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ARTICLE INFO ABSTRACT
Keywords: Condensing heat exchangers are capable of recovering a significant amount of latent heat at temperatures below
Condensing heat exchanger 100 °C from the flue gas of combustion-based heating systems due to the presence of water vapor in their exhaust
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streams. However, the condensation of acids along with water vapor creates a highly-corrosive environment in
these heat exchangers. As such, a large majority of these heat exchangers are made from corrosion-resistant
alloys, such as stainless steel. Polymer-based materials are cost-effective and have great corrosion-resistant
properties. Since the performance parameters of a heat and water recovery unit depend on the size and
compactness of their heat exchangers, it is challenging to compare the overall performance of stainless-steel
condensing heat exchangers with polymeric ones based on the data available in the literature. The main goal
of the present study is to develop and assess the thermal-hydraulic performance of a proof-of-concept condensing
heat exchanger made of fluorinated ethylene propylene compared to the same condensing heat exchanger made
of stainless steel for heat and water recovery from flue gas. For this purpose, an in-depth parametric study is
conducted experimentally to evaluate the water recovery efficiency, total heat recovery rate, and pressure drop
in the flow paths. The results revealed that the water recovery efficiency of the unit with a specific size, declines
when the mass flow rate of the gas increases, although it enhances the total heat recovery of the unit. Moreover,
increasing the volumetric flow rate of the heat transfer fluid flow slightly increases the total heat recovery of the
stainless-steel condensing heat exchanger, but has a negligible impact on the total heat recovery rate of the
polymer-based heat exchanger. Increasing the humidity ratio of the flue gas or the inlet temperature of heat
transfer fluid does not have any significant effect on the flue gas pressure drop. These findings are significantly
important and novel as they unlock the potential of using polymer-based materials with thermally conductive
additives for latent heat recovery from flue gas.

total energy consumption was even higher and around 62%, while
around 50% of that energy was released to the ambient environment as

1. Introduction waste heat [2]. Fig. 1 shows the portions of the annual energy demands
of the countries that are wasted to the ambient environment due to
A significant portion (up to 60%) of the total energy of industrial different sources of inefficiencies in the industrial processes. This is a
plants, such as oil and gas, petrochemical, and power plants is released tremendous amount of thermal energy that offers opportunities for
into the environment in the form of low-temperature thermal energy or harvesting and utilizing it in a wide variety of applications ranging from
low-grade waste heat, i.e., with a temperature of less than 175 °C. The building air conditioning to greenhouses applications for food produc-
flue gas generated from the combustion of fossil fuels or biofuels in the tion. Therefore, waste heat recovery and utilization especially from low-
process heating equipment, such as boilers, furnaces, and ovens, is one grade sources will be beneficial for improving energy efficiency and
of the main sources of low-grade waste heat. In Canada, industry ac- decreasing fossil fuels consumption, greenhouse gas emissions, as well
counts for 38% of total energy demand (electric and thermal energy), as reducing the release of harmful chemicals into the ambient environ-
while 30-40% of the input energy into industrial processes is discharged ment, which are directly linked to climate change and our environ-
into the ambient environment as waste heat [1]. However, in China, the mental impact [3,4].

largest energy consumer in the world, the industrial sectors’ share of the
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Nomenclature

