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Abstract: Domestic heat exchangers, even though widely used in industry, are not adequate
for studies on low-temperature flue-gas use technologies. Despite spite their limitations, very
few theoretical models have been investigated based on practical applications. Moreover, most
of the existing studies on heat exchangers have focused particularly on one-dimensional and
two-dimensional heat transfer models, while limited studies focus on three-dimensional ones.
Therefore, this study aims at investigating the thermal performance of a low-temperature flue-gas heat
recovery unit in the cold regions. Specifically, this study was conducted in the context of Changchun
of Jilin Province, China, a city with the mean ambient temperature of −14 ◦C and mean diurnal
temperature of −10 ◦C during winter. Experimental results showed that the thermal efficiency of
the heat exchanger was higher than 60%. Through assessing the heat exchange coefficient and heat
exchange efficiency of the heat exchanger, it is found that the thermal efficiency had been improved
up to 0.77–0.83. Furthermore, the ICEPAK software and the standard k-ε RNG turbulence model
were used to carry out simulations. The velocity and outlet temperature of fresh airflow and polluted
airflow were simulated through setting different inlet temperatures of fresh air and polluted air inlet.
Numerical results further indicated that the flow state was laminar flow. The micro heat pipe array
side had small eddies and the heat transfer was significantly improved due to the flow of air along
the surface of the micro heat pipe.

Keywords: heat recovery; low-temperature flue gas; micro heat pipe; performance

1. Introduction

Domestic heat exchangers are widely used in chemical processing industries, including oil
refineries, power, and other industrial domains [1,2]. Consequently, several studies have dealt with the
recovery of waste heat from flue-gases in terms of high-temperature flue-gas heat recovery. In these
studies, the exhaust temperature of the gases is generally over 90 ◦C [3]. Yang et al. proposed
a novel heat pipe-based desiccant device [4]. Galindo et al. analyzed some models based on an
experimental Organic Rankine Cycle (ORC) in a turbocharged 2.0 L gasoline engine, using the waste
heat recovery, and they found that the effect was good [5]. There are, however, limited studies focusing
on low-temperature flue-gas heat recovery, which is a challenge in its application. The traditional
low-temperature flue-gas heat exchanger mostly adopts condensers, ceramic heat exchangers, and
so on. This results in several limitations such as low heat transfer coefficients, excessive auxiliary
power, excessive supporting facilities and high cost. In addition, the structure of such equipment
is complex and bulky, and the heating surface is susceptible to corrosion and formation of deposits,
highly increasing the maintenance demands [6,7]. These problems have negatively constrained the use
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and extensive promotion of low-temperature flue-gas heat exchangers [7]. Therefore, the improvement
and optimization of the overall structure and production process of the heat transfer element become
significant. Furthermore, the quality and the material of the heat transfer element also play an
important role in improving the efficiency of heat transfer [8].

At present, studies on structural optimization mainly focus on fins, runners, fluid flow regimes,
etc. while those on fins mainly concentrate on shapes, angles, spacing, etc. It has been indicated
that increasing fins’ size to expand heat transfer area is still the main way to enhance heat transfer in
heat exchangers [9]. For instance, Tian and He [10] conducted research on the airside performance of
corrugated fin-fin heat exchangers and studied the heat exchangers containing triangular fins formed
by stamping by Computational Fluid Dynamics (CFD) simulation. The Colburn factor and friction
coefficient of wavy fins and single-row fins under staggered array were compared, respectively. They
found out that when the Reynolds number of the outer diameter of the tube reached 3000, the Colburn
factor and friction coefficient of the two types of fins would increase by 13.1%, 7%, 15.4% and 10.5%,
respectively. Agung and Indri [11] designed double-sided triangular fins (T-W) in the heat exchanger
to enhance the convective heat transfer of the double-tube heat exchanger. According to their findings,
the wing width ratio (0.31, 0.47 and 0.63) had a significant influence on heat transfer and fluid flow
characteristics. In addition, the Nussert number, heat exchange efficiency and friction coefficient of
heat exchanger showed an increase with the rise in wing width ratio. Lee and Kim [12] also studied
the frost height of various boundary layer discontinuities between fins in a circular finned tube heat
exchanger at different airflow rates, fin spacing, relative humidity and fluid inlet temperatures. They
concluded that when relative humidity increased from 50% to 80%, the frost height of 8.0 mm wing
space increased by 91.9%. The frost-height increase rate at the wind volume of 1.2 m3/min was 13.0%
higher than that at the wind volume of 0.8 m3/min.

