 
claimed to be more accurate than the model by Rabinovich and Beketov [68] 
and the application range is wider than that of Hyland and Wexler [46,47]. 

None of the models found in the literature can be considered totally 
satisfactory for the purposes of design and dimensioning of EvGT cycles. 
The reason is that experimental data in the desired range are limited or 
unavailable. However, the Hyland and Wexler model (HW) is found cited by 
numerous authors and the model is also used in the ASHRAE Fundamentals 
Handbook [11]. Since Ji and Yan’s proposed model is still under 
development, the HW model was applied here and developed to a computer 
add-on tool. 
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3.2 Equilibrium Humidity and Enthalpy 
 
The importance of thermodynamic properties of air-water vapor mixture in 
humid cycles was first presented by us in Paper III. An Excel add-on tool for 
calculation of equilibrium humidity and equilibrium enthalpy of saturated air, 
based on the HW model has been developed. The add-on tool is written in 
Visual Basic. According to the HW model, water has a higher volatility at a 
certain saturation temperature than indicated by the steam table. This results 
in a higher equilibrium partial pressure of water vapor in the air; 
consequently, the saturated humid air has a higher moisture content than 
would be expected from the steam table. 

Figure 3-1 shows the percentage difference in equilibrium moisture 
content between the HW model and the steam table. As can be seen the 
moisture content at a certain equilibrium temperature is higher than predicted 
by the steam table. 

Figure 3-2 shows the equilibrium enthalpies based on the HW model and 
the ideal gas mixture model. The real model indicates a higher equilibrium 
enthalpy than the ideal model, because of the higher moisture content.  
 
 

 
Fig. 3-1 Percentage difference between the saturation moisture content 

based on the HW model and the steam table 
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Fig. 3-2 Saturation enthalpies based on the HW model and the ideal mixture 

model 
 
 
The higher humidity and the related higher enthalpy of the real model will 
affect the performance of the humidifier and the size of the heat exchangers 
in an EvGT cycle, as will be shown by an example in the following section.  
 
 

3.3 Impact on EvGT 
 
Ågren and Westermark [4] have published results on cycle simulation of a 
humidified Rolls Royce Trent gas turbine. Figure 3-3 shows the process flow 
sheet. This gas turbine is a non-intercooled aeroderivative with a compressor 
pressure ratio of 35 bars. The compressor discharge has a flow rate of 104 
kg/s. Only 20 percent of the discharged compressed air flow is humidified in 
a packed bed humidification tower, i.e. part-flow humidification. Two steam 
boilers are included and the ensuing steam is injected in the working 
medium. The gas turbine generates a power output of 98 MW, which gives a 
power efficiency of 53 percent (based on LHV). Ågren used the 
thermophysical data from SteamTab and MoistAirTab (©ChemicaLogic 
Corp.) in an in-house program to model the humidification process. These are 
plug-ins that can be installed in Excel (©Microsoft).  

The above system was recalculated; this time using thermophysical 
properties for air-water vapor mixture from the real model add-on in the in-
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house program. Cycle simulation was carried out in GATECYCLE (©GE 
Enter Software). Results show that the humidity of the exit humid air from 
the humidifier is increased by 10 percent. Thereby, the heat duty of the 
humid air superheater (HSH) also increases by 10 percent, i.e. 2 MW. 
However, since the temperature of the exhaust gas is now lower, less heat is 
available for steam generation in the boiler (BL1). If this steam is to be 
injected into the working medium, the total moisture content in the HSH 
maintains roughly the same. A certain amount of heat is removed from the 
boiler and put into the humidifier. Consequently, the size of the boiler is 
decreased. A negligible increase in the power output was also detected.   

 
 

 
Fig. 3-3 PEvGT-Rolls Royce Trent process flow sheet (adapted from Ågren & 

Westermark [4]) 
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It may be concluded that applying real thermophysical properties for the air-
water vapor system in cycle simulations primarily affects the heat load 
distribution and the component sizing. This is significant in the investment 
cost estimations and must be taken into account. 

Since our work (Paper III) was published, other researchers have 
continued the work. Most recently, Yan et al. [93] compare existing 
thermodynamic property models for air-water mixtures. Their work includes 
an investigation on the impact of these properties on the EvGT performance.  
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4 Humidification in Packed Towers 
 
 
 
 
In this chapter, the design and modeling of the packed tower humidifier is 
described and experimental work from the humidifier in the EvGT pilot plant 
is presented, first published in Paper V. Also, simulation results from 
humidified indirect-fired gas turbine cycles are presented, based on Paper II. 

Generally, evaporative humidification has effect when a liquid is in direct 
contact with a gas. The liquid evaporates into the gas because of the vapor 
concentration difference that exists between the liquid and the gas at the 
interface. Thus, the humidity of the gas increases along the tower. This 
concentration difference is maintained since the air bulk is usually vast or the 
gas is in motion, preferably, in countercurrent contact with the liquid. The 
vapor concentration can also be expressed by its partial pressure. 
Humidification is regulated by the vapor partial pressure, while boiling at any 
pressure is entirely temperature dependent. For example, water in a closed 
container at atmospheric pressure starts changing phase to steam only when 
its temperature reaches 100ºC, while water in an open container evaporates 
spontaneously into the air at ambient temperature. Blowing unsaturated air 
over the water surface speeds up the evaporation. 

 
 

 
Fig. 4-1 Simplified humidification water circuit 
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The main principles of evaporative humidification are similar to cooling 
towers. However, humidification in gas turbine applications is distinguished 
by high pressures and temperatures. Also, since the water is heated by an 
external source, i.e. the hot exhaust gas, the humidification process is 
diabatic. Methods for designing humidifiers and dehumidifiers for air 
conditioning applications and cooling towers at atmospheric pressure are 
well-known and practiced, while evaporative humidification for gas turbine 
applications is rather new and unproven. At this stage it is imperative to 
combine the theoretical studies with experimental data from humidification 
in evaporative cycles. The EvGT pilot plant was the first step to meet this 
need. This plant includes a packed bed humidification tower, which is 
described in the following sections.  

Generally, in EvGT cycles the total humidification system can be divided 
into two unit processes, mass transfer in form of evaporative humidification 
of the compressed air; and heat transfer by aftercooling, intercooling and heat 
recovery from the exhaust gas. In a gas turbine cycle including a packed bed 
humidifier, these processes are carried out separately in different 
components. The packed bed humidification tower is always accompanied 
with an economizer. The aftercooler is always included independent of the 
type of humidifier. The economizer provides the main part of the hot 
humidification water. The humidification water circuit principle is shown in 
Figure 4-1. 
 
 

4.1 Packed-Bed Humidifier Design 
 
Humidification comprises simultaneous heat and mass transfer. The exact 
definition of this phenomenon can be rather elaborate and requires detailed 
knowledge of the physical properties and flow rates of the two phases at any 
point along the bed depth in the humidifier. At the top of the bed the water is 
usually warmer than the air and sensible heat is transferred from the water to 
the air. At the bottom of the bed the entering compressed air may be slightly 
warmer than the exiting water; however, the temperature of the water must be 
kept higher than the wet bulb temperature of the compressed air to achieve 
humidification. Although there is sensible heat transfer in any direction 
between the water and the air depending on their temperatures, in this 
equipment the water is primarily cooled by evaporation of some of the water 
into the air stream. Thus, the collected exit water makes a good heat sink for 
picking up exhaust heat in the economizer. The mass is transferred only in 
one direction, from the water to the air stream. Exit humid air from the 
humidification tower can be assumed to be saturated [87]. Experimental 
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results from the EvGT pilot plant and the tubular humidifier test rig verify 
this assumption.  

The mass transfer can be expressed as a function of latent heat transfer 
because of the phase change. The heat is conserved in the water vapor and 
conveyed to the air-water vapor mixture, resulting in a rapid enthalpy 
increase. The add-on tool based on the HW real model can calculate the 
enthalpy of saturated air. For practical design purposes the compressed air 
stream is assumed to be saturated along the packed bed height. This 
assumption is commonly applied for cooling towers [79]. 

Inlet water temperature is known and a desired exit water temperature is 
specified. The exit water temperature is held at least 4 ºC above the inlet air 
wet-bulb temperature [3]. The condition of the compressed air of a given 
pressure is defined by both its dry-bulb and wet-bulb temperatures. The 
condition of the inlet compressed air is also known. The heat transferred to 
the compressed air is expressed by: 
 
 ( )GiGod iiGQ −=  (4-1) 
 
The exit water flow can be determined if the exit compressed air temperature 
is specified or vice versa. Since the exit air is assumed to be saturated its wet-
bulb and dry-bulb temperatures are equal and its humidity can easily be 
determined. The exit water flow is the inlet flow less the water evaporated 
into the compressed air. The exit water flow is: 
 
 ( )iodio HHGLL −−=  (4-2) 
 
The heat transferred out of water is defined by: 
 

LoLoLiLi tCLtCLQ −=  (4-3) 
 
One convenient tool to describe the humidification process is the equilibrium 
curve/operating line concept. The driving force for mass transfer (evaporation 
of water) is the difference between the saturation vapor pressure above the 
liquid film compared to the vapor pressure in the air. However, the enthalpy 
of the air is proportional to the vapor pressure and it is easier to use enthalpy. 
Thus, the enthalpy difference is employed as the driving force for combined 
heat and mass transfer, first suggested by Mickley [60]. Figure 4-2 shows a 
simplified humidification diagram for a packed bed humidifier in 
countercurrent operation. The X-axis and the Y-axis present the water 
temperature and the humid air enthalpy, respectively. The equilibrium curve, 
mentioned earlier in chapter three, describes the enthalpy of the saturated air 
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in thermal equilibrium with the liquid water as a function of the equilibrium 
temperature.  