[ Specific heat

hy, Latent heat of vaporization

m Mass flow rate

p Pressure

Qmax Maximum possible heat recovery rate
T Temperature

1% Volumetric flow rate

Greek letters

p Density

[0) Humidity ratio

Abbreviations

FEP Fluorinated ethylene propylene
HEX Heat exchanger

HR Total heat recovery rate

HRE Heat recovery efficiency
HTF Heat transfer fluid

RH Relative humidity

WRE Water recovery efficiency

Subscripts

cond Condensation

g Flue gas

HTF Heat transfer fluid
v Water vapor
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dehumidification method with the existing wet flue gas desulfuriza-
tion process in a single spraying tower. Mohammadaliha et al. [6]
investigated the role of condensing heat exchanger material on the
thermal performance of heat and water recovery systems. They indi-
cated a threshold for tube thermal conductivity (~0.75 Wm_lK_l),
which is a point where further increase does not significantly improve
the condensation efficiency. Cui et al. [7] developed a packed tower as a
direct contact heat exchanger for energy and water recovery from humid
flue gas. They showed that the packed tower had a small resistance and
high heat transfer coefficient. Szulc et al. [8] investigated the perfor-
mance of a pilot-scale heat/water recovery system made of Teflon tubes
in a lignite-fired power plant. The total heat recovery rate of the unit was
reported to be around 312 kW, in which 60% of it, was the share of latent
heat. Xiong et al. [9] built and tested a plastic heat/water recovery
system and reported that 80% of the recovered heat came from recov-
ering the latent heat, while the share of sensible heat was only 20%,
which clearly showed the significance of latent heat recovery. Zhao et al.
[10] showed that the efficiency of the heat recovery process from a
natural-gas fired boiler could be enhanced by 10% by implementing an
absorption heat pump to further decrease the return temperature of the
district heating systems and use it as the heat transfer fluid (HTF) to cool
down the flue gas. Li et al. [11] showed that the recovered water from a
300 MW lignite-fired generator, using a flash evaporation and conden-
sation device combined with a heat pump, was enough to run the flue
gas desulfurization unit with zero-net water consumption. Prasad et al.
[12] used a solar recovery unit based on a silica gel-based desiccant
system for recovering drinkable water from atmospheric air. During the
daylight, the water content of saturated desiccant was recovered by a
solar still. Vandersickel et al. [13] proposed a concept for utilizing an
absorption heat pump to recover heat and water in steam-injected gas
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Fig. 1. The share of energy consumption of industrial sectors and their waste heat in the total energy demand of: (a) Canada; and (b) China; circles represent the total

annual energy demand of these countries.

Table 1
The types and materials of heat exchangers used for heat and water recovery
from flue gas in the literature.

Ref. Heat exchanger type Heat exchanger material

[15,16] In-line tube bank HEXs Stainless steel

[17] A vertical tube with a cooling jacket Stainless steel
[18] Tube bank HEXs Stainless steel
[19] Compact fin-and-tube HEXs Stainless steel
[20] Finned tube bank HEXs Stainless steel
[21] Staggered and in-line tube bank HEXs Titanium

[22] Spiral tube HEXs Copper

[8] Shell-and-tube HEXs Teflon

[9] In-line tube bank HEXs PFA

[23] Spiral plate HEXs PTFE

Recovering sensible and latent heat from the flue gas of combustion-
based heating systems is the main advantage of implementing heat/
water recovery units. Chen et al. [5] proposed a novel method for water
and heat recovery in flue gas by combining the liquid-desiccant-based

turbines. Full water recovery and increases in fuel efficiency of more
than 20% was achieved. Wang et al. [14] proposed the integration of an
absorption heat pump and a condensing heat exchanger for recovering
waste heat and water from moist flue gas. Based on their results, by
reducing the 5 °C flue gas temperature, 44.8% of water consumption in
the scrubber could be saved and 81.4 t/h water could be recovered.
The different types of heat exchangers designed and tested in the
literature for heat and water recovery from flue gas and the materials
that the heat exchangers were made of are listed in Table 1. It can be
seen that most of the studies in the literature employed heat exchangers
made of stainless-steel tubes and that polymer-based condensing heat
exchangers are not well-studied. The usage of stainless steel and/or
polymers as the material for such heat exchangers are due to the cor-
rosive nature of the flue gas. Since the performance of condensing heat
exchangers depends on their size and compactness, it is challenging to
compare the performance of stainless-steel heat exchangers with
polymer-based ones based on the data available in the literature. Thus,
this study aims to investigate the thermal-hydraulic performance of an
innovative condensing heat exchanger made of stainless-steel tubes and
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Fig. 2. A custom-built condensing heat exchanger with replaceable tubes made
from stainless steel and polymeric FEP materials.

Table 2

The summary of specifications and geometrical parameters of the custom-
built condensing heat exchanger made from stainless steel and polymeric
FEP materials.