The frost-blocking rate between fins is, therefore, an important reference for the heat exchanger
design in severe cold regions. Chen and Wang [13] used experimental open high-temperature wind
tunnel systems to study the pressure drop and heat transfer characteristics of H-type finned tube
bundles. They also studied the effects of fin width, spacing, height and airflow rate on fin efficiency,
convective heat transfer rate, integrated heat transfer capacity and pressure drop. In addition, CFD
studies have been carried out to compare several types of fins. It is proven that the fin thermal efficiency
decreased with the increasing air velocity, fin height and width. Convection heat transfer coefficient
was directly proportional to the fin spacing, but inversely proportional to the fin height and width
whereas pressure drop increased with the increase in fin height and width. CFD simulations also
shown that heat transfer effect of the discontinuous fins did not change substantially with the increase
of the waveform rate but would increase with baffle spacing and Reynolds number [14–16].

Many studies have also conducted to investigate the shape and wall of heat exchanger
channels, considering the influence of thermophysical properties [17], channel shapes [18], corrugated
shapes [19], laminar flow state in a three-dimensional rectangular sinusoidal channel [20], and varying
cross-section channel [21–24] on heat transfer efficiency and pressure drop. Other studies established a
relationship between the flow patterns of the heat exchange fluid and heat transfer and its influence
on vortex generator lateral distance (VGs) by adding fins, optimizing the shape of the flow path and
increasing the roughness [25–28].

Since the internal working medium of the heat exchanger is liquid, it can easily freeze and
crack during severe winter weather, possibly leading to low efficiency of heat exchange devices.
Consequently, these devices are not common in cold regions. In some cases, a thick insulation layer is
placed on the surface to solve the freezing problem; however, this technique is expensive. Though the
conventional heat exchanger device has advantages of high heat exchange efficiency and large floor
space, it is unfavorable in small working environments. There is, therefore, a need for a kind of heat
exchange element with high efficiency, small size, lightweight and corrosion-resistant, so as to replace
the heat exchanger core of traditional heat exchange device. This will simplify the structure, save the
area, improve the heat transfer efficiency and reduce unnecessary flow resistance. At the same time,
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the most reasonable heat transfer device should be designed under the optimum conditions of the flow
passage, spacing, structure and other parameters.

This study, therefore, concerns the micro heat pipe array, which is a new type of flat heat pipe
and has the merits of fast heat response, large surface area, high heat transfer performance, good
temperature performance and low cost. This device is capable of eliminating the drawbacks and
recover the flue-gas heat better. The study describes the structure and characteristics of the heat
recovery of low-temperature flue-gas in a microthermal tube array. The heat transfer performance is
also evaluated to provide the basis for its practical application.

2. Materials and Methods

2.1. Low-Temperature Flue Gas Heat Exchanger Based on Microthermal Tube Array

2.1.1. Micro Heat Tube Array

The micro heat pipe (MHP) is a novel type of flat heat pipe, whose outer surface is fabricated
with aluminium materials and small amounts of the working medium. The MHP has three major
parts-the evaporation section, adiabatic section and condensation section (as shown in Figure 1) [7].
In its operation, the surface of the evaporation section absorbs heats and transfers it to the heat pipe
wall, where the liquid is vaporized to gas within the working medium. The heat is then absorbed
from the wall and channelled to the adiabatic section and later to the condensation section. In the
condensation section, steam is condensed to a liquid state where heat is released. In this system, heat
is transferred from one end of the heat pipe to the other end (from the condensation section to the
evaporation section) by gravity and capillary force [29,30].