A significant amount of water is evaporated in the humidifier; therefore, 
the water flow rate (L) cannot be assumed constant over the entire bed depth, 
which is normally the case when designing cooling towers. However, if the 
packed bed height is theoretically divided into sufficiently small discrete 
segments, the water flow rate over each segment may be assumed constant. 
The operating line is not a straight line but is slightly curved and at any point 
has a slope defined by LCL/Gd. The operating line describes the humid air 
enthalpy as a function of the water temperature at any point along the packed 
bed. 

The gas-water system in the humidifier is predominantly gas-film 
controlled. For a gas-film controlled system, the rate of mass transfer is 
strongly dependent upon the gas flux. Higher gas fluxes increase the rate of 
mass transfer. The effect of liquid rate on the rate of mass transfer is smaller 
in such systems. However, higher liquid rates improve the wetting and 
increase the turbulence in the falling liquid, resulting in higher mass transfer 
rates. As the resistance to heat transfer is much smaller on the liquid-side, the 
interface is assumed to have substantially the same temperature as the liquid-
phase. Hence, the slope of the tie line (-hLCG/hG) may be assumed to be 
vertical. This assumption is valid for most air-water systems [79]. 

 
 

Fig. 4-2 Simplified humidification diagram 
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The practical design procedure of packed bed towers includes: 
• Choosing the packing type and size; 
• Determining the packed-bed height required for certain humidification; 
• Determining the packed-bed diameter, i.e. capacity; and  
• Selecting and designing the droplet separator and the tower internals, e.g. 

distributors. 
 

4.1.1 Choice of Packing 
 
Structured packings give a high surface area with a high void fraction. The 
advantage of structured packings over random dumped packings is their low 
pressure-drop (around 100 Pa/m), which is very significant in the gas turbine 
economy, and effective mass transfer characteristics [76]. The cost of 
structured packing per cubic meter is significantly higher than the random 
packing; however, the much higher efficiency of the structured packing 
compensates the higher cost. Hence, the structured packing is recommended 
for the EvGT application. Because of the high temperatures only stainless 
steel packings are suitable.  

Appropriate packing type and size promotes proper wetting. Generally, a 
larger packing size means a lower mass transfer efficiency. Recommended 
random packing size ranges are: 25-38 mm (or equivalent structured packing 
size) for tower diameters of 0.3-0.9 m, and up to 50 mm (or equivalent 
structured packing size) for larger tower diameters. The rule of thumb is that 
the tower diameter should be equal or larger than 12 times the packing size to 
avoid wall effects. 
 

4.1.2 Packed-Bed Height 
 
Mass transfer dominates the humidification process here. Thereby, the height 
of the packed bed is determined by the mass transfer duty delegated to it and 
the mass transfer rate. The driving force for this operation can be expressed 
by implementing the number of gas-phase transfer units (NOG) methodology. 
Required NOG can be obtained by integrating the area between the operating 
line and equilibrium curve with respect to the average driving force [79]: 
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As the exit water in the humidification tower is cooled to a few degrees 
above the wet bulb temperature of the inlet air stream, the driving force will 
be low in the bottom section of the packing. The number of transfer units 
increases when the operating line approaches the equilibrium curve (Equation 
4-4). The number of transfer units in most of our studied cases varies 
between 2 and 10 for high-pressure humidification. 

The packing height (Z) required to accomplish a certain humidification 
operation can be determined by multiplying NOG with the height of a gas-
phase transfer unit HOG: 

 
Z = NOGHOG (4-5) 

 
HOG is defined as that depth of packing required producing a change in the 
composition (which also can be shown by the change of enthalpy of humid 
air) equal to the mass transfer driving force causing that change. Basically, 
the height of a transfer unit represents the rate of mass transfer for a specific 
packing [79]. For further explanation, two different packings with largely 
different performance are considered. The high-efficiency packing, with a 
large specific surface area, requires a lower packing depth for a same number 
of transfer units. 
 

4.1.3 HOG Prediction 
 
Totally satisfactory methods for predicting the height of a transfer unit do not 
yet exist; however, a great number of correlations have been published. 
These correlations must take into account the physical properties of the 
system; the gas and liquid flow rates; and the bed diameter and height [76]. 
The Cornell’s method [25] and the Onda’s method [66] are two examples. 
Most experimental data available today are primarily from absorption and 
distillation at low pressures and moderate temperatures. Very little data are 
available for air-water systems at high pressures. A correction relation would 
be useful for extrapolating the HOG value, reported by the manufacturers, for 
any desired conditions. The following general model can be used to calculate 
HOG from the mass transfer coefficient [18]: 
 

ah
GH

GD
OG ρ

'

=  (4-6) 

 
The mass transfer process can be expressed by the dimensionless numbers 
Reynolds, Schmidt and Sherwood [26]. c, n and m are constants:  
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m
G

n
G ScRecSh =  (4-7) 

 
Equation 4-7 after using the definition of the dimensionless numbers for 
packed beds, leads to an expression for mass transfer coefficient: 
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Substituing Equation 4-8 into 4-6 gives the expression for the height of a gas 
transfer unit: 
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If the diffusivity of one gas in another (DG) at a reference temperature (T°) 
and pressure (p°) is known, DG for any given temperature and pressure can be 
obtained by the following relation [26]: 
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=  (4-10) 

 
Accordingly, if the height of a gas transfer unit for any reference condition 
(H°OG) is known, a relation for prediction of HOG, after simplification, can be 
completed as follows: 
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The operating pressure and temperature has little effect on the value of HOG 
in gas-film controlled systems such as evaporative humidification. However, 
if it is assumed that the same bed diameter, i.e. the same capacity, is 
considered at both the reference state (usually atmospheric pressure) and at 
an elevated pressure, the packed bed can operate a higher gas velocity at the 
higher pressure. If the humidity of the compressed air is relatively low, the 
ideal gas law may be applied to simplify the HOG relation. This means that 
terms containing only temperature and pressure can replace density and mass 
rate in Equation 4-11. Density's dependence can be expressed by ρ∝p/T. 
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Similarly the gas velocity dependence is u∝(T/p)1/2. Further, the viscosity 
term is almost equal to unity and may be neglected. Applying these 
assumptions gives the following equation: 
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For mass transfer in packed beds, the constants n and m can be assigned to 
0.655 and 0.33 respectively, leading to the following relation [26]: 
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The impact of liquid flow rate is absent in Equation 4-13. As mentioned 
previously, in gas-film controlled systems the mass transfer coefficient is a 
function of both the liquid and the gas flow rates [78]. In the humidification 
system a higher gas rate increases the HOG value. A higher liquid rate 
decreases the HOG value. This effect should be added to Equation 4-13, which 
finally gives Equation 4-14. It is estimated that a 10 percent increase in the 
liquid rate will improve, i.e. decrease, the HOG value by approximately 4 
percent [77], which results in the correction term (Lo/L)0.39: 
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Most of the data available from manufacturers and in literature are for 
atmospheric conditions and unit operations other than humidification. In 
Table 4-1, data for some packings similar to Montz-Pak BSH is given for 
comparison. e is the packing void fraction. 

Generally, packings that have similar specific surface areas, independent 
of shape, have comparable HOG values. The first four alternatives are 
structured packings. The last one is a random dumped packing. Generally, 
HOG values given in literature are either predicted for a specific operation or 
obtained by measurements from test plants (in some literature HTU, as this 
system is gas-film controlled, HOG may also be used). 
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Table 4-1 Comparison of some common packings at reference conditions 
 a [m2/m3] e HOG [m] 
Norton Intalox 2T  216 0.97 0.32 i 
Koch Flexipac 2Y  223 0.93 0.29 ii 
Sultzer Mellapak 250Y  250 0.95 0.22 iii 
Montz-Pak BSH  240 0.95 0.24 iv 
Norton IMTP 25  206 0.96 0.36 v 

i. Predicted value for air-water system by the authors, see also [79] 
ii. Measured value for air-water system, [77] 

iii. Measured value for air-water system, [77] 
iv. Predicted value for air-water system by the authors 
v. Measured value for air-water system, [79] 

 

4.1.4 Numerical Calculation 
 
The solutions to the heat and mass transfer equations and the integral for 
number of transfer units require exact knowledge of the mass flow rates and 
the condition of the fluids at any point along the humidifier. If the humidifier 
height is theoretically divided into very small discrete segments, the 
thermodynamic conditions of the fluids change marginally over each segment 
and may be assumed constant; thus, the equations can be solved numerically. 
In this work, the height has been divided into 50 theoretical segments (Figure 
4-3). 

