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a b s t r a c t

Micro humid air turbine (mHAT) is a promising distributed generation technology. However, the ex-
periments, especially on the off-design characteristics, are still insufficient to support the theoretical
model. In this paper, a detail experimental study is presented on a mHAT converted from a recuperated
microturbine by introducing a humidifier, an aftercooler and an economizer. The steady-state thermo-
dynamic performances, and the combustion and emission characteristics are evaluated at rated and part
load condition. The off-design performances of the heat exchangers are also evaluated. It is shown that
the specific output power and the electrical efficiency are relatively increased by 45% and 18.6%
respectively comparing with the recuperated cycle at the rated load, and show a greater relative
increment at part load, such as 58.1% and 21% respectively at 62.5% load. Introducing water into the air
reduces the risk of NOx formation, but increases dramatically the risk of CO formation and incomplete
combustion in the combustion chamber, thus the combustion efficiency deteriorates up to 92.5% at 50%
of full load. The introduced heat exchange units display the characteristic of high effectiveness and low
pressure loss, which is important for gas turbine system. The recuperator developed for the dry air also
displays superior thermodynamic performance for the wet air with humidity ratio up to 0.108 kg$kgda�1.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

With the worldwide growing of renewable energy power
recently, new requirements of operation flexibility (such as faster
load following and startup) and lower emission as well as high
electrical efficiency have been put forward to traditional thermal
power systems. Under this background, several advanced power
cycle technologies based on gas turbine had been proposed and
practiced. The most successful technology was Combined Cycle
(CC) [1,2], but its load following capacity was delayed due to the
steam turbine system and NOx emission was challenged by the
increasing turbine inlet temperature. Humid Air Turbine (HAT),
initially patented by Rao [3] in 1989, was another attractive tech-
nology for its better flexibility by canceling steam turbine and
lower NOx emission by humid air combustion.

In last two decades, different HAT concepts were presented in
wer Engineering, Shandong
50061, China.
open literature. Nakhamkin et al. [4] presented a cascade HAT
concept to decrease the specific capital cost. Yan et al. proposed an
externally fired HAT layout [5]. Ågren and Westermark proposed a
HAT configuration in which a percentage of compressed intake air
outlet bypassed the aftercooler and saturator [6]. This part-flow
HAT had similar electrical efficiency with full-flow one, but
higher system compactness and lower specific investment cost [7].
Dodo et al. proposed the Advanced Humid Air Turbine (AHAT)
concept using thewater atomizing inlet air-cooling (with overspray
technology) to replace the intercooler between high- and low-
pressure compressors [8]. More theoretical investigations were
presented in Ref. [9e12]. The first HAT demonstration plant was
converted from a simple-cycle gas turbine (VT600) in Lund Uni-
versity, and test result showed an efficiency increase from 22% to
35% at the rated power of 600 kW [13]. Hitachi built a 4MWe grade
pilot plant to evaluate the AHAT concept that showed an electrical
efficiency of 40% [14]. More recently, they further built a 40 MW
grade AHAT system [15]. The tested cold startup time and NOx
emission were 60 min and 24 ppm, respectively.

Although the HAT cycle has the highest efficiency for large-scale
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Table 1
Parameters of recuperated TG80 [26].

Parameter Value

Ambient condition 1.013 bar, 15 �C, 60%RH
Inlet air mass flowa 0.73 kg s�1

Pressure ratio 4.3
Rated electric power 80 kW
Electric efficiency 26%
Rotation speed 68000 r/m
Exhaust temperature 278 �C