The MHP array is comprised of multiple micro heat pipes which produces evaporation and
condensation phenomena through a permutation and combination of heat transfer mechanisms. There
are finned channels for enhancing heat transfer on the outside of each micro heat pipe, thereby
increasing the area of direct heat and heat absorption of heat pipes. At the same time, the numerous
micro-fins arranged on the inner wall of a single micro heat pipe (as shown in Figure 1) enhances heat
transfer and the pressure-bearing capacity of the micro-heat pipe and prevents leakages, as well [31–33].
Besides, because each MHP works independently, when one part of the heat pipe is damaged, other
micro heat pipes can still maintain the normal operation of the heat exchanger and remain high
reliabilities [34]. Moreover, the micro-heat pipes can be mass-produced, which can significantly reduce
the cost of production.
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Figure 1. The operation principle and the internal dimensions of a microtube array.

2.1.2. Low-Temperature Flue-Gas Heat Recovery Device of the Microthermal Tube Array

Figure 2 shows the structure of low-temperature flue-gas heat exchanger based on microthermal
tube array. The dimensions of the heat exchanger used was 500 mm × 500 mm × 700 mm (l × b × h),
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which was the thermal exchanging lining. The division plate of the MHP array divided the entire
section into condensation and evaporation parts at a height of 295 mm and 405 mm, respectively, with
the length and breadth of 500 mm, respectively. There were 21 layers in this device, and each layer had
six micro heat pipes. A total of 126 MHP arrays and fin channel were installed through the thermally
conductive silicone. During the operation of the heat exchanger, the evaporation section at the bottom
absorbed heat from the flue-gas.
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Figure 2. Structural representation of the micro heat pipe low-temperature flue gas heat exchanger.

2.2. Thermal Performance Test of Low-Temperature Flue Gas Heat Exchanger in Microthermal Tube Array

2.2.1. Data Measurement of Low-Temperature Flue Gas Heat Exchanger in Microthermal Tube Array

The flue-gas temperature was controlled and measured in real-time in the laboratory. The MHP
low-temperature flue-gas heat recovery system is shown in Figure 3.

The heat exchanger was tilted at an angle of 10◦ to the ground; the multi-function recorder
probes (Beijing Century Jiantong Technology Development Co. Ltd, Beijing, China) were installed
perpendicularly to the pipe section in the air duct. The anemometer sensors (Beijing Century Jiantong
Technology Development Co., Ltd.) were installed perpendicularly to the pipe surface normal while
the pressure gauges (Testo SE & Co. KGaA, Lenzkirch, Germany) were installed on the wall surface.
Indoor data was taken with the heater, and a voltage regulator was used to control the air temperature
in the wind tunnel; data was collected over a 3-minute interval.

The air volume was calculated indirectly based on wind speed. The test used a Testo 425 (Testo
SE & Co. KGaA, Lenzkirch, Germany) hot ball anemometer to measure wind speed. Since the airflow
was more active at the inlet and outlet of the heat exchanger, the wind speed varied greatly. Moreover,
the variation in the wind speed was also large. In order to reduce the measurement error, we selected
a cross-section of the heat pipe which was at the location of wind inlet 2D of the heat exchanger as
the section for the measurement of inlet wind speed. In addition, the one at wind outlet 4D as the
section for the measurement of outlet wind speed (D for the diameter of circular windpipes). To ensure
accurate measurements, the test sections were divided into four parts (as shown in Figure 3c). The
anemometer hot ball was placed at the center of each grade, and the average value of each grade
was taken.

A Testo 512 differential pressure gauge was used to measure the pressure loss of the new and
exhaust air through the heat pipe heat exchanger with an accuracy of ±0.5% of the measured value
in the pressure-loss measurement experiment. The pressure-measuring hole was on the side of the
inlet pipe and the outlet pipe, 15 cm away from the inlet and outlet of the heat pipe heat exchanger.
Therefore, the air volume, wind speed, wind temperature and wind pressure of the heat exchanger
were obtained at an end. Based on this, the efficiency of the heat exchanger was calculated.
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Figure 3. (a) Micro heat pipe low-temperature flue gas heat recovery system; (b) Experimental test of
low-temperature flue gas heat recovery unit of the micro heat pipe Layout for wind speed measurement;
(c) Layout for wind speed measurement.