 

 
Fig. 4-3 Theoretical tower calculation segments 
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total difference between inlet and exit water temperatures are divided into 50 
steps (Equation 4-15). When the exit compressed air humidity and 
temperature are specified, the total heat transfer to the compressed air may be 
divided in 50 equal parts (Equation 4-16). 
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The number of gas transfer units is determined as written below: 
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4.1.5 Packed-Bed Diameter 
 
The pressure drop, produced as a result of the design air and water flow rates, 
specifies the tower cross-sectional area, which in turn determines the 
capacity. In other words, if the pressure drop is specified, the required tower 
capacity can be determined. Usually, the packed-bed is designed to operate at 
the highest economical pressure drop to ensure efficient mass transfer. In a 
humidifier in an EvGT cycle, the pressure drop per meter of packing is 
highest at the top where the gas velocity is highest. 

Figure 4-4 shows how the pressure drop varies with the gas velocity. At a 
specific gas velocity (point X) the pressure drop starts increasing rapidly with 
increasing liquid rate. This gas velocity, also called the loading point, is 
usually employed for designing packed towers [27]. A small pressure drop 
provides appropriate liquid hold-up, which promotes interphase contact; 
however, the packed bed tower should not operate above the loading point. 
When gas and liquid are contacted counter-currently, flooding can occur at 
high gas rates. This condition is exhibited by a sudden large increase in 
pressure drop, by surging of the liquid in packing canals, or by considerable 
entrainment of liquid in the outgoing gas. This condition is represented by 
point Y. As mentioned earlier, pressure drops are costly in gas turbine cycles. 
Morris and Jackson [61] suggest a gas velocity about 75-80 percent of the 
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flooding velocity. For EvGT applications in our work, a lower percentage has 
been chosen, about 60-70 percent, to minimize entrainment and pressure 
drop.  

 
 

Fig. 4-4 Pressure drop in wetted packings, logarithmic axes (taken from 
Coulson & Richardson [27]) 

 
 
Figure 4-5 shows a generalized pressure drop correlation, which incorporates 
gas and liquid flow rates, thermodynamic properties of both fluids and 
packing characteristics [27]. µw and ρw refer to water at 25°C. The packing 
factor (Fp) is a modification of the specific surface area of the selected 
packing [27]. Each line presents a constant pressure drop. Flooding is 
presented by the broken line. The generalized pressure drop correlation 
provides a quick method for estimating the gas mass flow rate per unit area 
(G´) for both random dumped packings and structured packings. It was 
stressed before that structured packing is superior to random dumped packing 
considering performance and pressure drop. By selecting an appropriate 
specific pressure drop (e.g. 300 Pa/m) for a given duty, G´ can be determined 
from the correlation, and then the tower diameter may be calculated for the 
required flows. The gas velocity at the top of the bed should be kept low 
enough to avoid entrainment of water. The maximum capacity is limited by 
droplet entrainment. The minimum wetting-limit must be taken into account 
and checked. 
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Fig. 4-5 Generalized pressure drop correlation (taken from Coulson & 
Richardson [27], originally a figure by Norton Co.) 

 

4.1.6 Liquid Distribution and Minimum Wetting Rate 
 
The needs for proper liquid distribution and correct choice of packing type 
and size have been stressed before. Water distribution has a significant 
impact on the performance of the humidifier. An ideal distributor should 
possess the following features: 
• Uniform and continuous water distribution; 
• Minimal gas pressure drop and low entrainment; and 
• Resistance to plugging and fouling. 

 
Orifice distributors are often considered to be the best alternative in the 
Chemical industry, since they provide discrete, continuous streams with 
minimal flow variation from one point to another. Wetting rate is defined as 
the volume flow rate of water per wetted perimeter [27]: 
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The effective mass transfer process suffers with decreasing interphase 
contact. For any packing, there is a minimum wetting rate for effective use of 
the packing surface area. Minimum wetting rates of 0.02-0.04 l/m s, 
depending on the size of the packing, are suggested by Morris and Jackson 
[61]. In selecting a packing, it is necessary to check that the water rate is 
above the minimum wetting rate. If the water flux in the packing is low, a 
packing with a low specific area should be employed.  
 

4.1.7 Entrainment 
 
The transfer of salts from the water to the compressed air is a critical 
parameter in the humidification process. When the critical salt content in the 
air, 4 ppb for most gas turbines [80], is exceeded, the gas turbine will suffer 
from serious corrosion. The entrainment ratio (E/G) increases dramatically 
when approaching flooding velocity; with slightly higher velocities, the 
entrainment will very rapidly increase up to threefold the original level, and 
the pressure drop may increase by tenfold. The packing diameter must be 
chosen with a safe margin to flooding; a conservative design criterion of 60-
70 percent of the flooding velocity is recommended in our work.  

The liquid distributor should not promote formation of small droplets. 
Since entrainment is critical for gas turbine applications, a droplet separator 
must be used. A rough estimation of the droplet size range of water is 10-500 
µm. These droplets are large enough to be separated by inertia. Basically, this 
effect can be explained by the fact that droplets cannot follow the gas 
streamline when they hit an obstacle and stick to a periphery [20]. Inertia 
droplet separators may have different shapes and sizes. In Figure 4-6, two 
different types of separators, the wire mesh pad and the wave plate are 
shown. 
 
 
 



Humidification in Evaporative Power Cycles 46

 
Fig. 4-6 Droplet separators, (a) wire mesh pad, (b) wave plate (courtesy of 

Munters Euroform) 
 
 

4.2 Humidification in the EvGT Pilot Plant 
 
Paper V includes the experimental results obtained from the packed bed 
humidification tower in the EvGT pilot plant. In this section, these findings 
are presented. It must be noted that the pilot plant configuration and its 
components are not optimally designed or chosen. The main purpose of the 
plant is to investigate the feasibility of this new technology and to obtain 
operational experience. 

The pilot plant configuration is shown in Figure 4-7. The pilot plant 
includes a natural gas fired Volvo VT600 gas turbine (max load 600 kW). 
The combustion chamber has a diffusion burner and is modified to handle 
high moisture content (max 0.2 kg water vapor/kg dry air) in the air. The 
compressor pressure-ratio is slightly above 8 bars. The intake-air flow rate is 
3.4 kg/s. The electrical efficiency of the pilot plant for recuperated 
evaporative operation is approximately 35 percent [53]. 

Introduction of water vapor in the compressed air causes a mass flow 
imbalance between the compressor part and the expander part. A portion of 
the compressed air, approximately 16 percent of the compressor intake-air, is 
removed to neutralize this imbalance, by a bleed-off duct. Compressed air is 
cooled in an Alfa-Laval brazed plate aftercooler before entering the 
humidification tower. The aftercooler has a total heat transfer surface of 140 
m2. The aftercooler is an integrated part of the humidification system. Its duty 
is to ensure countercurrent stream flows in the humidifier, i.e. to deliver 
relatively cold compressed air to the bottom and hot water to the top of the 
humidifier. The humidification water is re-circulated and heated in the 
aftercooler and the economizer.  

  

(a) (b) 
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The exit humid air from the tower is heated in the recuperator before 
combustion. Natural gas is used as fuel. After expansion exhaust gas heat 
recovery is performed first in the recuperator and then in the economizer. 
Ågren [6] has shown that the EvGT system can be self-sufficient considering 
water consumption. This is possible by cooling the exhaust gas to a 
temperature as low as 35 °C in the exhaust gas condenser and by recycling 
the condensate to the humidification circuit. High enough water quality can 
be obtained by CO2-stripping and ion exchanging in a mixed bed [6]. The 
water treatment process is also shown in Figure 4-7. 
 
 

Fig. 4-7 Simplified EvGT pilot plant scheme (data at 50 percent load, 300 
kW power output) 
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4.2.1 Humidification Tower 
 
Figure 4-8 shows the humidification tower configuration and size. The tower 
is of the packed bed type, with a column diameter and height of 0.7 m and 3 
m, respectively. Structured packing from Montz, type BSH, was chosen, 
which has a specific surface area of 240 m2/m3. Each packing module has a 
height of 225 mm. There are 4 such modules stacked upon each other in the 
tower, which gives a total packing height of 900 mm. The packing depth is 
variable by removing 1-3 modules. 
 
 

 
Fig. 4-8 Humidification tower in EvGT pilot plant 

 
 

3000 mm

900 mm

220 mm

250 mm

190 mm 

700 mm

160 mm

Compressed 
air

Water 



Humidification in Packed Towers 

 

49

 
Fig. 4-9 Water distribution pattern 

 
 

 
Fig. 4-10 Droplet separator working principle (courtesy of Munters Euroform) 
 
 
Water is distributed over the packing surface by 6 spray nozzles (Figure 4-9). 
The mean droplet diameter from the sprays (SpiralJet® from Spraying 
Systems Co.) was estimated to approximately 500 µm. The liquid flow rate, 
the spray pressure, and the spray shape are factors that affect the droplet size. 
Higher spray pressures give smaller droplets. 

The working principle of the droplet separator used in the pilot humidifier 
is shown in Figure 4-10. This droplet separator, type DV-270 provided by 
Munters Euroform, has high efficiency and provides minimal pressure drop. 
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4.2.2 Experimental Results 
 
The number of gas transfer units is determined experimentally. Inlet and exit 
water and compressed air temperatures are measured in the humidification 
tower. The inlet flow rates are known. The outlet humid air (approximately 
0.2 kg water vapor/kg dry air) is assumed saturated. The NOG value is 
determined by numerical integration of Equation 4-4. Since the packing 
depth (Z) is known, the HOG value can be determined by Equation 4-5. For 
other pressures, temperatures or liquid flow rates, this value can be corrected 
by Equation 4-14.  