Parameter Value
Outer tube diameter 9.5 mm
Tube thickness 0.8 mm
Tube length, placed inside the frame 210 mm
Number of tubes — transversal direction 5
Number of tubes - longitudinal direction 15

Tube pitch - transversal direction 21.7 mm
Tube pitch - longitudinal direction 21 mm

fluorinated ethylene propylene (FEP) tubes. For this purpose, an in-
depth parametric study is conducted to evaluate the water recovery
efficiency, total heat recovery rate, and pressure drop in the flow paths,
experimentally. The results of this study reveal the potential of using
polymer-based condensing heat exchangers instead of more expensive
metallic ones made of stainless steel and titanium, to reduce the cost of
heat and water recovery units.

2. Experimental procedure

To further evaluate and compare the performance of condensing heat
exchangers made of Fluorinated Ethylene Propylene (FEP) and stainless
steel (Grade 304) materials, a lab-scale experimental testbed was
designed to investigate the significance and the impact of the heat ex-
changers material on the thermal performance.
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2.1. Experimental facilities

A custom-built condensing heat exchanger with replaceable tubes
was designed and built in the Laboratory for Alternative Energy Con-
version (LAEC) to examine its heat and water recovery performance over
a wide range of operating conditions (see Fig. 2). The main specifica-
tions of the unit are listed in Table 2. To make the tubes replaceable, as
shown in Fig. 3, push-in u-bends (John Guest, UK) were used to connect
the tubes. The bends were placed outside of the frame and were insu-
lated to ensure that there was no heat loss to the ambient environment
through them.

The headers distribute the HTF flow equally among five parallel
paths and mix them at the outlet. The main advantage of having the
custom-designed condensing heat exchanger was the feasibility of
changing the tubes while keeping all the other geometrical parameters
identical. Moreover, a P-trap was installed on the bottom of the testbed
to collect the recovered water and prevent air from entering the unit
while allowing the recovered water to pass through the discharge hole
on the bottom of the heat exchanger.

A testbed, schematically shown in Fig. 4, was designed and built to
measure the thermal and hydraulic performance of the condensing heat
exchanger. A temperature control system (FL4003, Julabo) was used to
circulate the HTF through the heat exchanger tubes and keep the inlet
temperature constant. The inlet and outlet HTF temperatures were
measured using two RTD sensors (Pt100, OMEGA) installed before and
after the heat and water recovery unit. The HTF flow rate was measured
using an oval gear flow meter (OM015S001, FLOMEC) and controlled
using a valve. Further, two pressure transmitters (PX305-100 GI,
OMEGA) were installed before and after the unit to measure the pressure
drop of the HTF flow.

To mimic the flue gas conditions in the lab, an air stream was used
and the inlet temperature and humidity ratio were set using a standard
environmental chamber (SE-3000-10-10, Thermotron). The chamber is
capable of setting the temperature and relative humidity from —70 to +
180 °C and 10-98 %RH, respectively. The gas flow rate was controlled
using a variable-speed axial fan. The flow rate of the gas was measured
using an orifice plate (Oripac 4150 T, Lambdasquare) mounted inside a
circular duct using standard flanges. The orifice plate and the circular
ducts connected to both sides of the orifice plate were placed inside the
environmental chamber to avoid condensation inside the circular ducts.
The pressure drop of the gas passing through the orifice plate was
measured using a differential pressure sensor (2671005WB2DA1FD,
Setra). Moreover, RTD sensors (Pt100, OMEGA) and the relative hu-
midity sensors (HMP110, Vaisala) were installed before and after the
heat exchanger to measure the inlet and outlet temperature and hu-
midity ratio of the gas. Moreover, the gas pressure drop was measured

HTF1
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Fig. 3. A schematic showing the flow of the HTF and flue gas through the condensing heat exchanger, where the tubes are connected using reusable push-in u-bends.
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Fig. 4. A schematic of the experimental testbed; blue arrows: HTF flow; red arrows: flue gas flow; EC: environmental chamber; TCS: temperature control system; T:
temperature sensor; P: pressure sensor; RH: relative humidity sensor; F: liquid flow meter.