2.2.2. The Test System of Low-Temperature Flue Gas Heat Exchanger in Microthermal Tube Array

The new wind duct (Φ 250 mm) (Shangyu Shuangye Ventilation Equipment Company, Shaoxing
China) simulated the flue-gas duct (Φ 300 mm) in the test system. The airflow was generated by
an axial flow fan (model EG-2.5-A-4) (Shangyu Shuangye Ventilation Equipment Company). The
total pressure was 45–24 Pa; the liquid flow was 790–1460 m3/h, rated power was 0.18 kW. The
simulated wind volume of the polluted air was regulated by the axial flow fan model EG-2.5-A2-2 at
168–126 Pa, the flow rate was 1200–1740 m3/h, the power was 0.25 kW, and the flow was adjusted
by the corresponding pipe diameter manual control valve. The heater was made of two pieces of
345 × 243 mm high-power PTC electric heaters with a combined power of 10.4 kW to simulate the
polluted air temperature.

2.2.3. Experimental Process

The low-temperature flue-gas thermal recovery device was studied experimentally, and the
effect of different temperatures and temperature gradients on the heat exchanger performance were
analyzed [35]. The actual measurement of flue gas temperature also changed when operating between
25 and 34 ◦C, wherein the numerical result agreed with the experimental results. Furthermore,
the experiment was conducted at outdoor temperature range of −19 ◦C–−2 ◦C, while the indoor
temperature was controlled at 22 ◦C. The air duct and measuring instruments were insulated
simultaneously to reduce the influence of room temperature on test data and to ensure uniformity in
airflow into the air duct. The electric heating was installed in the air duct with a voltage regulator to
attain inlet air temperatures between 26 and 36.6 ◦C. The inlet air volume of simulated polluted air
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was 1500 m3/h and that of fresh air was 1000 m3/h. There were nine thermocouples at both ends of
the heat exchanger in the duct to ensure the accuracy of temperature measurement. The experimental
parameters were collected once every ten seconds.

3. Results and Analysis

3.1. Results and Analysis of Heat Exchange Test of Low-Temperature Flue Gas Heat Exchanger in Microthermal
Tube Array

The test was conducted from January 8 to 13 of 2017. The indoor smoke temperature was
controlled between 25 to 30 ◦C. A series of multiple tests were carried out under the experimental
conditions, and the average value of a series of data points were adopted to draw the coordinate axes
as well as the state curve, as shown in Figure 4. From the curve, the thermal performance parameters of
the heat exchanger did not change substantially within the temperature range of the test, but the heat
transfer effect had a clear relationship with the temperature change. Compared with the traditional
device that has a constant volume heat exchanger, the MHP array showed a higher heat exchange rate.
Moreover, the uniform heat exchange temperature reduced the heat transfer loss to a certain extent.
Additionally, the highest indoor fresh air outlet temperature recorded was 12.65 ◦C on 12 January 2017,
and the maximum simulated flue-gas inlet temperature was 33.55 ◦C, as shown in Figure 5.
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The indoor air inlet temperature was 5.85 ◦C, and the highest simulated flue-gas outlet
temperature was 27.05 ◦C. On 13 January 2017, the indoor fresh air outlet temperature was 14.05 ◦C,
and the maximum simulated flue-gas inlet temperature was 35.7 ◦C, the indoor air inlet temperature
was as high as 5.4 ◦C, while the simulated flue-gas outlet temperature was as high as 29.05 ◦C.
On 16 January 2017, the maximum indoor fresh air outlet temperature was 17.25 ◦C, the simulated
flue-gas inlet temperature was 36.6 ◦C, and the indoor air inlet temperature was 0.35 ◦C. The maximum
simulated flue-gas outlet temperature was 30.75 ◦C. The maximum indoor fresh air outlet temperature
was 14.75 ◦C, and the maximum simulated flue-gas inlet temperature was 33.45 ◦C; the maximum
indoor air inlet temperature was 2.1 ◦C. The maximum simulated flue-gas outlet temperature was
27.65 ◦C on 17 January 2017 (as shown in Figure 4).

