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ABSTRACT

Fin-and-tube heat exchanger is the most commonly used heat exchanger type in air-conditioning systems. In the actual
operation of air-conditioning systems, the dust particles involved in the air may partly deposit and form particulate
fouling on fins and tubes when the dusty air flows through the heat exchangers. The deposited particles may gradually
block the passageway of air flow and occupy the heat transfer area, which results in the continuous increase of air side
thermal resistance and the significant deterioration of the heat transfer capacity of heat exchangers during the long-
term operation. In order to quickly evaluate the long-term performance of fin-and-tube heat exchangers, an
accelerating-particle-deposition method, which is capable of implementing the particle deposition process on the long-
running heat exchangers in a short time, is proposed in this study.

The idea of the accelerating-particle-deposition method is to employ high concentration dusty air flow through heat
exchangers in the accelerated test, and to quickly form the particulate fouling with the same weight as that on long-
running heat exchangers under the actual operating environment with low particle concentration. The accelerating
factor, which is defined as the ratio of the actual running time to the accelerated testing time, is calculated based on
the deposition weight of dust particles. The deposition weight is calculated by the relationship of the impact frequency
and deposition probability of dust particles with the dust feed rate of dusty air.

An experimental apparatus for accelerating the particle deposition process and testing the heat transfer capacity of fin-
and-tube heat exchangers is designed. The accelerating factor is fitted by the experimental data, and the mean deviation
of the accelerating factor is 16.3%.

1. INTRODUCTION

Fin-and-tube heat exchangers are widely used in air conditioners and refrigeration systems (Wang et al., 1996, Zhu et
al., 2015, Wu et al, 2017). The heat exchanger in air-conditioner outdoor unit is exposed to the environment for a long
time (He et al., 2012, Zhan et al., 2016, Liu et al, 2012). The air of the environment contains dust particles, these
particles will hit the heat exchanger surface during long time operation (Wu et al., 2017, Liu et al., 2012). Some of the
dust particles will be deposited on the heat exchanger surface and form the fouling layer.

The long-term performance of the heat exchanger will be decreased due to the fouling layer on the surface (Bell et al.,
2011, Ma et al, 2009). The fouling layer on the surface has high thermal resistance and leads to the decrease of heat
transfer performance of heat exchanger. The thickness of fouling layer will increase and the space between fins will
decrease. The smaller fin space will cause higher pressure drop on the air side (Pak et al., 2005, Waring et al., 2008,
Ahn et al, 2003). For an air conditioner with 7 years of operation, the cooling capacity of the whole air conditioner
will be decreased by 10-15%, and the pressure drop will be increase by 44%, which are both caused by the fouling
layer (Ahn et al, 2003).
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The forming of fouling layer on the heat exchanger surface is affected by the deposition objective and airflow
characteristics. For the deposition objective, the geometry structure including row number, fin space and fin types will
influence the fouling layer. Research results showed that the differences of heat transfer capacity and pressure drop
between one row and two rows before and after deposition are 4%~12% and 22%~37%, separately (Wu et al, 2007).
When the fin space increase from 1.2mm to 1.8mm, the deposition rate on the heat exchanger will decrease 63.1%
(Zhan et al, 2016). For the airflow characteristics, various air velocity, particle diameter and dust concentration can
affect the formation of fouling layer, which will deteriorate the performance of heat exchanger under deposition
condition. When the air relative humidity increases, there will be more condensed water droplets on the fin surface,
which can easily catch lots of particles. The study by Kaiser et al. (2002) showed that the deposition quantity under
wet condition is 6.7 times larger than under dry condition.

Based on the dust deposition research, the dust concentration has a big effect on the deposition rate of heat exchanger.
When the air conditioner is working in a heavy polluted area, its heat exchanger has more particle deposition. The
higher the dust concentration is, the stronger the particle collision is. The collision between particles will change the
original motion of particles, and the deposition rate increases due to the growth of collision frequency. In order to
evaluate the long-term performance of heat exchanger, the experimental method is usually used to test the heat transfer
and pressure drop performance. During experiment, the temperature and relative humidity are kept constant in all
experimental conditions, same as actual operating condition. However, for the particle concentration on the air inlet,
it is timely impossible to use the real concentration in the experiment. Because the real particle concentration needs
several years of particle deposition, which is unpractical for an experiment. Therefore, enhancing the particle
concentration on the air flow inlet is the common way to accelerate experiment.