Table 3
The summary of sensors used in the testbed for data measurement.
Sensor Model Range Uncertainty
Temperature sensor RTD (Pt100) - OMEGA —200 to 0.15°C
500 °C
Flow meter OMO015S001- FLOMEC 0 to 40 lit. 0.5%
min~
Pressure transmitter PX305 - OMEGA 0 to 100 psi 0.25%
2671005WB2DA1FD - + 5W.C 0.25%
Differential pressure Setra
sensors 2671R25WB2DA1FN - + 0.25'W.C 0.25%
Setra
Humidity sensor HMP110 - Vaisala 0 to 100% 3 %RH
Scale ML4002E, Mettler Toledo 0 to 5000 g 0.01g

using a differential pressure sensor (2671R25WB2DA1FN, Setra). The
mass of the recovered water was measured using a scale (ML4002E,
Mettler Toledo). The testbed was insulated to minimize the heat loss to
the ambient environment and ensure that the entire recovered sensible
and latent heat of gas was transferred to the HTF flow. More details
related to the sensors, including their ranges and uncertainties are listed
in Table 3.

2.2. Assessment of the testbed insulation

In order to prevent any heat loss to the ambient environment, the
testbed was insulated using extruded polystyrene rigid insulation
covered by a layer of foam insulation, see Fig. 5a. As shown in Fig. 5b,
the image taken from the testbed during the tests using a portable IR
camera (i7, FLIR) showed that the surface temperature of the testbed is
close to the ambient temperature during the tests in spite of the signif-
icant temperature difference between the gas flow and ambient air.

In the case of ideal insulation, heat transfer occurs only between the
HTF and the gas flow. In other words, the recovered sensible and latent
heat from the gas flow is transferred to the HTF flow, increasing the
temperature of the HTF flow. To assess the insulation of the testbed, the
balance between the amount of heat gained by the HTF flow and the
amount of heat transferred from the gas flow was investigated to ensure
that there was no heat loss from the testbed to the ambient environment.
For some of the tests conducted in this study, Fig. 6 shows the heat
transfer rate of the HTF flow in comparison with the sensible and latent
heat recovery rates from the gas flow, for a range of HTF volumetric flow
rates. The summary of the test conditions for the Fig. 6 data is listed in
Table 4. Moreover, the heat balance was tested for a range of different
inlet conditions, see Fig. 7. As shown in Fig. 6 and Fig. 7, there is a
proper balance (within the experimental data uncertainty range) be-
tween the amount of heat transferred to the HTF flow and the total heat,

Fig. 5. (a) The experimental testbed after insulation; and (b) an IR image of the testbed during the tests.
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Fig. 6. The balance of heat transfer rates between the gas flow (sensible and latent) heat versus the heat removed by the HTF flow.

Table 4

The summary of the test conditions for the Fig. 6 data.

Tube material

FEP polymer

Inlet HTF temperature 25.0 °C

Inlet gas temperature 70°C

Mass flow rate of the gas 80 kgeh™?

Volumetric flow rate of HTF 3-7 lit.min !

Inlet gas humidity ratio 100 gH20/Kkgdry-air
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Fig. 7. The measured heat transfer rate of the HTF versus the total heat transfer

rate of gas for all the tests.

including both sensible and latent heat, transferred from the gas flow,
which indicates the proper insulation of the testbed.

3. Performance metrics

The thermal-hydraulic performance of a condensing heat exchanger
is investigated using the key performance indicators as follows:

e Water recovery efficiency (WRE).

Table 5

Inlet conditions of the baseline along with their variations range defined for the

parametric study.

Baseline condition Range
Inlet HTF temperature 25°C 25-35°C
Inlet gas temperature 70 °C -
Mass flow rate of the gas 80 kgeh ! 40-100 kgeh?
Volumetric flow rate of the HTF 5 lit.min~? 3-7 litmin !