Experiments were carried out for different gas turbine loads; 40, 50, 60 
and 70 percent, by varying the natural gas fuel feed, and for different packing 
depth. Since the results for the packed tower were similar, only results when 
operating at 50 percent load (300 kW) and 450 mm packing depth are 
presented here (Figure 4-7). 

The volumetric gas flow rate through the packing is highest at the top of 
the bed, where flooding is most probable to occur. Hence, the column 
diameter is dimensioned to obtain proper local gas velocity, usually 50-70 
percent of the flooding velocity. The normal design maximum capacity 
should not exceed 80 percent of the packing capacity equivalent to a pressure 
drop of 100 mm of water/m packing. In the case presented here the gas load 
was calculated to about 65 percent of flooding. 

 
 

Fig. 4-11 Experimental Humidification diagram 
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The humidification tower performance is shown in the humidification 
diagram in Figure 4-11. The enthalpy of the compressed air is increased by 
more than 500 kJ/kg dry air, which is equivalent to a total heat inflation of 
1.1 MW. The humidity of the air is raised from almost zero to 0.19 kg water 
vapor/kg dry air. 

The total number of gas-phase transfer units was determined to 2.8 for a 
packing height of 450 mm. As it was previously noted, 6 spray nozzles, 
located 0.22 m above the packing, distribute water over the packing. This is 
probably not an optimal solution, since sprays give a substantial amount of 
water droplets of different sizes, with high flow variation. This affects the 
predicted humidifier performance significantly, since the spray zone 
contributes to the heat and mass transfer process. The contact interface of the 
spray zones is roughly estimated to 100 m2/m3. This corresponds to a HOG 
value of around 0.6 m, resulting in a number of transfer units, contributed 
from the spray zones, approximately equal to one. Hence, the number of 
transfer units corresponding to the packing depth is 1.8. Thereby, the HOG 
value for the Montz-Pak BSH is determined to about 0.25 m. The HOG value 
experimentally determined for the air-water system at 8 bars coincides well 
with the value of 0.24 m theoretically predicted, given in Table 4-1. In Table 
4-2 some results from the humidification tower are summarized. Detailed 
information on temperatures, pressures and flow rates are shown in Figure 4-
7. 

Heat transfer coefficient calculations show that the main resistance is 
located on the gas side, as expected. The mean liquid-side heat transfer 
coefficient, hL, is estimated to approximately 5000 W/m2 °C. The gas-side 
heat transfer coefficient, hG, was calculated theoretically and varies, with 
increasing temperature and humidity, between 500 and 1700 W/m2 °C (latent 
heat included).  

 
 

Table 4-2 Results for the humidification tower 
Gd (kg /s) 2.1 
Lin (kg/s) 3.5 
LW (l/s m) 0.04 
Pressure (bars) 8.1 
dt (m) 0.70 
Packing Montz-Pak BSH 
Z (m) 0.45 
NOG  1.8 
HOG (m) 0.25 
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The inlet water temperature was chosen to 146°C, i.e. 23°C below the boiling 
point. The inlet water temperature and the water flow rate to the humidifier 
are directly related. A lower flow rate results in a higher inlet temperature. 
The liquid to gas rate ratio (L/G) in the humidifier has a significant impact on 
its performance. Optimal L/G value should be determined for every 
humidification process.  

Lindquist [53] has shown that without the droplet separator a considerable 
amount of droplet entrainment can visibly be detected in the humidified air. 
Trace metals were added to the water to determine the level of entrainment 
when a droplet separator was employed. Analyzing the condensate from the 
exhaust gas revealed the trace metal concentration. The mean level of 
entrainment after the droplet separator was determined to approximately 46 
mg droplets/kg humid air [14]. This is considered low enough for a safe 
operation. 

 
 

 
Fig 4-12 The humidification tower and economizer 

 
 

 
Fig 4-13 The gas turbine and recuperator 
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4.2.3 Impact of High Moisture Content 
 
The impact of high humidity of a gas mixture on its enthalpy has already 
been stressed. Heat capacity and thermal conductivity of humid air, with low 
moisture content, are only slightly pressure-dependent. Thus the changes may 
be neglected. The impact of pressure variation on density and diffusivity 
almost cancel each other. Although elevated pressures, 10-50 bars, have 
negligible direct effect on the heat and mass transfer characteristics, the 
corresponding high humidity (> 0.2 kg water vapor/kg dry air) change the 
composition of the humid air significantly, especially in the upper part of the 
humidifier. A large increase in the humidity leads to significant changes in 
the properties that are included in the calculation of the heat and mass 
transfer coefficients, and consequently the packing depth determination. 
However, driving forces are smallest at the bottom section of the column. 
Hence, a majority of the total number of transfer units is concentrated in that 
section. Therefore, the change in the composition of the humid air in the top 
section does not affect the total packing depth noticeably.  

Enick et al. [33] have shown that the Lewis relation, commonly employed 
for cooling towers, can be applied even for high-pressure humidification. 
However, for an accurate solution, the local heat and mass transfer 
coefficients must be experimentally determined. Further, with increasing 
humidity the deviation from ideality increases. This deviation is mainly a 
result of the interaction between the water molecules and the air. A large 
number of bulky water molecules simply prevent the gas molecules in the air 
from acting as an ideal gas. 
 
 

4.3 Humidification in Indirect-Fired Cycles 
 
Humidified indirect-fired cycles, operating with helium and nitrogen as the 
working fluid, were studied and the results were first reported in Paper II. In 
this section the potential of the part-flow humidified closed cycle gas turbine 
(PEvCCGT) is investigated and its efficiencies are compared to the dry 
closed cycle gas turbine. However, the main focus is on the humidifier 
system and its size. The fuel input is the same as for the dry cycle while the 
compressor pressure ratio (Π) is varied to find an optimal that yields the 
highest power output for each case. 

In indirect cycles, the fuel, usually solid, is generally fired in an external 
combustor; hence, they are also called externally fired gas turbines (EFGT). 
The generated heat is transferred to the compressed air in a high temperature 
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heat exchanger. Biomass is becoming increasingly popular as a fuel because 
of its zero net contribution to global CO2 emission. During the 1990s, power 
generation from biomass in the US increased by seven percent annually. 
Biomass is expected to account for 15 percent of the energy used in Europe 
by 2012 [92]. Various biomass fired EFGT cycles have been studied by 
Eidensten et al. [32] and Yan et al. [88-92].  

The closed cycle gas turbine (CCGT) is a variant of the EFGT. In a 
CCGT, the working fluid is contained in a closed circuit. The turbine exhaust 
is cooled in a postcooler (PC), and then the relatively cold working fluid is 
led back to the compressor. The rejected heat in the postcooler can be utilized 
for district heating. The compressed air flow is heated in the high temperature 
heat exchanger and then fed to the expander. This process continues in a 
closed loop (Figure 4-14). The CCGT is characterized by flexibility in using 
working fluids other than air; cogeneration; good part load features; and 
compact size. Anheden and Ahlroth [7,8] have carried out an thorough 
investigation on the CCGT technology for small scale cogeneration (<10 
MW power). 

 
 

 
Fig. 4-14 Simplified CCGT working principal 

 
 

Rao et al. [70] and de Ruyck et al. [30] have also proposed evaporative 
humidification in the closed cycle gas turbine (EvCCGT or HCCGT) as a 
method to enhance the efficiency of this cycle. 
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4.3.1 System Description 
 
Figures 4-15 and 4-16 show two different cycle configurations investigated 
here, Configurations A and B. In Configuration A, the total flow of the high-
pressure working fluid is cooled in the aftercooler before the part-flow to the 
humidifier is separated. In Configuration B, only the part-flow stream is 
cooled in the aftercooler. Two alternative non-condensing gases are used as 
the inert working fluids, helium and nitrogen.  
 

4.3.2 Humidification Tower 
 
As noted above, part-flow humidification is applied in both configurations 
shown in Figures 4-15 and 4-16. However, a full-flow case for each working 
fluid was also calculated for comparison. The molar percentage of water 
vapor in the exit working fluid is specified in the cycle calculations. The 
humidity is given on a molar basis, since the difference in molar weight 
between helium and nitrogen is substantial. The humidification percentages 
studied for Configuration A are: 13, 15, and 16 mole-% water vapor. The 
percentages for Configuration B are 13, 15, 17 and 18 mole-% water vapor.  

Only structured packings from Norton Co. are used in this study. The 
appropriate packing type for each case was selected after the required 
capacity. The tower diameter was determined using the method described in 
Section 4.1.5. A typical standard pressure drop of 33 mm water/m packing 
was specified at the top of the packing, where flooding is most likely to 
occur. 
 
 

Table 4-3 Packing design data 
 a [m2/m3] HOG [m] 
Intalox 2T 216 0.32 
Intalox 3T 177 0.40 
Intalox 4T 133 0.49 
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4.3.3 Results 
 
The cycle simulations were performed in ASPEN PLUS. The humidifier 
simulations were carried out separately in an in-house developed spreadsheet. 
The results presented in Table 4-4 reveal that both electrical efficiency and 
overall efficiency (based on LHV) of both configurations at low 
humidification levels (below 15 mole-%) is lower than the dry cycle. 
However, the electrical efficiency increases with increasing moisture content 
in the working fluid. Thus, there is a critical moisture content at which the 
pressure penalty imposed by the aftercooler and the humidifier (four percent 
of the inlet pressure) is offset by the benefit gained from humidification. 
Humidification must exceed this limit to become beneficial.  
 