a Measuring value.
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industrial turbines [16], its layout cannot be explained directly to a
microturbine equipped with the single-stage compressor. Parente
et al. proposed the micro Humid Air Turbine (mHAT) concept that
distinguishes from the HAT by excluding the intercooler and
aftercooler [17]. The mHAT exhibited excellent waste heat recovery
and the rather limited modifications comparing to the commercial
recuperated microturbine. De Paepe et al. [18] and Nikpey et al. [19]
confirmed the potential of the mHAT by simulation of converting
the Turbec T100 microturbine into a mHAT. De Paepe et al. further
experimentally verified the mHAT concept by introducing a spray
saturation tower with no internal packing into the Turbec T100
[20,21]. Wei and Zang developed a small-sized two-shaft HAT test
loop without aftercooler and recuperator. First off-design experi-
ment results were reported in Ref. [22]. However, installing an
aftercooler may bring about additional benefit for the thermody-
namics characteristics of mHAT. Thern et al. evaluated the impact of
the aftercooler on the HAT pilot plant in Lund University. They re-
ported a 1.5% and 0.4% increase of the air humidity and electrical
efficiency, respectively [23]. Zhang and Xiao investigated the off-
design performance of mHAT with aftercooler based on a simple
cycle microturbine [24]. In our previous work, a mHAT test facility
was built on an existing microturbines TG80, then the effect of
aftercooler on the mHAT characteristics were experimentally
evaluated. The result show an increase of 0.3% point when intro-
ducing the aftercooler in the simple mHAT layout [25]. All above
authors had presented a significant electrical efficiency increase
(~5% point), which depended on the machine size and cycle layout.

Though several experimental investigations had been carried
out in the literature, the full operating characteristics (under rate
output power and off-design conditions) of the mHAT, which could
be used to verify the theoretical model, were still absent up to date.
The purpose of this research is to present a detail test data of the
mHAT layout considering a three-component heat exchanger
network (mHATþ in Refs. [25]), which consists of two indirect heat
exchanger (an aftercooler and an economizer) and an unconven-
tional direct heat exchanger (humidifier). The experiments are
conducted at the constant rotational speed. Within the output
power range of full to 50%, the thermodynamic and emission per-
formances of mHAT cycle and recuperated cycle are compared by
maintaining the same turbine inlet temperature. The introduced
heat exchanger units are evaluated by the effectiveness and pres-
sure loss. The impacts of wet air operation on the original dry cycle
components (the recuperator and the combustion chamber) are
also discussed.

2. Experiment facility for mHAT

2.1. System layout

The mHAT is converted from an existing natural gas-fired
microturbine (type TG80) with the single-stage centrifugal
compressor and radial turbine. TG80 uses a constant rotation speed
control strategy, which means the fuel flow, i.e., the Turbine Inlet
Temperature (TIT), will be changed in variable load operation. The
parameters of TG80 are listed in Table 1. Restricted by the generator
structure and control system of porotype microturbine, the rated
output power of mHAT is also set at the same 80 kW.

A three-component heat exchanger network (a humidifier, an
aftercooler and an economizer) is integrated into TG80, while the
original recuperator is not replaced, as shown in Fig. 1. There is no
water recovery unit in this system. Thus, a two-stage reverse
osmosis unit is introduced to provide the feed water. Converting an
existing turbomachinery into HAT cycle, without redesigning
original components, will bring several technical problems. The
main ones are described as follows:
2

(1) The imbalance of the flow going through the compressor and
the turbine, caused by the air humidification (In the scale of
microturbine, the volume flow rate of humid air in mHAT
increases by more than 10% over the dry-air cycle), induces
the risk of compressor surge and excessive shaft mechanical
stress.

(2) Inserting a large volume after the compressor (humidifier)
indeed increases the risk of compressor deep surge especially
during the emergency shutdown [27] and has an impact on
the transient behaviors of the system [28].

(3) Changing the composition of combustion air (i.e. adding high
percentage of vapor into the air) may lead to flame instability
and CO production in the combustor structure designed for
dry air [29], and this factor can also affect the heat load of
recuperator.

(4) The water loop in mHAT (see the solid line in Fig. 1) causes
two problems: a cooperative control strategy is needed due
to the introduction of two additional control parameters (the
water flow rate through aftercooler and economizer), which
are selected by the system simulation for mHAT. The water
storage in the system should be considered to cope with the
volume variation caused by evaporation and expansion on
heating.

In our experiment facility, above mentioned problems have
been discussed in design stage, and then some measures are
adopted to minimize the threats to system operation:

C An air-bleed unit is equipped after the compressor, i.e., a part
of air will be discharged in mHAT operation to balance the
airflow in compressor and turbine, so that the risk of
compressor surge is weakened.

