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Abstract: With the increasing depth of metal mining, thermal damage has become a serious problem
that restricts mining. The thermal management system of refrigeration and ventilation is an indispens-
able technology in the mining of deep metal mines, which plays a key role in improving the thermal
and humid environment of mines. Optimizing the performance of refrigeration and ventilation
systems to reduce energy consumption has become a focus of researchers’ attention. Based on the
heat current method, this research establishes the overall heat transfer and flow constraint model
of the refrigeration and ventilation system, and proposes an iterative algorithm that combines the
refrigerator energy consumption model and the artificial neural network model of heat exchangers.
The Lagrange multiplier method is used to optimize the system with the goal of minimizing the total
power consumption of the system. The results show that under 9.1 kW cooling load conditions, the
total energy consumption of the system reduces by 16.5%, and the COP of the refrigerator increases
by 11.6%. The optimization results provide significant guidance for the production and energy
consumption reduction of the deep metal mines.

Keywords: heat current method; deep mine; operation optimization; Lagrange multiplier method;
artificial neural network model (ANN)

1. Introduction

The impact of high-temperature heat damage on the working efficiency and physical
and mental health of workers is aggravated with the increase in mining depth [1]. It is nec-
essary to improve the working environment of deep metal mines by artificial refrigeration
and ventilation [2]. Up to now, there are three main artificial cooling measures at home
and abroad, namely: central air conditioning cooling technology, ice cooling technology,
and water cooling technology [3]. These technologies each have their own advantages
and disadvantages. The central air conditioning cooling technology has a long application
time and high efficiency, but the system is complex and has high construction costs, and
there is a large amount of extended cooling capacity loss. Ice cooling technology has low
cooling capacity loss, low working fluid flow rate, and good cooling effect, but with high
initial investment, complex system, easy blockage, and high operation and maintenance
costs. The water source heat pump system uses mine water as a cold source, which has low
energy consumption, low investment, low operating cost, and can recover residual heat
from mine water. However, its refrigeration efficiency is low, and it has high requirements
for mine water volume. There are also some applications of other cooling technologies.
He et al. [4] proposed a HEMS (high-temperature exchange machinery system) technology
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for extracting cold energy from mine inflow and successfully applied it. Niu et al. [5]
designed a comprehensive system for mine cooling and thermal energy utilization that
integrates water source heat pump and central air conditioning technology, achieving a
significant reduction in equipment investment and operating costs.

The combination of different technologies can achieve better results. However, due
to various reasons, there is currently no unified standard and specification in the industry
for the design of deep mine ventilation and refrigeration systems. In the system design
process, it is necessary to fully utilize existing resources based on the actual situation of the
mine (such as return, inlet water, etc.), turn disadvantages into advantages, and reasonably
select and design suitable, efficient, and economical refrigeration and ventilation systems
according to local conditions.

The refrigeration and ventilation systems consume a large amount of energy during
operation. It is an important issue to make the system meet the refrigeration demand under
the most economical operating conditions. The optimization of the mine refrigeration
system has great potential to reduce operating costs, and it is an important component of
ensuring safe working conditions underground. Systems typically have the characteristics
of numerous components and complex structures, and researchers need to consider the
heat transfer and thermal relationships between different components. The optimization
goal can be to minimize the total investment or operating costs of the system.

At present, there are many research studies on the modeling and operation optimization
of thermal management systems. Li et al. [6] established a dynamic model of a three-wheel
air cycle refrigeration system and provided transient performance data under various op-
erating conditions. Sun et al. [7] used methods such as semi-thermodynamic modeling,
regional modeling, and distributed modeling to model the refrigeration system. Li et al. [8]
proposed a numerical model for a variable displacement VCR system based on the heat
exchanger model and the compressor model. Tirmizi et al. [9] carried out detailed mathe-
matical modeling for each component of the central chilled water system. Huh et al. [10]
optimized the humidity and temperature control of the air conditioning system using a
theoretical /empirical combination modeling strategy. Baakeem et al. [11] modeled a multi-
stage steam compression refrigeration system. Zhao et al. [12] proposed an optimization
strategy for vapor compression refrigeration based on the model. Nunes et al. [13] opti-
mized a vapor compression refrigeration system by establishing a dynamic mathematical
model. Some researchers use artificial neural network technology (ANN) for modeling and
optimization [14-17].

Current optimization research often focuses on the optimization analysis of compo-
nents, while local optima do not necessarily represent system optima. How to establish
global connections between the system and its components from the perspective of the
system as a whole, and conduct overall system analysis and optimization for different
optimization objectives, is a problem worth studying. The problem with the above method
lies in the presence of many intermediate variables and complex solutions. The nonlinearity
of the system gradually increases as the complexity of the thermal management system
increases. Efficient and concise modeling and simulation methods are essential for the
optimization and analysis of the thermal management system. The heat current method
for modeling complex thermal systems proposed by Chen et al. [18] provides great conve-
nience for system optimization and analysis. The basic thought of the heat current method
is to use the electrical analogy method to establish the equivalent thermal circuits and the
global energy transfer and conversion law of the system, and then optimize the model with
Lagrange and other algorithms [18]. The heat current method has been successfully applied
in various fields of optimization of thermal systems, such as organic Rankine cycle [19],
steam power generation systems [20], integrated ground source heat pumps and solar
PVT systems [21], and heat transfer systems [22], etc. Based on the heat current method,
Li et al. [23] optimized the aircraft refrigeration system.