 

Table 4-4 Results for EvCCGT at optimal Π 
 Hm Π Pel QDH ηel ηtot NOG  Z ∅ 
Unit mole-

% 
 MW MW % %   m m 

Ap           

Helium 13 3.6 2.3 5.5 29.8 101.2 3 2T 0.96 0.55 
 15 3.6 2.4 5.2 30.9 99.0 7 2T 2.2 0.68 
 16 3.6 2.4 5.2 31.5 99.6 6 4T 2.9 0.68 

Nitrogen 13 5.5 2.4 5.5 31.0 102.8 4 2T 1.2 0.57 
 15 5.6 2.5 5.2 32.1 99.7 7 2T 2.2 0.64 
 16 5.6 2.5 5.2 32.7 100.5 7 2T 2.2 0.67 
Bp           

Helium 13 3.4 2.3 5.6 30.6 103.4 3 2T 0.96 0.57 
 15 3.5 2.4 5.4 31.7 102.6 7 3T 2.8 0.64 
 17 3.6 2.5 5.2 32.7 100.0 7 4T 3.4 0.72 
 18 3.4 2.6 5.1 33.2 100.1 8 4T 3.9 0.77 
Nitrogen 13 5.2 2.4 5.6 31.7 104.7 4 2T 1.3 0.57 
 15 5.2 2.5 5.5 32.7 103.7 7 2T 2.2 0.66 
 17 5.5 2.6 5.2 33.7 101.0 8 2T 2.6 0.71 
 18 5.5 2.6 5.1 34.2 101.3 8 2T 2.6 0.75 

Heliumf 16 3.7 2.4 5.2 30.7 98.0 3 2T 0.96 1.6 

Nitrogenf 16 5.6 2.5 5.5 32.1 103.6 3 2T 0.96 1.7 

Heliumd  2.8 2.3 5.8 30.5 107.0     

Nitrogend  4.8 2.5 5.6 32.3 106.0     
p: denotes part flow humidification (PEvCCGT) 
f: denotes full flow humidification (FEvCCGT) 
d: denotes dry CCGT 
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At maximum humidification in Configuration B, the electrical efficiency of 
the humidified cycle is nine percent higher than the dry cycle when helium is 
the working fluid. Similarly, the electrical efficiency for nitrogen is six 
percent higher. It must be noted that the overall efficiency for the humidified 
CCGT in this study never reaches that of dry CCGT. Additionally, part-flow 
humidification outperforms the full-flow concerning electrical efficiency. 
The electrical efficiency of Configuration B is overall higher than that of A. 
This is an effect of the higher pressure-drop in A (an additional 2 percent), 
since the entire compressed working fluid passes the aftercooler in this case. 
Available high temperature heat exchanger technology limits the 
development of closed cycles. Higher temperature levels (above 800°C) 
require special alloys or ceramic heat exchangers with significantly higher 
costs. 

Equilibrium curves for helium-water system and nitrogen-water system 
have different profiles. In the case of helium-water, the equilibrium enthalpy 
is higher for a given temperature; hence, the equilibrium curve is steeper. 
Since the humidifier heat load is roughly the same for different cases, the 
helium humidifier operates at a temperature level about 15-20°C lower than 
the nitrogen humidifier. The tower diameter is reasonably small, 0.55-0.75 m, 
for the part-flow cycles. For the full-flow cycles, the tower diameter is of 
course significantly larger, about 1.7 m. The required packing height 
increases with higher humidification levels, 0.96-3.9 m for different packings 
employed. The required packing height is overall lower for the cases with 
full-flow humidification. Finally, nitrogen is considered to be a more 
appropriate working fluid than helium because of its availability and 
favorable thermodynamic features. 
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Fig. 4-15 Configuration A with data for helium at 16 mole-% water vapor 

Fig. 4-16 Configuration B with data for nitrogen at 18 mole-% water vapor  
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5 Humidification in Tubular 
Humidifiers 

 
 
 
 
The tubular humidifier design procedure was first described in Paper I. The 
experimental results from the tubular humidifier test rig were reported in 
Paper IV and VI. In this chapter a summary of these three papers is given. 

By employing the tubular humidification approach, humidification of the 
compressed air and recovery of the exhaust gas heat are carried out in the 
same piece of equipment. In other words the humidifier is integrated into the 
economizer, promoting high heat transfer efficiencies between the main heat 
source (the exhaust gas) and the final heat sink (the compressed air). 
Generally, falling film devices have found application in mass transfer 
processes when high heat-transfer rate requirements coincide with the mass 
transfer process. Large areas of open surface are available for heat and mass 
transfer. The design of a tubular humidification unit requires the practical 
application of data on indirect heat transfer from the exhaust gas to the falling 
film, together with mass transfer from the falling film to the compressed air 
stream. 

In this chapter, the design and modeling of the tubular humidifier is 
described and the experimental work from the tubular humidifier test rig is 
presented.  

 
 

5.1 Tubular Humidifier Design 
 
The heat and mass transfer processes inside the tubes are similar to the 
processes in the packed tower and need no further explanation. However, 
tubular humidification includes a sensible heat transfer from the exhaust gas 
on the shell side through the tube wall to the falling water film. The total heat 
transferred to the compressed air is given by Equation 4-1 in the previous 
chapter. This is equal to the sum of the heat transferred out of falling film and 
exhaust gas: 
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( )FoFiLoLoLiLi iiFtCLtCLQ −+−=  (5-1) 
 
In Equation 5-1, it is assumed that the moisture content in the exhaust gas 
does not condense in the humidifier. In the humidification diagram a line 
representing the exhaust gas cooling is included (Figures 5-8 and 5-9). The 
exhaust gas line displays the total driving force, i.e. the temperature 
difference between the exhaust gas and the wet-bulb temperature of the 
compressed air. Evaporation of the falling film into the compressed air results 
in a decrease in the falling film temperature, which in turn promotes the heat 
transfer out of the exhaust gas.  
 
The practical design procedure of tubular humidifiers includes: 
• Selecting an appropriate tube diameter; 
• Determining the tube length for a specified humidification; 
• Determining the number of tubes required, i.e. capacity;  
• Selecting the tube bank arrangement; and 
• Selecting and designing the droplet separator and the distributors. 
 

5.1.1 Tube Diameter 
 
In very narrow tubes, countercurrent flow is not possible, since the liquid 
bridges across the tube opening because of surface tension effects. Hence, the 
tube diameter must be sufficiently large to avoid flooding and high pressure-
drops. However; the tube diameter chosen must promote high heat and mass 
transfer efficiencies. The optimal inner tube diameter is probably in the range 
of 25-75 mm. Selecting a smaller tube diameter results in a higher number of 
tubes and lower tube length, which leads to higher costs [81]. In this work, an 
inside tube diameter of 51 mm (2 in.) is used; the experimental work based 
on this tube diameter, presented in section 5.2, has been successful. Further, 
for efficient heat transfer on the exhaust gas side, where the resistance is 
highest, surface enhanced tubes are recommended. In our experimental work 
a Sunrod tube was used (Figure 5-7). 
 

5.1.2 Tube Length and Number of Tubes 
 
Generally, the number of the tubes required in the humidifier depends on the 
tube diameter and the compressed air flow rate while the height of the 
humidifier depends on the dimensions and the heat transfer characteristics of 
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the tubes and also the desired humidity in the exit compressed air. The 
simplest form of representing the heat transfer operation may be written as:  

 
mUAQ θ=  (5-2) 

 
The heat transfer in our case is identified into two steps as shown in Figure 5-
1: (1) sensible heat transfer out of the exhaust gas through the tube wall to the 
falling film; (2) Sensible heat transfer and latent heat transfer (mass transfer) 
out of the falling film to the compressed air.  

 
 

 
Fig. 5-1 Heat and mass transfer inside and outside of a tube 

 
 

The amounts of heat in these two steps are not equal, as has been stressed 
earlier (see Equation 5-1). The heat and mass transfer operation here is gas-
film controlled, which means that the resistance to heat and mass transfer is 
assumed to exist in the gas film. For practical reasons, the temperature of the 
liquid film is assumed to be uniform through its thickness and is 
approximately equal to the wall temperature. If the fouling effect is 
neglected, the resistance to heat transfer inside the tube can be written as: 
 

lat,insidesen,insideinside hhU
111

+=  (5-3) 

 
The latent heat transfer is significantly larger than the sensible heat transfer 
out of the falling film. Thus, the heat transfer coefficient inside the tube may 
be approximated to: 

 
lat,insideinside hU =  (5-4) 
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Putting the definitions of surface area and the heat transfer coefficient in 
Equation 5-4 gives the following expression for heat transfer inside the tube: 
 

milat,inside ldhQ θπ=  (5-5) 
 
The resistance to heat transfer outside the tube is given by: 
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In this equation, the fouling effect is neglected. The resistance to heat transfer 
in the gas film next to the tube wall is considerably higher than the resistance 
in the tube wall and in the water. Thus, the second and the third terms in 
Equation 5-6 may be neglected. Similarly, the heat transfer equation for this 
step can be expressed by: 

 
( ) mooutsideFoFi ldUiiF θπ=−  (5-7) 

 
The exhaust sensible heat transfer coefficient is mainly dependent upon the 
gas velocity and its value is estimated to about 300-600 W/m2 °C when 
surface enhanced tubes are used. The latent heat transfer coefficient is 
strongly temperature dependent, and its value increases upstream the tube, 
400-1700 W/m2 °C, as the compressor air humidity and temperature 
increases. Thus, most of the resistance to heat transfer is in the exhaust gas 
side especially at the top of the tube. Surface enhanced tubes of Sunrod type 
used in this work enhance the external contact surface with a factor of about 
seven and offset the difference in the heat transfer efficiency. 