C A compact humidifier based on a high-efficiency foam
ceramic packing (the volume is only about 60% of traditional
packing under the same conditions) is installed to reduce the
influence of volume capacitance, and its bottom is enlarged
to use as a water expansion capacity of 0.2 m3 [30].

C An air bypass is established between the compressor and
recupreator to switch dry- (recuperated) or wet- (mHAT)
cycle as well as twowater lines strategy, so that the impact of
humidification on startup and shutdown process is weaken
[31].

C A coordinated control system using a programmable logic
controller is constructed to coordinate the output power
adjustment of microturbine and humidification adjustment
of heat exchanger network.
2.2. Heat exchanger network

The introduced heat exchanger network incorporates three
additional components and a split water loop. In the layout, the



Fig. 1. Schematic of the mHAT experiment facility in this research.
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split ratio of water stream plays an important role for the design of
heat exchanger units since their inlet and outlet conditions strongly
depend on the water flow rate through the aftercooler and the
economizer. In order to determine the split ratio, the energy and
mass balance of thewhole cycle are analyzed and optimized using a
simulation tool based on gPROMs. In this way, the selected design
parameters of three heat exchange units are shown in Table 2, in
which the humidity ratio is based on kg dry gas.

For waste heat recovery inside the cycle, the Outlet Water
Temperature of Humidifier (OWTH) plays an important role.
Although the lower OWTH is beneficial to waste heat recovery, the
constraint condition of approach temperature (also be known as
the pinch) should be paid more attention due to the requirement of
compactness for humidifier. A smaller pinch will increase the size
of humidifier, so a pinch of 5 �C is recommended for economic
reason in the literature [32]. However, the improved heat and mass
transfer capacity of foam ceramic packing used in our humidifier
can broadens the selection range of pinch without the penalty of
Table 2
Design parameters of humidifier, aftercooler and economizer.

Parameter Humidifier Aftercooler Economizer

Inlet water mass flow 0.86 kg s�1 0.5 kg s�1 0.36 kg s�1

Inlet water temperature 109 �C 58 �C 58 �C
Outlet water temperature 62 �C 110 �C 108 �C
Inlet gas mass flow 0.73 kg s�1 0.73 kg s�1 0.79 kg s�1

Inlet gas temperature 70 �C 218 �C 178 �C
Inlet gas humidity ratio 0.006 kg$kgda�1 0.006 kg$kgda�1 0.122 kg$kgdf�1

Outlet gas temperature 86 �C 70 �C 90 �C
Outlet gas humidity ratio 0.099 kg$kgda�1 0.006 kg$kgda�1 0.122 kg$kgdf�1
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cost [30]. As a result, the pinch is selected to be 4 �C, and the cor-
responding OWTH is 5 �C above the wet bulb temperature of inlet
air. Although low stack temperature is beneficial to waste heat re-
covery, it is still selected to be 90 �C (about 30 �C higher than the
dew point) for the engineering requirements. In our mHAT facility,
the exhaust pipeline (including indoor and outdoor parts) is about
30 m long, and a high exhaust superheat can effectively avoid
condensation and corrosion.
2.2.1. Humidifier
The humidifier is a direct heat exchanger, which adopts packed

tower type with countercurrent arranged air and water stream. To
simplify installation and maintenance, a flange connected three-
segment structure is designed, as shown in Fig. 2. In the top
segment, a perforated-ring-pipe water distributor and a stainless
steel mesh mist eliminator are installed. In the intermediate sec-
tion, a ceramic foam packing with height of 0.29 m is introduced.
The air distributor is installed in the bottom segment, who is also
used as the reservoir of water loop. At last, the humidifier devel-
oped for TG80 has a diameter of 0.55 m and a height of 2.28 m.
More detail about the humidifier are reported in Ref. [30].
2.2.2. Aftercooler and economizer
Both the aftercooler and the economizer are used to transfer

heat between the gas (pressured air in former and flue gas in latter)
and the water, so the type of shell-and-tube heat exchanger (see
Fig. 3 and Fig. 4) is selected. The water flows in the tube pass, and
the gas flows in the shell pass. Since the convective heat transfer
coefficient of the gas is much lower than that of the water, i.e., the
shell-side thermal resistance is decisive to the heat transfer process



Fig. 2. Sketch of the humidifier.