In current researches, part of them set constant particle concentration as inlet condition, others focus on the effect of
various particle concentration on the performance by experimental method. Abd-Elhady et al. (2004) found the proper
inlet air velocity for particle deposition on the fin surface, and the inlet particle concentration is set to 2g/m>. Bell et
al. (2011) measured the heat transfer performance and pressure drop of heat exchanger before and after particle
deposition, and in their experiment, a total mass of 300g dust is passed through the heat exchanger. Bott et al. (1983)
studied the friction factor of heat exchanger after particle deposition with various particle concentration and inlet air
velocity, and the ranges of particle concentration and air velocity are from 0.65 g/m’to 1.5g/m? and from 2.4m/s to
5.8m/s, separately. Zhan et al. (2016) observed the fouling layer on the heat exchanger for three different inlet particle
concentration, and the results showed that the concentration has little effect on the final deposition rate. However, all
above researches did not discuss about how to determine the various particle concentrations in the experiment. It is
therefore hard to set the proper particle concentration in the experiment to predict the actual operation.

In this study, an accelerating-particle-deposition method, which is capable of implementing the particle deposition
process on the long-running heat exchangers in a short time, is proposed. The method can be used to precisely calculate
the dust concentration at inlet to minimize the influence of acceleration of dust concentration on experimental results.

2. RESEARCH OBJECTIVE

A fin-and-tube heat exchanger can be severely fouled by particles after long-term operation, as shown in Fig. 1(a).
The formation of particle fouling is due to the coupling effects of particle deposition and particle removal. At the
beginning of fouling forming process, the particle depositing speed is larger than the removing speed and the fouling
weight increases with deposition time. But after some deposition time the particle depositing speed decreases until it
is equal to the particle removing speed, then the fouling forming process ends and the fouling weight reaches a critical
point. During the fouling forming process, the rate of fouling weight increase is determined by the particle
concentration of inlet dusty air. For a certain deposition time 71, higher particle concentration leads to a larger fouling
weight, as shown in Fig. 1(b) and 1(c). When the fouling weight reaches the critical value Mj, the ratio of total
deposition time under low particle concertation # and high particle concertation #, is defined as the accelerating factor
a, as shown in Fig. 1(d).
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Figure 1: Fouling formation process in the fin-and-tube heat exchanger under low/high particle concentration of
dusty air
3. EXPERIMENTAL METHOD

3.1 Experimental apparatus

The experimental apparatus includes three parts: (1) the air supply device for providing dry/wet air to air flow channel;
(2) the dust supply device for providing constant concentration particles; (3) the test section for measuring the
performance of experimental samples. Fig. 2 shows the rig of experimental apparatus.

The air supply device consists of variable frequency fan, ultrasonic humidifier, water tank, stop valve, control valve,
air volume measuring device and heater. The dry air is drawn into the system by variable frequency fan, and mixes
with the water vapor produced by ultrasonic humidifier to form the moist air with specific relative humidity. The
heater is used to provide the constant temperature of the air flow. The range of variable frequency fan is 20-200m3/h,
the maximum capacity of humidification is 6kg/h, the accuracy of air volume measuring device is 0.1 m3/h, and the
maximum power of heater is SkW.

The dust supply device consists of screw feeder and stop valve. The screw feeder pushes the dust into the air flow
channel by screw. The dust concentration can be controlled by adjusted the speed of the screw with the motor. The
ratio of high concentration and low concentration equals to that of high dust feed rate and low dust feed rate. The
range of dust feed rate of the screw feeder is 20-200g/h.