Inlet gas humidity ratio

100 gHZO/kngy»air 50-130 gHZO/kgdry-air

4
(a)
< L
=
o 3T L
© L
,,S, -
Q 2 -
® HiH ® ¢ *
Ei I R 3
=4
s 17
° u Stainless steel
= L
e FEP
0 L 1 L L 1 1 L 1 1
20 40 60 80 100 120
Mass flow rate of flue gas (kg-h-)
1
L (b) = Stainless steel

308 - o FEP
Qo
3 L
% 0 6 -
> L3
5 .
[o} L]
§ 04 ]
o} r ™
® °
202

0 L 1 1 1 1 1

20 40 60 80 100 120

Mass flow rate of flue gas (kg-h-')

Fig. 8. The variation of: (a) the total heat recovery rate; and (b) the water
recovery efficiency with inlet mass flow rate of flue gas, see Table 5 for baseline

operating conditions.
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Fig. 9. The variation of: (a) the total heat recovery rate; and (b) the water
recovery efficiency with the inlet humidity ratio of the flue gas, see Table 5 for
baseline operating conditions.

The water recovery efficiency is defined as the condensation rate
(mMcong) over the mass flow rate of water vapor in the flue gas at the inlet
of a condensing heat exchanger (i, ,), which can be calculated by:

Mo,
WRE = =" m
My in
In other words, this parameter shows the percentage of water vapor
that can be recovered from flue gas using the condensing heat
exchanger. Water recovery efficiency also shows the performance of the

system in recovering latent heat of flue gas.
e Heat recovery efficiency (HRE).

The heat recovery efficiency is defined as the ratio of the total heat
recovery rate over the maximum possible heat recovery rate, which can
be computed from Eq. (2).

Hteonahsy + 1itgCpg (Toin — Toour)

HRE = — -
My inhyy + MgCpg (Tg,in - THTF,in)

(2

where, hg, denotes the latent heat of vaporization, m is the mass flow
rate, and ¢, is the specific heat. Subscripts including g and HFT denote
the flue gas and HTF, respectively. The change in the specific heat of the
flue gas as a result of the condensation is less than 3% and can be
neglected. Heat recovery efficiency assesses both the sensible and latent
heat recovery of the unit.

e Total heat recovery rate (HR).

The total heat recovery rate is calculated based on the temperature
increase of the HTF as a result of both the sensible and latent heat,
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Fig. 10. The variation of: (a) total heat recovery rate; and (b) the water re-
covery efficiency with the inlet volume flow rate of HTF, see Table 5 for
baseline operating conditions.

recovered from the wet exhaust stream. This parameter can be obtained
as follows:

HR = myrrc, prr (THTF‘{Jur - THTF,in) 3)

o Flue gas/HTF pressure drop.

Pressure drops of both the flue gas flow (APg) and the HTF flow
(APgrr) should be considered to fully assess the performance of a
condensing heat exchanger as follows:

APg = Pg.out - ngn
APyrr = Prrr.ouw — Prrr.in

4

It should be noted that it is not desirable to cool down the flue gas to
reach the inlet temperature of the HTF flow and recover as it affects the
flue gas discharge at the stack. Since the share of the sensible heat is
negligible compared to the share of the latent heat, the value of the heat
recovery efficiency is close to the value of water recovery efficiency.
Therefore, the water recovery efficiency and the total heat recovery rate
are considered as the thermal performance indicators.

4. Uncertainty analysis

Due to the measurement accuracy of the sensors and the standard
deviation of the readings, there are uncertainties in the measured per-
formance parameters that should be calculated. In this study, we used
the standard method developed by Moffat [24].

The total heat recovery rate (HR) is calculated from measurements of
RTD temperature sensors and the liquid flow meter. It should be
mentioned that the uncertainties of the thermodynamic properties of the
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Fig. 11. The variation of: (a) the total heat recovery rate; and (b) the water
recovery efficiency with the inlet temperature of HTF, see Table 5 for baseline
operating conditions.

HTF, including its density and specific heat, are neglected. Therefore,
the uncertainty of the total heat recovery rate (HR) is written as:
2

<5HR>2 o (5_/))2 n 8V urr + <5Cp.1-11+'>2 i (5(THTF‘0M - THTF,in) )2
HR P Viure Cp HTF Turr.our — Thrrin

(5)

where, Vyrr is the volume flow rate of the HTF. Considering the un-
certainties of the sensors listed in Table 3 and the values of the param-
eters, the maximum uncertainty of total heat recovery rate
measurements was 9%. The uncertainties of the water recovery effi-
ciency (WRE) and heat recovery efficiency (HRE) are calculated as:

2 2
Otitcond

2 .
(e ) = G)+ G i)+ (e ©

SHRE\®  (SHR\®> (60’
) (22 4 0Qhax @
HRE HR Ounax
where, Qnqx is the maximum possible heat recovery rate and is defined
as follows:

. [ .
Omax = mg,in—whfg + Mg inCp TP (Tg,in - THTF.in) ®

1+

To calculate the uncertainty of these parameters, the uncertainty of
the gas humidity ratio () at the inlet of the unit should be calculated
based on the uncertainty of the readings of humidity and temperature
sensors located before the heat exchanger. Considering the uncertainties
of the sensors listed in Table 3 and the values of parameters, the
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maximum uncertainty of water recovery efficiency was estimated at
3.5% for the range of inlet conditions tested in this study.

5. Results and discussion

A comprehensive parametric study was performed to examine the
thermal-hydraulic performance of condensing heat exchangers made of
stainless-steel (Grade 304) tubes and polymeric FEP tubes with rela-
tively high and low ranges of thermal conductivity of tube materials.
The inlet conditions of the baseline case and their variations range are
listed in Table 5. Then, each parameter was varied over an arbitrarily
chosen range, while all other inlet conditions were kept constant to
investigate the effects of each parameter on the performance metrics.

Fig. 8 shows the variation of performance indicators seen when
increasing the mass flow rate of the flue gas for both the stainless-steel
condensing heat exchanger and the polymeric FEP condensing heat
exchanger. Increasing the mass flow rate of the flue gas leads to an in-
crease in the Nusselt number and, consequently, a higher convective
heat transfer coefficient for the gas. Therefore, using the Lewis analogy,
the mass transfer coefficient of the gas increases which results in a
higher condensation rate and, consequently, a higher latent heat re-
covery rate. Moreover, the sensible heat recovery rate from the gas flow
increases due to the lower convective resistance between the gas flow
and the tube wall. Therefore, increasing the mass flow rate of the flue gas
results in a significant increase in the total heat recovery rate (see
Fig. 8a). However, as shown in Fig. 8a, the rate of increase for the
stainless-steel condensing heat exchanger is significantly higher than for
the polymeric one. The reason behind these trends is the effect of the
interface temperature. The interface temperature of the stainless-steel
condensing heat exchanger is much lower than for the polymeric one
due to the lower resistance of tube wall, which leads to a lower mole
fraction of the water vapor on the stainless-steel heat exchanger’s
interface and a larger difference between the mole fraction of the vapor
in the bulk of the gas and the vapor on the interface. Moreover,
increasing the mass flow rate of flue gas results in the higher bulk
temperature of the flue gas and therefore, a higher interface tempera-
ture. Therefore, there is a trade-off between the higher interface tem-
perature and the higher convective heat and mass transfer rate of the
gas. Xiong et al. [9] observed a significant reduction in the heat recovery
rate of the polymeric heat exchanger with increasing the flue gas ve-
locity within the range of inlet conditions that they considered. All these
results show that there is an optimum flue gas flow rate (velocity) to
reach the maximum heat recovery rate for a specific set of inlet
conditions.

As shown in Fig. 8b, by increasing the mass flow rate of the flue gas,
the mass flow rate of the water vapor entering the condensing heat
exchanger increases. Although, increasing the mass flow rate of the flue
gas leads to enhancement in the condensation rate, it eventually leads to
the deterioration of the water recovery efficiency. The reason for this
observation is that the augmentation in the mass flow rate of the
entering water vapor (in the denominator of the efficiency) is more than
the enhancement in the condensation rate (in the numerator of the ef-
ficiency). In other words, within the range of inlet conditions considered
for the parametric study, the water recovery efficiency of the unit, witha
specific size, drops when the mass flow rate of the gas increases,
although it enhances the total heat recovery of the unit.