Fig. 3. Sketch of the three shell-pass aftercooler designed for mHAT.

Fig. 4. Sketch of the one shell-pass economizer.
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between the water and the gas, the aluminum ring fins have been
added to the tube outside surface to enhance the shell-side heat
transfer. With the help of fins, the gas-water heat transfer area
provided by the aftercooler and the economizer are 80 m2 and
87 m2, respectively. In addition, the aftercooler uses three shell-
4

pass design to reduce the hydraulic diameter of gas path so that
it can withstand higher gas pressure with shell as thin as possible.
3. Experiment and evaluation approach

3.1. Thermodynamic performances

The experiments are operated at constant rotational speed and
divided into two stage. At the first stage, the test facility starts up
and increases to rated output power (80 kW) in Recuperated Cycle
(RC) mode, and this process needs about 900 s to make the unit
reach stable state. Then, the output power is reduced at 10 kW
intervals to 50% of full load (40 kW). The transient process between
two set point is about 60 s. Once the set point is reached, the
measurement of thermodynamic and emission data is executed
about 300 s. These results can be used as the reference to evaluate
the performance of mHATcycle. At the second stage, the test facility
operates as a wet-cycle mode and the mHAT experiments are car-
ried out at the same output power conditions. When adding water
into the pressured air after the compressor as well as the resistance
of aftercooler and humidifier, it is found that the air pressure at the
outlet of compressor increases obviously. This increases the surge
risk since the compressor characteristics of TG80 cannot be ob-
tained to estimate its working point. On the other hand, when the
output power is given, increasing the working fluid flow by hu-
midification needs reduce the TIT within constrains of original
microturbine control. To avoid compressor surge and adjust the TIT,
air bleeding has been proved to be a good solution in mHAT oper-
ation. The mHAT experiments are carried out at the same TIT with
RC. Since the TIT of microturbine can not be measured directly, the
monitored Turbine Outlet Temperature (TOT) is corrected (based
on the moisture content in the air) as an alternative.

The thermodynamic performances of mHAT are quantified by
the Specific Output Power (SOP) and the Electrical Efficiency (EE).
Since the compression work consumed by bleed air is not ignored,
the SOP for mHAT should be defined as:

w¼Wnet þWr �Wp

mda
(1)

Where Wnet is the net output power of the system; Wr is the
compressing work of the bleed air; Wp is the pumping work
consumed in the heat exchanger network;mda is the mass flow rate
of dry air. For RC,Wr andWp are equal to zero, while formHAT,Wp is
calculated from the measured current and voltage, and Wr is
decided by its ratio to the compressor power based on the
measured air bleed flow rate.



Table 4
Cold and hot stream in indirect-contact exchanger of mHAT.

Exchanger Cold stream Hot stream

Aftercooler water compressed air
Economizer water flue gas
Recuperator compressed air flue gas
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Based on Eq. (2), the EE of cycles can be written as:

h¼ mdaw
GQLHV

(2)

Where G and QLHV are the standard volume flow rate and low
heating value of the natural gas, respectively.

The low heating value, QLHV, is defined as the amount of heat
released during an adiabatic combustion after the combustion
products arrive at the same temperature and pressure at which the
reactants enter. It can be given by:

QLHV ¼
Xn

j¼1

fjQLHV ;j (3)

Where n is the number of combustible composition in the natural
gas; fj and QLHV, j are the volume percentage and low heating value
of composition j, respectively.