3.2. Performance of Low-Temperature Flue Gas Heat Exchanger in Microthermal Tube Array

Based on the indoor test results, the heat transfer coefficient ηt of the heat exchanger was obtained
using Equation (1):

ηt =
Qx

Qy
=

GxVxCpx(Txc − Txj)

GyVyCpy(Tyj − Tyc)
(1)

Equation (1) can be rewritten as:

ηt = k · ∆Tx

∆Ty
(2)

Qx = C∆TxjρairVx (3)

ρair = 1.293 ∗ 273.15
273.15 + t0

(4)

The temperature, T, was set as the abscissa and a linear fitting function was used to obtain the
instantaneous efficiency of the plane curve of the heat exchanger. As shown in Figure 6, the fresh inlet
temperature in the laboratory was between −8 ◦C and 0 ◦C. When the polluted air inlet temperature
changed between 30 and 36 ◦C, the η values were between 0.77 and 0.83; under the flue-gas inlet
temperature of 36 ◦C; η values were between 0.777 and 0.814. Again, η recorded values between 0.793
and 0.827 when the flue-gas inlet temperature was 30 ◦C.
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At the same time, the amplification of efficiency increased slightly, proportional with the increase
in the outdoor air temperature. The four curves of the initial position, as shown in Figure 6, unified the
fresh air inlet temperature to significantly influence the efficiency with which the polluted air inlet
temperature increased.
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The temperature of outlet flue-gas was simulated by adjusting modulator-demodulator voltage
from 250 V to 0 V. During the simulation, inlet temperature of the flue-gas was maintained at 36 ◦C
(as shown in Figure 7), and inlet temperature of fresh air was −8 ◦C. The corresponding air energy
recovery was 10487 W, and the flue-gas discharge energy was 12123 W. When the inlet temperature of
fresh air was 0 ◦C, the energy recovery could reach 8837 W and the flue-gas discharge energy 9717 W.
When the temperature difference between the simulated flue gas inlet and outlet was 30 ◦C and the
fresh inlet temperature −8 ◦C, the air energy recovery could reach 9056 W and the flue-gas discharge
energy 10468 W. When the inlet temperature of fresh air was 0 ◦C, the fresh air energy recovery could
reach 7833 W and the flue-gas discharge energy 9103 W.
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As shown in Figure 6, at higher inlet flue-gas temperatures, heat efficiency of heat exchanger
increased slightly. However, as shown in Figure 6, although the efficiency of heat exchanger increased,
the energy efficiency decreased, and this was caused by the temperature difference of the heat
exchanger. The temperature of the fresh air could significantly influence the variation of discharged
flue-gas heat. With an increase in the inlet temperature of fresh air, the flue-gas discharge heat reduced
gradually, thereby reducing the fresh air heat recovery.

The objective of this experiment was to simulate the performance of low-temperature flue-gas
heat exchanger and study the heat exchange efficiency under winter conditions, so that the outlet
temperature of flue-gas was maintained between 30 and 36 ◦C. Although the outdoor temperature in
winter was low in Changchun, the experimental equipment used was a flue-gas heat recovery device,
which is usually used for energy saving. It was only open and tested during cooking in the kitchen,
so that the fresh air inlet temperature could be maintained between −10◦ and 0 ◦C. Measurement
analysis was carried out in this temperature range to determine the actual performance of the flue-gas
heat recovery device. At the same time, the heat exchange efficiency and heat transfer coefficient of the
heat exchanger was used to characterize the heat transfer capacity of the heat exchanger. Temperature
difference curve and efficiency flat curve were relevant in determining the thermal performance of
heat exchanger.
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4. Discussion

4.1. Pressure Analysis

Pressure plays a very important role in any heat exchanger. It does not only affect a series of
heat exchangers such as fans but also directly affect the use value of heat exchangers. The array
low-temperature flue gas heat exchanger in this experiment had a designed air volume of 1000 m3/h,
and six different stable air volumes from 500 to 1000 m3/h were selected in the stress simulation. The
results proved that there was a slight pressure dropped across the heat exchanger and it fluctuated
between 2.1 and 12.3 Pa. The low resistance experienced by the flowing air through the microthermal
channel was approximate two time of the pressure of the same pipe. To improve the performance of
the radiators as well as the heat exchanger, pressure loss was minimized. Overall, it was revealed that
the design of the MHP array, low-temperature flue-gas heat exchanger had obvious advantages in
terms of pressure performance.