Fig. 9 represents the effect of the flue gas humidity ratio on the total
heat recovery rate and the water recovery efficiency of stainless-steel
and polymeric FEP condensing heat exchangers. It is worth
mentioning that the humidity ratio of the flue gas depends on the type of
fuel burning in the boiler. For example, the humidity ratio of 100 g of
water vapor per kilogram of dry air approximately corresponds to the
flue gas of boilers burning natural gas. A higher humidity ratio of the
flue gas corresponds to a higher mole fraction of water vapor in the bulk
of the gas. This leads to a larger difference between the mole fraction of
water vapor in the bulk of the gas and the interface between the gas and



N. Mohammadaliha et al.

12
= |()
o
S
810 f
S
©
o
=}
n
n
© 8t
Q.
L m Stainless steel
|_
T e FEP
6 A A i AL
20 40 60 80 100 120
Mass flow rate of flue gas (kg-h-1)
20
s t(©)
.| ]
=15
o @
=
210 2
2 §
3
55| 8
L}t ; m Stainless steel
T e FEP
0 i " i i i
2 3 4 5 6 7 8
Volumetric flow rate of HTF(lit.min-1)
12 -
= (e) ® Stainless steel
E‘; e FEP
g 10t
e)
: # i ;
o
n
] [ |
o 8¢
Q.
[T
|_
T
6 , , , ,
40 60 80 100 120 140
Humidity ratio (gn20/KQdry-air)
12
_ (g) m Stainless steel
g e FEP
=
al10
<
o)
e
>
@
o &1
o
[T
'_
T
6 i " " i i
225 25 27.5 30 325 35 375

Inlet temperature of HTF (°C)

Applied Thermal Engineering 215 (2022) 118976

-
oo o
T

Flue gas pressure drop(Pa)
(o]

(b)

4r 'é‘ m Stainless steel
e FEP
2 n n " "
20 40 60 80 100 120
Mass flow rate of flue gas (kg-h-1)
10

[o]
T

N
T

N

Flue gas pressure drop(Pa)
»

(d)

® Stainless steel

e FEP

-
o

3

4 5 6 7 8

Volumetric flow rate of HTF(lit. min-1)

oo
T

Flue gas pressure drop(Pa)
[}

()

m Stainless steel

e FEP

¥ & oF

4 }
2 L L L "
40 60 80 100 120 140
Humidity ratio (gr20/KQdry-air)
10
© (h) = Stainless steel
e
FEP
Sy .
©
g
8 i
a6 1
o
Q.
(2]
S4t
[}
=
(T
2 i " 'y " i
22,5 25 27.5 30 32,5 35 375

Inlet temperature of HTF (°C)

Fig. 12. Comparison of the polymeric and stainless-steel condensing heat exchangers’ pressure drops.

the condensate layer. Therefore, as shown in Fig. 9a, the condensation
rate and the latent heat recovery rate increases with increasing the inlet

humidity ratio of the gas.

However, in this case, despite the previous

case, the enhancement in the condensation rate (in the numerator of the

efficiency) is more than the augmentation in the mass flow rate of the
entering water vapor (in the denominator of the efficiency). For this
reason, the water recovery efficiencies of both heat exchangers are
enhanced by increasing the gas humidity ratio (see Fig. 9b).
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Fig. 10 shows the effect of the HTF volumetric flow rate on the total
heat recovery rate and water recovery efficiency of the heat exchanger.
Increasing the volumetric flow rate of the HTF flow leads to a decrease in
the convective heat transfer resistance between the HTF flow and the
internal walls of the tubes. As shown in Fig. 10a, this slightly increases
the total heat recovery of the stainless-steel heat exchanger but has a
negligible effect on the total heat recovery rate of the polymeric heat
exchanger. The reason behind this observation could be the higher
conductive resistance of the polymeric FEP tubes than the convective
heat transfer resistance between the HTF and the internal walls of the
tubes in the case of the polymeric heat exchanger. This also leads to an
insignificant change in the interface temperature of the polymeric heat
exchanger as the convective resistance of the HTF decreases. Since, in
this case, the mass flow rate of the water vapor entering the heat
exchanger (in the denominator of the efficiency) does not change, the
same increasing trends are observed for the water recovery efficiency of
condensing heat exchangers (see Fig. 10b).