The compositions and their volume percentages of natural gas
in our experiments are illustrated in Table 3. These data are ob-
tained by sampling from the gas pipeline and testing in professional
institutions. Using these data, the low heating value of natural gas
can be calculated to be 36.6 MJ$Nm�3 by Eq. (3).
3.2. Performances of heat exchanger units

The potential performance benefits of a mHAT rely on the heat
exchanger units, which could be divided into two types: the direct-
contact exchanger (humidifier belongs to this type) and the
indirect-contact exchanger (aftercooler, economizer and recuper-
ator belong to this type). The thermodynamic characteristics of
heat exchanger units are evaluated by the effectiveness and pres-
sure loss coefficient.

For indirect-contact exchanger, the effectiveness is defined as
the actual temperature change for the stream with lower capacity
divided by the maximum possible change [33]:

ε¼max
��
Tc;o � Tc;i

�
;
�
Th;i � Th;o

��

Th;i � Tc;i
(4)

Where Tc,i, Tc,o, Th,i, and Th,o are the inlet temperature of cold stream,
outlet temperature of cold stream, inlet temperature of hot stream
and outlet temperature of hot stream, respectively. The cold stream
and hot stream in every indirect-contact exchanger of mHAT are
shown in Table 4.

The effectiveness concept defined by Eq. (4) can not be directly
translated to the direct-contact exchanger, i.e., the humidifier, due
to the simultaneous mass and heat transfer in the air-water contact
process. Therefore, the energy effectiveness concept is defined for
the humidifier [34]:
Table 3
Natural gas compositions in the experiments.

Component Molecular formula Volume percentage

Methane CH4 94.63%
Ethane C2H6 2.93%
Propane C3H8 0.5%
N-butane and Isobutane C4H10 0.18%
Pentane and Isopentane C5H12 0.05%
Nitrogen N2 0.75%
Carbon dioxide CO2 0.96%
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ε¼ DH
DHmax

(5)

Where DH and DHmax is the actual andmaximum possible enthalpy
rate difference, respectively.

The DHmax is decided by the heat capacity rate of the water
stream or the air stream:

DHmax;a ¼mda
�
ha;id

�
Tw;i

��ha;i
�

(6)

DHmax;w ¼mw;ihw;i �mw;idhw;idðTwbÞ (7)

Considering the energy balance in the humidifier, the actual
enthalpy rate difference of the water stream is the same as that of
the air stream:

DHw ¼DHa ¼mda
�
ha;o �ha;i

�¼mw;ihw;i �mw;ohw;o (8)

Using Eq. (6)~(8), the energy effectiveness can be written as:

ε¼ DHa

min
�
DHmax;a;DHmax;w

� (9)

The pressure loss coefficient of heat exchanger unit is defined
as:

b¼DP
Pf

(10)

Where DP is the pressure loss caused by the heat exchanger unit,
and Pf is the absolute pressure in the front of the heat exchanger
unit.
3.3. Measurement method

The parameters measured in mHAT experiments include tem-
perature, differential pressure, humidity, flow rate and concentra-
tion. The measurement method for these parameters are shown in
Table 5.

In all the parameters, the humidity is very important for eval-
uating the performances of humidifier as well as the mHAT. The
inlet air humidity of compressor is measured by the relative hu-
midity sensor shown in Table 5, while the outlet air humidity of
humidifier is difficult to be directly measured since the on-line
relative humidity sensor could not work in saturated humid air.
For the steady-state experiments, an alternative method is used by
monitoring the water consumption over a period of time. In our
present work, the magnetostrictive sensor with an uncertainty of
±1 mm and the turbine flowmeter are used to measure the bottom
water level of humidifier and feed water flow rate respectively with
a measuring period of 300s, then the water consumption can be
calculated by these two parameters. In this way, a higher precision
(about ±2%) can be obtained compared to on-line method.



Table 5
Measurement method and accuracy.