As mentioned earlier the tube length is theoretically divided in small 
segments. The heat and mass transfer coefficients may be assumed constant 
in each segment. The rate of transfer of water vapor per unit time over unit 
area is as follows: 

 
( ) ( )2121 VVDVVGV cchppkN −=−=′  (5-8) 

 
Gilliland and Sherwood [39] studied evaporation of different liquids into an 
air stream in circular tubes. The following equation is derived from their 
work with some modifications: 
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By applying the Lewis relation (Pr≈Sc≈1) the following expression is 
obtained: 
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Latent heat constitutes by far the major part of the heat transferred to the 
compressed air; thus, sizing of the tubes in the humidifier may be based on 
the latent heat transfer coefficient expressed in Equation 5-11. The value of 
latent heat transfer coefficient depends upon the rate of mass transfer per unit 
area and the physical properties at the interface and the bulk air stream.  
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 (5-11) 

 
The difference between the liquid film temperature and the air wet-bulb 
temperature at any point is the driving force for evaporation. For practical 
reasons, the humid air inside the tube is assumed to be saturated (apart from 
the part close to the compressed air inlet); however, there is always a 
temperature driving force for evaporation since the water film has a higher 
temperature than the compressed air. The inlet flow rates, pressures and 
temperatures of the three fluids are usually given. Once the exit humid air 
condition, the exit exhaust gas temperature or the exit water flow rate and 
temperature are specified, energy and mass balances can be solved 
iteratively. The heat and mass transfer coefficients must be estimated to 
finally determine the tube length and number of tubes. 
 

5.1.3 Flooding Velocity 
 
A number of workers have presented correlation for flooding in vertical 
circular tubes [57]; however, the experimental works behind these relations 
are not totally satisfactory. Diehl and Koppany [31] correlated flooding data 
from a number of sources, including their own work, and developed the 
following expression: 
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A number of investigations by Diehl and Koppany indicate a possible critical 
diameter (=σ/3150) above which the flooding velocity is independent of 
diameter. This critical diameter in our studies is in the range of 10-15 mm. 
Equation 5-12 employs only two physical properties, gas density and liquid 
surface tension, and is independent of the tube diameter above the critical 
diameter. This correlation is based on data from vacuum to near critical 
conditions for organic systems and for the air-water system [31]. 
 

5.1.4 Minimum Wetting Rate 
 
The minimum water rate required for complete wetting of a vertical surface is 
from about 0.03-0.3 kg/m s at room temperature [67]. The exact rate depends 
upon the geometry and nature of the vertical surface, the conditioning of the 
surface, the surface tension of the liquid, and the mass transfer between the 
liquid and the gas stream. For laminar flow of films, Re (=4 Γ/µ) <2000, on 
the inside wall of a vertical tube, following theoretical equations for 
calculation of film thickness and average film velocity may be applied [67]: 
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δρ
Γ

L
av,Lu =  (5-15) 

 
In these equations the effect of surface traction is neglected. The 
recommended minimum wetting rate given above may be recalculated to film 
thickness at any temperature by Equation 5-14. Through checking the film 
thickness in the tubes effective operation can be assured.  
 

5.1.5 Entrainment 
 
The flooding velocity obtained from the Diehl and Koppany correlation gives 
an entrainment ratio (E/G) between 10 and 50 g/kg gas [31]. As noted earlier, 
velocities close to flooding result in a vastly increasing entrainment rate. 
Zhivaikin [95] has shown that there is also a critical liquid throughput at 
which liquid breakup and entrainment begin. The liquid flow rate affects the 
critical gas velocity significantly at the onset of entrainment while the gas 
velocity has a weak effect on the critical liquid flow rate. Thus, the critical 
liquid flow rate may be assumed constant for a wide range of gas flow rates 
[95]. 
 

5.1.6 Internals  
 
Water can be distributed to the inside tube walls by different approaches; 
nevertheless, it is essential that a uniform and continuous falling film is 
obtained and the distribution to all tubes is even. Two common approaches 
can be identified, (1) water falls down through a number of slits in the tube 
walls; and (2) water is fed through tangentially drilled holes. In the tubular 
humidifier test rig presented in the next section of this thesis the second 
alternative was employed with promising results (Figure 5-5a). The solution 
to the compressed air feeding to the bottom of the tubes is displayed in Figure 
5-5b. 
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5.2 Tubular Humidifier Test Rig  
 
The tubular humidifier test rig scheme is shown in Figure 5-2. The core of 
the humidifier is a vertical tube. The humidifier consists of only one tube to 
keep the investment and operation costs as low as possible; however, the 
dimensions of the test tube are the same as in a commercial humidifier. 

Compressed air and water are brought into countercurrent contact inside 
the tube. Compressed air of variable pressure, between 5 and 35 bars, is fed 
to the bottom of the tube and it flows upwards inside in direct contact with a 
falling water film. The evaporation of the water film is significantly boosted 
by the gas cooling on the shell side. The exit compressed air (approximately 
130°C) is saturated with water vapor. The humid air may contain some 
entrainment; hence, a wave plate droplet separator is employed. After droplet 
separation the humid air is directed to a condenser. A great part of its 
moisture content is condensed. The condensate is led to a water-mixing tank 
for re-circulation. The compressed air after condensation is released to the 
surrounding through the roof of the building. 

The remaining humidification water is collected at the bottom of the 
tube and is redirected to the water-mixing tank. Since the condensate is also 
recovered, this humidification process can almost be self-sufficient regarding 
water consumption. A small portion of the condensate can be bled off to 
avoid the enrichment of salts. 

Water is pumped and heated (approximately 160 °C) before it is fed at 
the top of the tube through four tangentially drilled holes in the tube wall. 
The water film falls continuously down the inner tube wall. Boiling in the 
water film must be avoided, since boiling increases the risk of entrainment 
significantly. Hence, the temperature of the entering water is usually held 10-
20 degrees below the boiling point at a given pressure.  

Since the test rig operates without a gas turbine, there is no exhaust gas 
available. Thus, heated ambient air replaces the exhaust gas in these 
experiments. (For convenience, the author continues using the term exhaust 
gas for hot air in this work.) The exhaust gas (200°C) flows down along the 
tube on the shell side, giving heat to the falling water film, which in turn 
evaporates into the compressed air. Figure 5-3 shows the flow directions on 
each side of the tube. 

This equipment is designed to operate at different gas flow rates and 
temperature and pressure conditions up to 35 bars. The main objective is to 
demonstrate the feasibility of tubular humidifiers. There is also the ambition 
to obtain a general know-how in designing and operating such equipments 
for EvGT cycles. 



Humidification in Tubular Humidifiers 

 

67

5.2.1 The Tubular Humidifier 
 
The tube is of the Sunrod type, made of stainless steel with an inner diameter 
of 51.3 mm and a wall thickness of 4.5 mm. Its total length is 9.2 m, of which 
8.6 m is available for heat exchanging. As shown in Figure 5-3, a series of 
rods are attached on the tube’s exterior surface enhancing its contact surface 
per meter by a factor of 7. The rods are of carbon steel and have a diameter of 
6 mm; there are totally 996 rods /m tube. They are of different length (68 and 
82 mm) to shape a quadratic cross section. This facilitates stacking a number 
of tubes together and obtaining a compact design. The rods are angled 
downwards, in the direction of the exhaust gas stream, to decrease the 
pressure drop. The tube is inside a thin shell (16×16 cm) of stainless steel. A 
brief description of the key components of the test rig is given below. 
 
 

 
Fig. 5-2 Simplified tube humidifier test rig flow sheet 
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Fig. 5-3 Tubular humidifier core 

 
 
Compressor. An intercooled piston compressor (CompAir Model 5236) 
produces pressurized air with a maximum pressure of 40 bars. The maximum 
airflow capacity available is 100 g/s. The humidifier pressure is easily 
adjusted by a pressure regulating valve. The desired compressed air flow rate 
is adjusted by bypassing a part of the compressed air directly to the stack.  

Pump. A magnetic drive gear pump is used to circulate humidification 
water. This pump is speed-regulated, hence, the desired water flow rate can 
easily be adjusted. This pump was delivered by Micropump (Model 220) and 
has a capacity of 5 l/min and a head of 20 m.  

Electric heaters. Hot exhaust gas is generated by an electric heater (max 
30 kW and 350 °C). The flow rate is measured by a wing-wheeled mass flow 
meter. The humidification water is also heated in an electric heater (max 60 
kW and 200°C) before entering the tube at the top. The water flow rate is 
measured by a mass flowmeter. 