The test section consists of stainless flow channel, dust concentration sensor, temperature and humidity sensor,
pressure difference sensor, tray and cleaner bag. The accuracies of dust concentration sensor, temperature sensor,
humidity sensor and pressure difference sensor are +5%, 0.2K, £2% and +5%, separately. Two temperature and
humidity sensors are settled at the inlet and outlet of the experimental sample to measure the temperature and humidity
difference. The pressure difference sensor is used to measure the pressure drop of the experimental sample with dust
on the surface.
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1-Variable frequency fan, 2-Ultrasonic humidifier, 3-Water tank, 4-Nozzle, 5-Temperature and humidity sensor, 6-Pressure
difference sensor, 7-Heater, 8-DC power, 9-Screw feeder, 10-Valve, 11-Dust concentration sensor, 12-experimental sample, 13-
Cleaner bag
(a) The rig of the experimental apparatus

(b) The real photo of experimental apparatus
Figure 2: The experimental apparatus

3.2 Experimental condition and test samples

1) Experimental condition
The experimental condition is listed in Table 1. The inlet air temperature and relative humidity is chosen as 27°C and

50%, which is referred to the National standard in China (GB-T7725-2004). The inlet air velocity is set as 2m/s. Six
different values of inlet dust feed rate are selected in the experiment, ranging from 25-150g/h, which is fitted with the
screw feed machine. Fin type is chosen as wavy fin, which is commonly used in the air conditioners.

Table 1: Experimental conditions for accelerating experiment

Inlet air Inlet air relative Inlet air velocity. v Inlet dust feed Fin type
temperature, T humidity, RH ¥ rate, n yp
. 25,50, 75, 100
) ) ) ) )
27°C 50% 2m/s 125, 150g/h Wavy fin

2) Test samples
Figure 3 shows the picture of test samples. The test sample includes two parts: the heat exchanger and the outer frame.

The size of the whole heat exchanger is remarked in Figure 3(b). The length and width of the heat exchanger are

100mm and 126mm, respectively, which is fitted with the air flow channel.
The Table 2 listed the parameters of the heat exchanger in test samples. The tube diameter is 7mm, which is usually
used in air conditioner. And the fin type is chosen as wavy fin. And the row number of the test sample is 2, which is

wildly used in air conditioner.
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Moreover, synthetic dust particles are adopted as the experimental dust particles in the present study, and the mass
composition of this experimental dust is 75% silicon dioxide and 25% carbon black powder, which is similar to the
components of ASHRAE standard dust. The mean diameter of silicon dioxide particles in the present study is 10 pm,
and the density is 2.2 x 103 kg m>.

(a) test sample structure rig (b) size of heat exchanger in test sample
Figure 3: The picture of test sample

Table 2: Parameters of test samples

Tube diameter Row number Fin types Fin pitch

7mm 2 Wavy fin 1.6mm

3.3 Data reduction and uncertainty analysis

Three key parameters are mentioned in this research, including the inlet air mass flow rate, the inlet dust feed rate and
the pressure drop of test sample on air-side. For the inlet air mass flow rate, it can be measured by air volume measuring
device. The calculation formula of the air flow rate is shown in eq.(1).

V =CA,2APp,,, (1)

where C is constant as 0.97, 4, represents the section area of nozzle throat, AP represents the pressure drop, pain
represents the air density at the inlet of nozzle.

For the inlet dust feed rate, it can be obtained by the average of the value measured by concentration sensor and the
value calculated by feeding speed of the screw feed. The dust feed rate can be calculated by feeding speed of the screw
feed with eq.(2).

2 2
_ 1571'(db —d; )pprs9 )
V

where dj, is the diameter of screw blade, d; is the diameter of screw spindle, p, is the particle density, 7 is the speed of
screw rotation, s is the screw pitch, @ is the filling coefficient, which is 0.95 in this experiment.

For the pressure drop of test sample can be obtained by pressure difference sensor directly. Based on the Moffat (1998)
analytical method, the uncertainty of indirect parameters can be calculated, and the uncertainty results are listed in
Table 3.

n

Table 3: Uncertainties of experimental parameters

Parameter Min. (%) Max. (%)
v +1.0% +10.0%
AP +1.0% +5.0%

4. EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Definition of accelerated factor

The accelerating factor a is defined as the ratio of low particle concentration deposition time and high particle

concentration deposition time, which can be written as:
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o=l (3)

During the acceleration of particle concentration, the mass quantity of particles deposited on the heat exchanger must
be equal.

m, =m, “

The mass quantity deposited on the heat exchanger surface can be calculated by eq.(5) and (6).
m=f-&1-K )
f=(n-2)/2 (6)

where m is the particle deposition mass quantity, f'is the collision frequency between particle and heat exchanger

surface, ¢ is the deposition probability of one particle on surface after impaction, ¢ is the deposition time, K is the

volume of air flow channel, # is the particle weight per cubic meter, Z is the contact frequency between a single particle
and heat exchanger surface.