Parameter Method Range Accuracy

Temperature Pt100 RTD 0e500 �C ±0.5 �C
Differential pressure capacitive sensor 0e10 kPa ±0.25% full scale
Relative humidity hygrometer 0e100% ±1% full scale
Water flow rate turbine flowmeter 0e3 m3/h ±0.5% full scale
Air flow rate vortex flowmeter 0e5000 m3/h ±1% full scale
Concentration flue gas analyzer 0e5000 ppm (NOx)

0e10000 ppm (CO)
±5% reading value

Fig. 6. Exhaust temperature and increased humidity ratio in cycle experiments.
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4. Results and discussion

4.1. Intake and exhaust condition

The intake temperature during the period of cycle experiments
are illustrated in Fig. 5. It can be seen that the intake temperature
change within the range of 12.5 �Ce13.1 �C, respectively. At the
same time, the air pressure and relative humidity at the compressor
inlet is measured as 1.012 bar and 75%. As a result, the humid ratio
of intake air can be calculated to be a constant of 0.007 kg$kgda�1.
Under this condition, the influence of intake parameters on RC and
mHAT can be ignored when evaluating their thermodynamic
performances.

The exhaust temperature and increased humidity ratio in the
cycle experiments are shown in Fig. 6, in which the increased hu-
midity ratio refers to the humidity ratio difference between the
outlet and the inlet air stream of the humidifier. For all test con-
ditions, the exhaust temperatures of mHAT are much lower than
those of RC, but the corresponding humidity ratios increase
significantly, which indicates that the sensible heat in flue gas is
recovered and converted into latent heat of water vapor. In our
present experiments, the maximal humidity ratio increment and
exhaust temperature difference between RC and mHAT are
0.101 kg$kgda�1 and 192 �C respectively. Both of them occur at full
load condition and drop with decreasing load under the constant
rotation speed control, as shows that less waste heat can be
recovered when the mHAT operates at part load.

As mentioned in section 3.1, for the sake of comparison refer-
ence, the TIT instead of TOT should be keep the same in the
Fig. 5. Intake temperature in cycle experiments.
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experiments of RC and mHAT. This is because when a certain
amount of water (by humidification and combustion) is introduced
into the gas through the turbine, its decreasing specific heat ratio
leads to lower temperature drop in the expansion process under
the same pressure ratio, as shown in Fig. 7. In this Figure, the DTIT is
the difference between TITRC and TITmHAT, where the TITmHAT with
three humidity level are calculated based on the TOTRC. It can be
found that DTIT increases obviously with increasing gas humidity
ratio at a rate of about 4e6 �C per 0.05 kg$kgdf�1 according to the set
output power. In mHAT experiments, the maximum gas humidity
ratio observed is about 0.133 kg$kgdf�1 at the rated load condition,
corresponding to a DTITof 16 �C, which has an impact of 0.4% points
on the EE of mHAT.
Fig. 7. Comparison of TIT at different humid ratio.



Fig. 9. Electrical efficiency of RC and mHAT at different load.

Fig. 10. NOx concentration in the exhaust of RC and mHAT at different load.
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4.2. Specific output power and electrical efficiency

The SOP and EE of mHAT at rated and part load are shown in
Fig. 8 and Fig. 9, respectively. The corresponding data of RC are also
provided. It can be found that two cycles show similar trends in the
thermodynamics performance, but the mHAT is vastly superior to
the RC. At the rated load, the maximum SOP and EE are
109.1 kW kg�1 and 26.1% respectively for the recuperated micro-
turbine, and these two parameters are relatively increase by 45%
and 18.6% respectively for the mHAT. With decreasing load, the
absolute values of SOP and EE decrease almost linearly, but theirs
relative increments of mHAT to RC increase (such as 58.1% and 21%
respectively at 62.5% of full load), i.e., even though the waste heat
recovery reduces as seen in Fig. 6, the mHAT cycle is still more
helpful to improve the part load performance of recuperated
microturbine. From Fig. 8, it also can be seen the relative increment
of EE drops dramatically when the load decreases below about 60%.
This may be caused by the combustion efficiency reducing at off-
design condition and more detail will be discussed in the next
section.