4.2. Error Analysis

In the experiment, the inlet and outlet temperatures and flow rates of the cold and hot gases were
measured directly; the heat exchange efficiency and total heat exchanged in the heat exchanger were
obtained indirectly.

The values were recorded using a high-performance Agilent 34970 A data acquisition instrument
(Agilent Technologies Inc., Penang Pulau, Malaysia). The T-type copper-constantan thermocouple
measurement error was ±0.5 ◦C; pressure sensors measurement error was ±0.25%; flowmeter
measurement error was 2%; platinum resistance measurement error was ±0.2 ◦C; measurement
error for the regular size was 0.1 mm. The error of indirect measurement data in this study was
calculated using the error transfer formula (Equation (5)).

In Equation (5), function y is a function of an independent variables. The relative uncertainty of
each independent variable was calculated using the transmission error, which is given as follows:

∆y2[(
∂y
∂x1

∆x1)
2
+ (

∂y
∂x2

)
2
+ . . . (

∂y
∂xn

∆xn)
2
]

2

(5)

The above equation was used to analyze the relative uncertainty of the main parameters, such as
the heat transfer and the efficiency variables, of the experiment in detail. Error analysis of Qw in cold
and hot gas side of the heat exchanger was obtained by Equations (6) and (7):

Qx = C∆Txjρair Vx (6)

∆Qw

Qw
=

√∣∣∣∣ qw

qw

∣∣∣∣+ ∣∣∣∣ ∆two

(two − twi)

∣∣∣∣2 + ∣∣∣∣− ∆twi
(two − twi)

∣∣∣∣2 (7)

In summary, the measurement error of flat heat pipe wall temperature in the heat exchanger
was ±0.5 ◦C and the measurement error of inlet temperature of cold and hot flue gas was ±0.2 ◦C.
The measurement error of the import and export pressure loss on both the cold and hot flue-gas side
was ±0.25 ◦C and the measurement error of cold and hot flue-gas side flow was ±2 ◦C. The relative
maximum error of the indirect measurement of the heat exchanger was 11.4 ◦C whiles the error of the
indirect measurement of the heat exchanger efficiency was 10.6 ◦C. In the experiment, the error was
relatively small so as to meet experimental requirements.

Through data analysis, a certain gap between the actual results and the theoretical design results
was found. The reasons are as follows:

(1) The gas flow state was different; in the actual process, the airflow did not achieve a steady state
due to structural and other factors. In theoretical design, flow state was assumed unchanged.
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(2) The smoke design parameters were different; the actual smoke composition was complex, and the
proportion of each component varied with time. In theoretical calculations, the exhaust gas form,
composition, and proportion were fixed, thereby introducing a significant bias in the results.

(3) The accuracy errors in the measuring instrument; the measuring instruments could have brought
errors due to external weather factors and human operation.

4.3. Heat Exchanger Simulation and Analysis

The simulation was carried out using ICEPAK software (Version 16.0, ANSYA Inc., Canonsburg,
PA, USA). The complete geometric model was established with NX10.0 software (Version 10.0.0.24,
Siemens PLM Software Inc., Berlin, Germany) in a ratio of 1:1, and the standard k-ε RNG turbulence
model was used for simulation calculation. The fresh airflow passage and the polluted airflow passage
were set to a fixed flow rate, and the fresh air outlet temperature was simulated by setting different
fresh air and polluted air inlet temperatures. In addition, different fresh airflows were set, and other
conditions remained unchanged to simulate the pressure loss of fresh air inlet and outlet of the heat
exchanger. Numerical results were compared with experimental results to verify the accuracy of
the model.

4.4. Numerical Calculation Model of the Heat Exchanger

4.4.1. Physical Model

The physical model of the heat exchanger (Figure 8) showed that fresh air entered air passage
between the MHP arrays through fresh air inlet on the right side of the partition. The polluted air
passed through the MHP array to conduct heat to the lower temperature fresh airside in order to
complete the heat exchange process. The characteristic parameters of the heat exchanger are shown
in Table 1. The surface material of the MHP array was a polished aluminium alloy. The specific heat
capacity c = 1.24 × 103 J/(kg·◦C) density ρ = 2.547 × 103 kg/m3, thermal conductivity λ = 70,000 K).
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Table 1. Characteristic parameters of the heat exchanger.