Assuming that the deposition probability of one particle on surface after collision has no relevance with the particle

concentration, which means ¢ = &. The value of collision frequency f need to be obtained for the calculation of

accelerating factor. To quantify the collision frequency f, two extreme cases are considered:

a) Ifthe collision between particles is ignored, there is no relevance between the contact frequency Z and dust feed
rate n. In this condition, fo<n;

b) If the collision between particles is considered with the assumption that frequencies of the collision between
particles and the collision between particles and heat exchanger surface are equal. The contact frequency 2’
between one particle and other particles can be written as eq.(7), which is derived according to molecular
dynamics theory. The collision frequency between particles as well as particles and heat exchanger surface is
shown in eq.(8).

Z =\2n-v-zd’ (N
f:g'}’lz'\/'ﬂ'dz )

The actual situation is something between a) and b). Part of the particles will not contact the heat exchanger surface
even after its collision with other particles. Therefore, the relationship between collision frequency and dust feed rate

is shown in eq.(9).
f=g'n”'v'7rd2 )

where a is the concentration coefficient ranging from 1 to 2. Combining egs.(3)-(5) and (9), the concentration factor
can be expressed by eq.(10). In this study the value of a is fitted by the experimental data.

a= (”_hJ (10)
m

4.2 Experimental results
Figure 4 shows the deposition weight with deposition time for various dust feed rate. For the high dust feed rate, the
deposition weight reaches the steady state rapidly. For the low dust feed rate, the deposition weight increases slowly
with the time. While at the final steady state, the deposition weights under various dust feed rate are equal to a constant.
Figure 5 shows the total deposition time under various inlet dust feed rate. It can be seen that the total deposition time
decrease with the increase of inlet dust feed rate. The total deposition time under dust feed rate of 25 g/h is almost 9.1
times that under dust feed rate of 150 g/h, and the rate of total deposition times is obviously larger than the rate of
inlet dust feed rates.
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4.3 Development of the accelerating factor
Based on the experimental results, the concentration coefficient a can be developed as eq.(11).

i=N
t.
log (’j
2|50

a i (11)
N
where N is the experimental condition total number, which equals to 6 in this research. Based on eq.(11), the average
value of concentration coefficient a is 1.249. And the mean deviation is 16.3%.
The correlation of accelerating factor can be obtained by substituted the value of concentration coefficient to eq.(10).
And the correlation of accelerating factor is shown as eq.(12).

1.249
ye (n_hJ (12)
n
5. CONCLUSIONS

*  In the current study, an accelerating-particle-deposition method, which is capable of implementing the particle
deposition process on the long-running heat exchangers in a short time, is proposed. The method can be used to
calculate the dust concentration on the inlet, which decrease the influence of experimental results by dust
concentration.

*  An experimental apparatus for accelerating the particle deposition process and testing the pressure drop of fin-
and-tube heat exchangers is designed.

*  Different values of dust feed rate are considered in the experiment, and the results show that dust feed rate has
little effect on the final deposition weight, but obvious effect on the settling time of deposition.
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*  The accelerating factor is fitted by the experimental data, and the mean deviation of the accelerating factor is

16.3%.

NOMENCLATURE

The nomenclature should be located at the end of the text using the following format:

a concentration coefficient )

An section area (m?)

C air flow volume coefficient )

d diameter (m)

f impact frequency (kg number-s'-m)

K volume of flow channel (m?)

m deposition weight (kg)

n dust feed rate (kg-m)

N experimental condition number (-)

AP pressure drop (Pa)

r rotation speed (r/s)

RH relative humidity )

s screw pitch (m)

t deposition time (s)

T temperature (K)

v air flow velocity (m/s)

V4 contact frequency )

Greek symbol

a accelerating factor )

1% filling coefficient )

p density (kg'm)

Subscript

h high particle concentration

1 low particle concentration
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