4.3. Combustion and emission performance

When converting a dry cycle into wet cycle, one of the most
attractive advantages is the NOx emission reduction due to the
increased moisture content of combustion air in the combustion
chamber [35e37]. For a microturbine, even though the NOx emis-
sion has been at a very low level, the introduction of water can
allow to further reduce the risk of NOx formation, as seen in Fig. 10.
At the rated load, the mHAT shows a maximum reduction of about
33% based on the 15 ppm NOx concentration in the exhaust of RC.
The reduction of NOx emission benefits from the dilution effect of
water vapor on oxygen content since the combustion temperature
and pressure in the combustion chamber are the same for RC and
mHAT. However, this effect is weakened by lower temperature (the
combustion temperature decreases with decreasing load under
constant rotational speed control) and lower humidifying capacity.
When the load is reduced to 50%, the reduction of NOx decreases to
12.5%.

On the other hand, though the risk of NOX formation could get
lower, it is not true for the CO formation, as seen in Fig. 11. The
experiments show that the CO emission increases significantly
from 18 ppm to 161 ppm at rated load when converting TG80 into
mHAT, and it is greatly impacted by decreasing load operation
under the current control strategy. The maximum CO emission of
Fig. 8. Specific output power of RC and mHAT at different loads.

Fig. 11. CO concentration in the exhaust of RC and mHAT at different load.
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Fig. 13. Pressure loss coefficient of introduced heat exchanger units in mHAT.
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mHAT obtained in the experiments is 1779 ppm comparing to only
90 ppm of RC at the 50% load. Generally, the CO emission is used as
an index to evaluate the combustion efficiency in gas turbine, since
introducing water into the pressured air beyond the allowable
range of original dry air combustion chamber may cause risk of
incomplete combustion. The very high CO emissions indicate the
severe incomplete combustion at part load, which also is verified by
the unburnt hydrocarbon (expressed as C3H8) measured in the
exhaust. It is observed that the C3H8 of mHAT is 256 ppm
comparing to 12 ppm of RC at the 50% load. Based on the measured
data of flue gas and fuel compositions, the combustion efficiency of
mHAT declines from 99.3% to 92.5% when the load changes from
100% to 50%, while the corresponding value of dry air operation is
estimated to be above 99.5% in all conditions, as seen in Fig. 12.
Obviously, the loss of combustion efficiency has a negative impact
on the EE of mHAT, which can weaken the positive effect of air
humidification. This explains the reasonwhy the relative increment
of EE appears inflection point with decreasing load in Fig. 9.

For the purpose of upgrading the existing microturbines into
mHAT, the penalty of less than one percentage point decline in
combustion efficiency is acceptable because the investment cost
and modification difficult will be reduced. However, the adjust-
ment of constant rotational speed control strategy should be
considered to avoid its great threaten to the off-design behaviors of
combustion chamber. When developing new microturbines based
on mHAT cycle, an improved combustion chamber layout for wet-
air operation is necessary.
Fig. 14. Effectiveness of introduced heat exchanger units in mHAT.
4.4. Evaluation of heat exchanger network

As is known to all, gas-path pressure loss between the outlet of
compressor and the inlet of combustion chamber has a consider-
able impact on the EE of microturbine [38]. Low pressure loss is an
extremely important design principle for a heat exchange unit
introduced into the gas-path. The effectiveness is also a significant
factor as well as the pressure loss, since it can reflect the thermo-
dynamic perfection degree of heat exchange process.

The pressure loss coefficient and effectiveness of introduced
heat exchanger units in the mHAT are illustrated in Fig. 13 and
Fig. 14, respectively. It can be found that all the three introduced
heat exchanger units show excellent hydrodynamics and
Fig. 12. Combustion efficiency in RC and mHAT experiments.
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thermodynamics characteristics. The economizer shows a mini-
mum pressure loss (b ¼ 0.28) at the rated condition, but those of
the aftercooler and humidifier are 0.48 and 0.6 respectively. For
mHAT system, the latter two have a greater impact on EE since both
of them are installed in the gas-path between the compressor
outlet and combustion chamber inlet. However, of the best kind,
the present design of aftercooler and humidifier only contributes a
small share (about 19.5%) of flow resistance comparing to thewhole
gas-path between the compressor out and combustion chamber
inlet, as seen in Fig. 13. Reducing the load of mHAT will slightly
increase the pressure loss of the aftercooler and humidifier, but has
little effect on the economizer. The effectiveness displays the
similar trend as the pressure loss, i.e., is also not sensitive to the
load changing condition. Among the three introduced heat
exchanger units, the humidifier has the maximum exergy loss due
to the couple heat and mass transfer occurring between the air and
water, which could explain why the humidifier has the minimum
effectiveness of 0.75 at the rated condition.