Mass flowmeters. The mass flowmeters, used to measure the compressed 
air and the water flow rate, operate based on the Coriolis force. These 
flowmeters (Danfoss Model MASS 3000/2100 Di 6) can also measure the 
density of the fluid.  

Droplet separator. In full-scale applications the droplet separator 
component may be integrated in the humidifier column just before the humid 
air outlet. However, the size of the humidifier does not allow this in the test 
rig. Hence, the droplet separator is a stand-alone device.  
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Fig. 5-4 Wave plate droplet separator 

 
 
An example of the separator active component is shown in Figure 5-4. Due to 
small size, only one separator element is employed. The droplet separator is 
made of stainless steel and manufactured by Munters Euroform. 

Condenser. The condenser is a U-tube heat exchanger with a total surface 
of 6 m2. It is totally made of stainless steel and manufactured by Alfa Laval. 

Thermocouples. All thermocouples are of type K. They measure the 
temperatures of all the streams at the inlets and outlets and along the tube. 
The temperatures of the falling water and in the exhaust stream on the shell 
side are measured in one-meter intervals. The measurements are collected in 
data storage for further computer processing and heat balance calculations. 
 
 

 
Fig. 5-5 (a) Water distributor, (b) compressed air inlet 
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Fig. 5-6 The compressor and the water pump 

 
 

 
Fig. 5-7 The Sunrod tube 

 
 
Water and compressed air supply. Water is fed from the top of the tube 
through four tangentially drilled holes, each with a diameter of 2.3 mm 
(Figure 5-5a). Figure 5-5b shows how the compressed air supply issue was 
solved. 
 

Water tank 
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5.2.2 Experimental Procedure 
 
Experiments were carried out at different system pressures (10 and 20 bars) 
and consequently different temperatures. The compressed air and the water 
flow rates were also varied. Basically, the purpose was to simulate 
humidification conditions in different gas turbine cycles. The temperatures at 
the inlets and outlets and along the tube were monitored continuously with an 
interval of a few seconds. The dry-bulb temperature of the exiting humid air 
was measured. It turned out to be problematic to measure the humidity of the 
exit compressed air on-line, since its state was very close to saturation. 
Hence, it was assumed that the exiting humid air was saturated. The same 
assumption was applied to calculate the heat balance along the humidification 
side. 

The humidification water flow rate was varied between 33-14 g/s to 
investigate the lowest acceptable wetting rate. The compressed air flow rate 
was varied between 37-90 g/s to investigate the best operating conditions and 
also to determine flooding velocities. The exhaust gas flow rate was constant 
as high as possible through all experiments. This was to keep the exhaust gas 
flow rate to compressed air flow rate ratio similar as in a real gas turbine 
cycle. The heat transfer coefficients at the exhaust gas side were calculated 
after consultation with the Sunrod tube manufacturer (Aalborg). The mass 
transfer coefficients and the latent heat transfer coefficients on the 
humidification side were determined theoretically, based on the temperatures 
obtained from the experiments. 
 

5.2.3 Experimental Results 
 
Experimental results for two different system pressures, 10 and 20 bars, are 
presented here and in Papers IV and VI. The measured temperatures of the 
fluids were inserted in a heat and mass balance equation system. Since the 
temperatures for all three fluids are dependent on each other, the heat balance 
system is quite complicated and the solution process is iterative.  

The operation data are presented in Tables 5-1 and 5-2. A considerable 
amount of heat load is transferred to the compressed air, 23 kW or higher. 
For the 10 bar case, 43 percent of this heat comes from the exhaust gas 
cooling. Similarly, for the 20 bar case the exhaust gas cooling accounts for 54 
percent of the total heat. This higher amount is simply because of the higher 
exhaust gas to water flow-ratio for the 20 bar case.  
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Evaluation of flooding limit. The compressed air to water flow-ratio was 
chosen quite high when operating at 20 bars. The compressed air flow rate 
was at one time increased gradually to examine the flooding. The water flow 
rate was kept constant at 33 g/s. Water was collected from the droplet 
separator (point A in Figure 5-2). The amount of water was weighted. At a 
compressed air flow rate of 74 g/s, more than twice as much water as usual 
was collected from the droplet separator. This high entrainment level was 
indicating that the water film was detaching from the inner tube surface. At a 
flow rate of 90 g/s all the humidification water seemed to be carried away 
with the compressed air to the droplet separator. This can be presumed as 
total flooding. The exact flooding limit was difficult to detect but it is 
reasonable to assume that it lies somewhere close to 90 g/s. The 
corresponding superficial gas velocity at 90 g/s is about 3 m/s. The 
theoretical flooding velocity based on the Diehl and Koppany correlation 
(Equation 5-12) was also calculated to approximately 3 m/s. Thus, our results 
confirm the Diehl and Koppany correlation for elevated pressures. 
 
 

Table 5-1 Operation data at 10 bars 
 Comp. air Water Exhaust 
Pressure, bar 10 10 1 
Flow rate in, g/s 37 30 80 
Wetting rate in, kg/m s  0.19  
Flow rate out, g/s 44 23 80 
Temperature in, °C 50 161 200 
Temperature out, °C 126 77 83 
Humidity in, kg/kg 0.006   
Humidity out, kg/kg 0.203   
Heat load, kW +23 -13 -10 

 
 

Table 5-2 Operation data at 20 bars 
 Comp. air Water Exhaust 
Pressure, bar 20 20 1 
Flow rate in, g/s 58 23 100 
Wetting rate in, kg/m s  0.14  
Flow rate out, g/s 65 16 100 
Temperature in, °C 40 157 200 
Temperature out, °C 133 67 75 
Humidity in, kg/kg 0.002   
Humidity out, kg/kg 0.116   
Heat load, kW +24 -11 -13 
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Evaluation of wetting limit. At 20 bars, the inlet water flow rate was 
decreased gradually to as low as 14 g/s to examine the proper wetting limit. 
The exit flow rate is approximately 10 g/s at these conditions. The 
compressed air flow rate was kept constant at 58 g/s. The performance of the 
humidifier dropped with decreasing water feed. At a water flow rate of 14 g/s 
(Γ=0.09 kg/m s), the temperature of the humid compressed air at the top 
decreased by more than 6 percent compared with the data in Table 5-2. This 
indicates the importance of the proper wetting of the heat transfer surfaces. A 
minimum water flow rate of 25 g/s (Γ=0.16 kg/m s) per tube or higher is 
recommended for operation at 160°C or higher. 

 
Humidification Diagrams. The humidification diagrams for these two 
operations are presented in Figures 5-8 and 5-9. The curves represent the 
operating line and the exhaust gas temperatures based on simulations. The 
symbols represent the measured water and exhaust gas temperatures. The 
predicted operating line and exhaust gas temperatures coincide well with the 
experimental values. The minor deviation is probably because of the 
deficiency in the insulation of the equipment. It is reasonable to state that the 
exhaust gas is cooled effectively and the humidifier delivers warm humid air 
of relatively high moisture content. 
 
Heat Transfer Coefficients. The average heat transfer coefficient on the 
exhaust side is estimated to 300 W/m2 °C at a velocity of 4 m/s, which is the 
case during the test runs. The exhaust heat transfer coefficient (houtside,sen) 
increases with increasing gas velocity (uF) as shown in Figure 5-10. The 
latent heat transfer coefficient on the humidification side is temperature 
dependent and varies between 300 W/m2 °C at the bottom and 1700 W/m2 °C 
at the top. The latent heat transfer coefficient (hinside,lat) is dependent upon the 
water film temperature (tL) as shown in Figure 5-11. The heat transfer 
resistance in the exhaust gas is most evident at the top where the resistance 
on the humidification side is lowest. However, the driving force for the heat 
transfer (the temperature difference) is highest at the top, enabling an 
effective heat transfer process to the falling water film. 
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Fig. 5-8 Humidification diagram at 10 bars 
 
 

Fig. 5-9 Humidification diagram at 20 bars 
 
 

Simplified Design Example. The size and the cost of a tubular humidifier 
for a conventional gas turbine are roughly determined below. The focus is 
entirely on the humidifier and the calculations are simplified. The purpose is 
primarily to show the size of a humidifier in a real gas turbine cycle. The gas 
turbine of choice here is the Alstom GTX100 with a base power output of 43 
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MW in dry mode. The pressure ratio over its compressor is slightly above 20 
bars. The compressor inlet airflow rate is 119 kg/s. The compressed air has a 
flow rate of 96 kg/s and it has a temperature of 452 °C. Only 30 percent of 
the compressed air, 29 kg/s, is humidified here. The rest is bypassed around 
the humidification system and is led directly to the combustion chamber 
(Figure 5-12). As stressed before, part-flow humidification is considered 
beneficial especially where there is relatively low temperature difference 
between the compressed air and the turbine exit exhaust gas. Further, with 
part-flow humidification, the size and the cost of the aftercooler and the 
humidifier can be kept low.  

The same tube dimensions as in the humidifier test rig are chosen. Each 
tube is assigned 50 g/s of compressed air. This value is based on 55 percent 
of the flooding velocity at 20 bars. Since the total compressed air flow to be 
humidified is 29 kg/s, the number of tubes required is estimated to 580. The 
humidification water, approximately 25 kg/s, is heated in the aftercooler. 
Since Sunrod tubes have quadratic cross section, they can be assembled in a 
tube bank of various dimensions. One option is a humidifier with a shell 
cross-section dimensions of 3.2×4.6 m. The height of the humidifier tubes is 
9 m. The water supply strategy for a commercial humidifier is principally 
similar to the test rig. The droplet separator unit is integrated inside the 
commercial humidifier just before the humid air outlet. 