Characteristic Parameters Value of Number Measurement Unit

Overall dimensions 685 × 475 × 490 mm × mm × mm
The number of microthermal tube arrays 126
Single piece effective heat transfer area. 0.106 m2

The thickness of the segment 4 mm
Plate spacing 20 mm

Fresh air inlet/outlet area 0.190 m2

Polluted air inlet/outlet area 0.134 m2

The width of the partition between new and polluted air 3 mm
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4.4.2. Relevant Assumptions and Simplifications

The temperature difference in this study was small. Moreover, the heat transfer did not involve
phase change. Thus, the following assumptions can be made:

(1) The fluid was considered incompressible.
(2) The thermal effect of viscous dissipation in fluid flow was ignored.
(3) The physical quantities of the flow do not change with time and are assumed to be in the

steady flow.
(4) The internal fluid flow in the micro heat pipe array was assumed to be equivalent to a solid block

with the same heat transfer coefficient as the medium.
(5) The effect of the fin on the heat exchanger performance was not significant; thus, the effect of the

fin was ignored.

In the model, adiabatic boundary conditions were used, and the hot and cold flow path was
considered as the heat transfer surface. The Hexa-core Cartesian grid was used for the trellis partition.
The maximum mesh size in the x, y and z directions of global mesh and assembly mesh parameters are
set to 34, 23, 74 and 12, 11, 20 mm, respectively. The assembly mesh parameters used in the inlet and
outlet sections, the buffer layer is set to six layers. The number of grids is 2115412. After initializing
the mesh to reset the grid nodes of each block according to the distribution, the mesh of key areas
was densified, thereby meeting the grid quality requirements for the relevant simulation. The grid is
shown in Figure 9.
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4.4.3. Boundary Conditions

The boundary conditions of the fluid inlet of the heat exchanger adopted the velocity inlet
boundary condition, the velocity was from 600–1500 m3/h, and the temperature at the inlet followed



Energies 2019, 12, 675 12 of 16

the experimentally measured temperature value, −15 ◦C–0 ◦C; the boundary condition of the heat
exchanger outlet fluid is set as free outflow boundary condition [36]. The calculation area was insulated
from the external environment, and the flow paths of the cold fluid and the hot fluid were set as heat
transfer surfaces.

4.5. Results of Numerical Simulation

Figure 10 shows both polluted and fresh airside wind profile and the temperature distribution of
each air duct at each position. Since the temperature of the polluted air reduced from the inlet to the
outlet, air temperature approached the microthermal tube array lowered.
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Figure 10. (a) Temperature cloud diagram in the polluted air duct; (b) Temperature cloud diagram in
the fresh air tunnel; (c) Temperature cloud diagram of inlet surface of polluted air and outlet surface of
fresh air; (d) Temperature cloud diagram of inlet surface of fresh air and outlet surface of polluted air.

At higher temperatures, an obvious temperature gradient was witnessed. As the fresh air
increased from the inlet to the outlet, its temperature gradually increased. The temperature near
the microthermal tube array was higher; however, near the center, the temperature was lower, and the
temperature gradient was 0 at the fresh air outlet.

Figure 11 shows the velocity of the airflow in the shroud. There was a small eddy current at the
junction of the shroud and the duct to form a partial negative pressure region. This increased the fan
pressure, which was not conducive to energy saving. It can be considered to enhance the sharp angle
and to allow smooth the airflow.
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In the simulation, the inlet temperatures of the fresh air were −8, −7, −6, −5, −4, −3, −2, −1,
and 0 ◦C, while the corresponding inlet air temperatures were 35.4, 35.5, 35.6, 35.7, 35.8, 35.9, 36, 36.1,
and 36.2 ◦C, respectively. The simulation results are shown in Figure 12.
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Figure 12. Comparison of the simulated and measured temperature.