The recuperator plays an important role in the internal heat
recovery whether for RC or mHAT. When converting the working
fluid from dry air into wet air, significant changes in inlet air



Z. Xu, Y. Lu, B. Wang et al. Energy 219 (2021) 119660
temperature (see Fig. 15) and humidity (see Fig. 6) make the
recupreator run under off-design condition, which usually has an
impact on its thermodynamic performance. However, it can be
found in Fig.16 that the effectiveness of recuperator is as high as 0.9
in wet air operation and even slightly higher than that in original
dry air operation at the full load condition. At the same time, the
temperature difference between inlet and outlet air of recuperator
increases about 120 �C, then the heat flux on the heat exchanging
surface is improved remarkably, which can be attributed to the
increased heat capacity rate of wet air since the water vapor has a
twice higher of specific heat than the dry air, as shown in Fig. 17.
According to the experiments, the recuperator developed for dry air
is also acceptable for the wet air with humidity ratio up to
0.108 kg$kgda�1 for the purpose of upgrading the existing micro-
turbines, thus the cost and modification difficult will be signifi-
cantly reduced.
Fig. 16. Comparison of recuperator effectiveness in RC and mHAT.

Fig. 17. Air specific heat and heat flux of recuperator in RC and mHAT.
5. Conclusion

In this paper, the experimental study on a mHAT cycle is carried
out at the constant rotational speed and turbine inlet temperature.
The test facility converts from a recuperated microturbine by
introducing a three-component heat exchanger network, i.e. an
aftercooler, an economizer and a humidifier. The steady-state per-
formance of the system are checked in the changing output power
range of full to 50%. The main conclusions are as follows:

(1) The mHAT cycle shows excellent steady-state performances
on 100 kW grade microturbine. Comparing to the RC, the
specific output power and the electrical efficiency increase
45% and 18.6% respectively at the rated load, and show a
higher relative increment at part load condition. The
outstanding off-design performances make the mHAT suit-
able for the application with high flexibility requirements
such as combined heat and power (CHP) or cogeneration.

(2) Introducing water into the air reduces the risk of NOx for-
mation in the combustion chamber, thus the impact of
microturbine on the environment can be further decreased.
However, under constant rotational speed control, the risk of
CO formation and incomplete combustion in the combustion
chamber increases dramatically with decreasing combustion
temperature, and the corresponding combustion efficiency
drops up to 92.5% at 50% load. As a result, an improved
Fig. 15. Inlet and outlet air temperature of recuperator in RC and mHAT.
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combustion chamber layout as well as system control strat-
egy for wet-air operation is necessary when developing the
mHAT technology.

(3) The introduced aftercooler, economizer and humidifier show
the characteristic of high effectiveness and low pressure loss,
which is important for gas turbine components and proves
the applicability of our present design. The recuperator
developed for the dry air operation also displays superior
thermodynamic performance for the wet air with humidity
ratio up to 0.108 kg$kgda�1, thus it is also an acceptable options
in the mHAT.
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Nomenclature

d humidity ratio (kg$kg�1)
h specific enthalpy (kJ$kg�1)
H enthalpy rate (kJ)
G volume flow rate of fuel (m3$s�1)
m mass flow rate (kg$s�1)
n number of combustible composition
P absolute pressure (kPa)
Q heating value of fuel (kJ$m3)
T temperature of stream
w specific output power (kW)
W component work (kW)

Greek letters
b pressure loss coefficient
ε effectiveness of heat exchanger
h electrical efficiency
f volume percentage

Subscripts
a air
c cold stream
da dry air
df dry flue gas
f front
h heat stream
i inlet
id ideal condition
j composition number
LHV low heating value
max maximum
net net
o outlet
p pumping work
r compressor work
w water
wb wet bulb
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