Wahlberg [81] estimated the average cost of a Sunrod tube humidifier 
with the same tube dimensions as our case to 60 US$ per meter tube. To 
obtain the total cost of the humidifier 30 percent is added to the cost of tubes. 
Since the total tube length in this case is 5.2 km, the total cost for the tube 
humidifier equals to 407 kUS$. Jonsson and Yan [50] estimated the cost of 
the packed bed humidifier and the corresponding economizer for the GTX 
100 (with 30 percent part-flow humidification) to 298 kUS$ and 156 kUS$ 
respectively. The total cost for this alternative is 454 kUS$. Hence, the total 
cost of the tubular humidifier is about the same as for the packed bed 
humidification system. 
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Fig. 5-10 Exhaust heat transfer coefficient v exhaust velocity at 20 bars 
(theoretically calculated through consultation with Aalborg) 

 
 

Fig. 5-11 Latent heat transfer coefficient v water film temperature (calculated 
from experimental tests at 20 bars) 
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Fig. 5-12 PEvGT with tubular humidifier 
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6 Conclusions 
 
 
 
 
The following conclusions can be highlighted from this work: 
• The non-ideality of air-water vapor mixtures has a significant impact on 

EvGT modeling, especially in the design of the heat recovery system. 
Totally satisfactory models for determining thermodynamic properties of 
air-water systems at elevated pressures do not yet exist. The Hyland and 
Wexler model was considered most reliable for this work; however, only 
at temperatures below 200°C. Ji and Yan’s recently proposed model is 
probably the best model available currently and should be considered for 
future work. 

• The packed-bed humidifier (8 bars working pressure) in the EvGT pilot 
plant operates satisfactorily and delivers hot saturated air. The packing 
design data provided from manufacturers and in literature are sparse and 
usually are not valid for air-water systems at high pressures. The height of 
a gas transfer unit calculated in this work, for the specific packing used in 
the humidifier, indicates a maximum packing height of about 3 m for most 
EvGT applications. 

• The tubular humidifier proposed here is a novel option to the packed-bed 
tower, especially in small-scale or high-pressure gas turbine cycles. The 
tubular humidifier pilot plant operates satisfactorily. The design procedure 
presented here and the theoretical results coincide well with the 
experimental results. Surface enhanced tubes (Sunrod) with a inside 
diameter of 50 mm and a maximum length of about 10 m are suitable for 
EvGT applications. 

• The part-flow evaporative closed cycle shows an improvement in 
electrical efficiency by a few percent compared to the dry cycle. There is a 
critical humidity ratio in the working fluid above which humidification 
starts to pay off. The power efficiency increases with increasing 
humidification. 

• Future gas turbines will probably operate at higher pressure-ratios. The 
tubular humidifier may be a suitable option for these gas turbines. 
However, the humidifier temperature level should be kept at a moderate 
level, preferably below 250°C, to ensure a continuous water film. The 
experiments in this thesis, do not exceed a water temperature of 160°C. 
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Experimental data at higher temperatures both for the tubular humidifier 
and the packed bed humidification tower are needed and recommended 
for further studies.  
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8 Nomenclature and Glossary 
 
 
 
 
A Contact Surface area [m2] 
C Specific heat capacity [kJ/kg °C] 
cv Molar vapor concentration [kmole/m3] 
D Gas Diffusivity [m2/s] 
di Tube inside diameter [m] 
do Tube outside diameter [m] 
e, ε Packing void fraction 
F Exhaust gas mass flowrate [kg/s] 
Fp Packing factor [m2/m3] 
g Acceleration due to gravity [m/s2] 
G´ Humid air flux [kg/s m2] 
Gd Dry air mass flow rate [kg dry air/s] 
H Mass based humidity ratio [kg water vapor/kg dry air] 
h Heat transfer coefficient [W/°C m2] 
hD Mass transfer coefficient [m/s] 
Hm Molar percentage humidity ratio [mole-%] 
HOG Height of a gas-phase transfer unit [m] 
i Exhaust gas enthalpy [kJ/kg] 
iG Humid air enthalpy [kJ/kg dry air] 
k Heat conductivity [W/°C m] 
kG Mass transfer coefficient [Ns/kg m] 
L Liquid mass flowrate [kg/s] 
l Tube length [m] 
L´ Liquid mass flux [kg/s m2] 
Lw Wetting velocity [m/s] 
Mw Molar weight of water=18 [kg/kmole] 
N Number of tubes 
NOG Number of gas-phase transfer units 
N´v Molar rate of vapor transfer per unit area [kmole/m2 s] 
p Pressure [bars] 
Pel Power output [W] 
SB Packing specific surface [m2/m3] 
T Temperature [K] 
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t Temperature [°C] 
U Overall heat transfer coefficient [W/°C m2] 
uL Volumetric flowrate of liquid per unit area of cross-section [m/s] 
x Vapor quality 
Z Packing depth [m] 
δ Liquid film thickness [m] 
ε, e Packing void fraction 
Φ Fugacity [bars] 
Γ Wetting rate [kg/m s] or [l/m s] 
γ Fugacity coefficient 
ηel Power efficiency  
ηtot Overall efficiency 
λ Heat of vaporization [kJ/kg] 
µ Dynamic viscosity of fluid [N s/m2] 
ν Kinematic viscosity [m2/s] 
Π Compressor pressure ratio 
θm Logarithmic mean temperature difference [°C] 
ρ Density of fluid [kg/m3] 
σ Surface tension [dyne/cm=mN/m] 
∅ Tower diameter [m] 
Nu Nusselt number hd/k 
Re Reynolds number udρ/µ 
Pr Prandtl number Cµ/k 
Sc Schmidt number µ/ρD 
Sh Sherwood number hDd/D 
 
 
Suffixes 
 
av Average  
DH District heating 
el Electrical 
F Exhaust gas 
f Flooding 
G Gas, here humid air 
i Inlet flow 
inside Inside of the tube 
L Liquid 
lat Latent 
m Mean, molar 
o Outlet flow 
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Outside Outside 
sen Sensible 
T Total 
tot Total 
V Vapor 
W Wall, water 
wb Wet-bulb 
° Denotes property of a pure substance 
* Denotes property of a saturated gas 
 
 
Abbreviations 
 
AC Aftercooler 
BL Boiler 
CASH Compressed Air Storage with Humdification 
CASHING CASH Integrated with Natural Gas 
CC Combined Cycle 
CCGT Closed Cycle Gas Turbine 
CHAT Cascaded Humidified Advanced Turbine 
CHP Combined Heat and Power 
Comp. Compressed 
DH District heating 
ECO Economizer 
EFGT Externally Fired Gas Turbine 
EG Exhaust Gas 
EGC Exhaust Gas Condenser 
Exp. Experimental 
EvGT Evaporative Gas Turbine 
FEvCCGT Full-flow Evaporative CCGT 
FEvGT Full-flow Evaporative Gas Turbine 
FWH Feed Water Heater 
G Generator 
HHV Higher Heating Value [MJ/kg] 
HRSG Heat Recovery Steam Generator 
HSH Humid Air Superheater 
HT Humidification Tower 
HW Hyland and Wexler 
IC Intercooler 
IGCASH Integrated Gasification CASH 
LHV Lower Heating Value [MJ/kg] 
PEvCCGT Part-flow Evaporative CCGT 
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PEvGT Part-flow Evaporative Gas Turbine 
PH Packed bed Humidifier 
REC Recuperator 
Sim. Simulated 
STIG Steam-injected Gas Turbine 
TH Tubular Humidifier 
 



Acknowledgments 

 

95

 
 

9 Acknowledgments 
 
 
 
 
Prof. Mats Westermark has never refused me his vast expertise or his 
valuable time for  the past five years. I am extremely grateful to have had him 
as my supervisor. I can never thank you enough Mats for giving me this 
opportunity. 
 
Many thanks are directed to all the people who have contributed to this 
thesis, especially my co-authors. My colleagues at Lund University are 
acknowledged for their contribution. 
 
It has been a pleasure to work with my colleagues at the division of Energy 
Processes. Thank you for all the chats, coffee breaks, trips and other activities 
we shared together.  
 
My friends Mike and Jad, thanks for all the jazz and all the laughs. Ashi, 
thank you for your friendship. Jens, now you can play the sax as aloud as you 
want. The conversation we have had about sailing and boxing will be missed 
Stefan. Thank you Kamyar, Fred, Rouzbeh and Pouya for the years of 
friendship. 
 
Many thanks to my mother, brothers and sister for their love and support. I 
want also to express my appreciations to the Tjernströms for their kindness 
and hospitality. Maja, thank you for inspiring me and for making me to want 
to improve. You are awesome. 
 
 


	Abstract
	Organization of this Thesis
	Table of Contents
	Summary
	1: Introduction
	2: Evaporative Gas Turbine Cycles
	3: Thermodynamic Data for Air-Water Vapor Mixtures in Humid Cycles
	4: Humidification in Packed Towers
	5: Humidification in Tubular Humidifiers
	6: Conclusions
	7: References
	8: Nomenclature and Glossary
	9: Acknowledgments