The abscissa represented the inlet temperature of the fresh air, and the ordinate number 8
represented the temperature of the fresh air, the simulation of the flue gas outlet value and the
measured values. Then, the numerical and measured outlet temperatures of fresh air and flue-gas were
plotted for different air inlet temperatures to obtain the fitting curve. In comparison, the minimum
deviation of the simulated air outlet temperature and the measured air outlet temperature was 14%,
which appeared at 0 ◦C. The maximum deviation was 17%, which was recorded at −8 ◦C; the minimum
deviation between the simulated polluted air outlet temperature and the measured polluted air outlet
temperature was 2% at 4 ◦C. The maximum deviation of 10% was observed at −8 ◦C. This phenomenon
can be ascribed to the following reasons:

(1) The indoor temperature was 22 ◦C; with the improvement of the inlet temperature of fresh air,
the heat between the fresh air and indoor one decreased gradually, which led to the abatement of
the indoor heat transfer, thereby reducing the tail deviation, as shown in Figure 12.

(2) The simulation and measured results increased with increasing inlet fresh air temperature. This
phenomenon can be attributed to errors caused by the experimental conditions, measurement
methods and physiological characteristics. In Figure 12, numerical results were more appropriate
than the measured ones.
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Overall, the simulation results were relatively accurate. In the follow-up experiment, the thermal
potential between the fresh air and indoor air was reduced by improving the insulation method. This
led to the minimization of the influence of indoor environment on the experiment. To reduce the
influence of measurement error, we utilized state-of-the-art measuring instruments as well as the
measurement method. Consequently, the numerical results agreed with experimental results well.

5. Conclusions

In this paper, a novel low-temperature flue gas heat exchanger was proposed, and the following
conclusions are drawn from the experimental study: the low-temperature flue-gas heat recovery device
is a state-of-the-art heat exchanger. In comparison with traditional heat exchangers, it has lighter
weight, strong load bearing capacity, high efficiency, high thermal exchanging speed, small volume,
frost resistance and low risk of leakage. Its sensible heat efficiency value varied between 0.77 and
0.83, and the efficiency variation increased with the increase of temperature difference between the
inlet and outlet of fresh air, and then fell back. The resistance increased linearly with the increase
of wind speed, and the simulation results of sensible heat efficiency were basically the same as the
measured results. Based on the heat transfer coefficient of heat recovery and the analysis of the fitting
of heat exchange efficiency, the overall heat exchanger performance was excellent. The heat transfer
mechanism and heat transfer efficiency of low-pressure loss high-efficiency of the heat pipe heat
exchanger were studied. The effects of different loads on heat transfer efficiency and flow resistance of
heat exchanger were analyzed experimentally based on different operating conditions.

The experimental results showed that the thermal efficiency was influenced by the extent of oil
pollution and the composition of the smoke; this is an area that needs further studies. The experiment
was consistent with the simulation, and further improvement can be made to the design of the heat
exchanger. Future experiments can involve additional fins to improve fluid disturbance.
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Nomenclature

cw specific heat of the air (J/(kg K))
ρw Density of air (kg/m3)
qw Volume flow of air side (m3/s)
two Air side outlet temperature (◦C)
twi Air side outlet temperature (◦C)
Qx Fresh air actually gets the heat
Gx Actual wind volume of fresh air (J)
Vx Fresh air terminal heat exchange capacity (m3)
Cpx Fresh air constant pressure specific heat (J/(kg K))
Txj Fresh air inlet temperature (K)
Tyj Flue-gas inlet temperature (K)
∆Tx Air temperature difference (K)
Qy The flue gas actually changes the heat (J)
Gy Actual air volume of flue gas (m3/h)
Vy Heat transfer capacity of flue gas (m3)
Cpy Flue-gas constant pressure specific heat (J/(kg K))
Txc Fresh air outlet temperature (K)
Tyc Flue gas outlet temperature (K)
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∆Ty Flue-gas temperature difference (K)
K Scaling factor
ρ air Air density (kg/m3)
t0 Average temperature of fresh air
(Txj) Flue-gas average temperature (Tyj)
u Velocity component in the x direction (m/s)
v Velocity component in the y direction (m/s)
w Velocity component in the z direction (m/s)
i On behalf of the direction
Ui Velocity component in that direction (m/s)
ρ Fluid density (kg/m3)
P Partial pressure (Pa)
µ Dynamic viscosity (kg/(m·s))
α Fluid thermal diffusivity (m2/s)
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