Fig. 11 shows the variation of the total heat recovery rate and water
recovery efficiency of the condensing heat exchangers with the inlet
temperature of the HTF. Increasing the inlet temperature of the HTF
increases the interface temperature and, consequently, decreases the
condensation rate and the total heat recovery rate. As shown in Fig. 11a
and 11b, increasing the inlet temperature of the HTF has a more sig-
nificant effect on the performance of the both heat exchangers compared
to increasing the flow rate of the HTF. The main reason for this obser-
vation is that increasing the HTF inlet temperature increases the bulk
temperature of the HTF, which results in a lower temperature difference
and lower heat and water recovery rates.

Fig. 12 shows the effect of inlet conditions on the HTF and flue gas
pressure drops in the condensing heat exchangers. The following trends
are observed:

e As expected, increasing the gas flow rate does not have any effect on
the HTF pressure drop (see Fig. 12a).

Increasing the flow rate of flue gas results in an increase in the flue
gas pressure drop (see Fig. 12b). Xiong et al. [5] also reported that
the flue gas pressure drop increased monotonously by increasing the
velocity of the flue gas passing through the tube bank heat
exchangers.

Increasing the flow rate of the HTF results in an increase in the
pressure drop in the HTF (see Fig. 12c).

e Although, increasing the volumetric flow rate of HTF slightly in-
creases the condensation rate, as shown in Fig. 12d, within the
experimental uncertainty range, increasing the volumetric flow rate
of HTF flow does not have any significant effects on the gas pressure
drop.

As expected, increasing the humidity ratio of the gas flow or HTF
inlet temperature does not have any effects on the HTF pressure drop
(see Fig. 12e and 12 g).

As shown in Fig. 12f and 12 h, increasing the humidity ratio of the
flue gas or the inlet temperature of HTF does not have any significant
effect on the flue gas pressure drop, despite their impacts on the
condensation rates.

6. Conclusion

The conventional metallic heat exchangers (such as those made of
stainless steel, copper and aluminum) have disadvantages, such as high
cost and weight. Specially treated metallic heat exchangers are required,
where the working fluid is highly corrosive. In order to overcome these
challenges, polymer-based heat exchangers are investigated. Polymer-
based heat exchangers are ideal candidates for heat exchange in
chemically-aggressive environments, where conventional metallic heat
exchangers fail. With the advantages of greater fouling and corrosion
resistance, greater geometric flexibility, ease of manufacturing, and the
ability to handle liquids and gases, polymer-based heat exchangers have
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been widely-studied and used in heat recovery units, micro-electronic
cooling devices, and liquid desiccant cooling systems, to name a few.
Since the performance parameters of a heat and water recovery unit
depend on the size and compactness of their heat exchangers, it is
challenging to compare the overall performance of stainless-steel
condensing heat exchangers with polymer-based ones based on the
data available in the literature. In this study, a custom-built heat and
water recovery heat exchanger unit with replaceable tubes was designed
to measure the effect of the tubes’ material on the thermal-hydraulic
performance of condensing heat exchangers. A comprehensive para-
metric study was conducted experimentally to evaluate the water re-
covery efficiency, total heat recovery rate, and pressure drop in the flow
paths of condensing heat exchangers made of polymeric FEP tubes and
results were compared to the same condensing heat exchanger made of
stainless steel under various inlet and operating conditions. As expected,
the stainless-steel condensing heat exchanger outperformed the
polymer-based heat exchanger. The main findings are:

Increasing the mass flow rate of the flue gas results in a significant
increase in the total heat recovery rate, condensation rate, as well as
pressure drop, and deterioration of the water recovery efficiency.
The rate of increase for the stainless-steel heat exchanger is signifi-
cantly higher than for the polymeric one.

The condensation rate and the latent heat recovery rate increase with
an increase in the inlet humidity ratio of the gas.

Increasing the volumetric flow rate of the HTF flow slightly increases
the total heat recovery of the stainless-steel heat exchanger but has a
negligible effect on the total heat recovery rate of the polymeric
condensing heat exchanger.

Increasing the humidity ratio of the flue gas or the inlet temperature
of HTF does not have any significant effect on the flue gas pressure
drop, for the range of inlet conditions investigated in this study, in
spite of their effect on the condensation rates.

These findings are highly beneficial for the design of polymer-based
condensing heat exchangers for latent heat recovery from humid flue
gas.
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