The optimization concept of the heat current method establishes a direct connection
between the structural parameters, demand parameters, and operational parameters of
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the thermal system, providing convenience and a foundation for global analysis of the
system. This method has been developed in the process of research and application. In
complex systems, the flow characteristics have an appreciable effect on system performance.
Wang et al. [24] analyzed the flow characteristics of the system, established overall driving
force resistance constraints of the system, and combined the heat current method to achieve
collaborative optimization of the heat transfer and flow characteristics of the thermal
management system. At the same time, the heat current method has proved that it can
be combined with other methods to optimize the thermal system, such as the Pareto
optimization method [19] and computational fluid dynamics (CFD) [25], to provide more
reliable results. There are some complex issues in the traditional optimization process.
There is a phase change process during the operation of the refrigerator, which increases
the difficulty of theoretical analysis and model calculation. Additionally, the thermal
conductivity (kA) of heat exchangers is also a key parameter that describes its heat transfer
capacity, which is only related to the structure of the heat exchanger and the flow rate of
fluids. The thermal conductivity of the heat exchanger is only determined by the fluid
flow rate on the cold and hot sides in a fixed heat exchange network, and the relationship
between them is complex and nonlinear.

In this paper, a thermal management experimental platform for refrigeration and
ventilation of metal deep mines is built. Firstly, this research establishes an equivalent
thermal resistance model and flow resistance model of the system based on the heat
current method. This article proposes a new iterative algorithm to address the problems in
heat transfer optimization by establishing energy consumption models for refrigerators
and thermal conductivity models for heat exchangers. In order to minimize the total
energy consumption of the system under certain thermal load conditions, this paper
uses the Lagrange multiplier method and a new iterative algorithm for optimization
calculation based on the overall heat transfer and flow constraints of the system. Finally,
the optimization results are verified and discussed through experiments. This modeling
and optimization method has important guiding significance for the energy-saving of
simulation systems and mine cooling systems.

2. Introduction of the Refrigeration and Ventilation System Experimental Platform
2.1. System Description and Thermal Analysis

In order to solve the problem of thermal damage caused by the increase in thermal load
and ventilation limit in the production process of deep mines, it is necessary to design an
efficient and energy-saving refrigeration and ventilation system for deep mines. According
to the actual situation, the air-cooling tower can be placed in the return air shaft and
the refrigeration system can be arranged underground. This can fully utilize the wind
energy from the return air shaft, reducing the pipeline materials. At the same time, an
intermediate elastic tube bundle heat exchanger is designed, which can reduce the pressure
of the refrigerator and reduce the corrosion of water on the heat exchanger. Based on
this idea, an experimental platform for the refrigeration and ventilation system in deep
metal mines was built. Figure 1 shows the on-site photos and schematic diagram of key
components of the experimental platform.

Figure 2 displays the structure diagram of the experimental platform of the refrig-
eration and ventilation system. This system is divided into three parts: stope cooling
part, refrigerator, and system cooling part. According to the perspective of the circuit,
the system can be divided into an air-cooling tower cooling circuit, intermediate cooling
circuit, chilled water circuit, and mining site cooling air pipeline. Water is used as the
circulating working medium in all circulating circuits. Under normal temperature and
pressure, the constant pressure-specific heat capacity of water is 4200 J/(kg K) and the
density is 1000 kg/m?>. The refrigerator uses R134 as refrigerant, with a pressure of 0.47
Mpa, a constant pressure specific heat capacity of 1304 J/ (kg K), and a density of 1100
kg/m?3 when saturated with liquid (300 K 4= 10 K). The medium of the air cooling pipeline
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is air, the constant pressure-specific heat capacity of air is 1005 J/ (kg K) and the density is
1.293 kg/m? [26].

Figure 1. Picture of the refrigeration and ventilation system experimental platform.
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Figure 2. Structure diagram of the cooling and ventilation system.

The stope cooling part is primarily used to cool six (#1—#6) mine stope environment
simulation boxes by conveying cold air. It mainly includes a chilled water circuit (CHWC)
and six air cooling lines (CAL). Hot air exchanges heat with chilled water conveyed by the
pump in the air cooler. The fan conveys the air at a lower temperature to the simulation
box. As the temperature of chilled water rises, it returns to the water side of the evaporator
of the refrigerator and completes the cycle. The heat transfer relationship involved in air
coolers can be expressed as

Qaaj = maajcp,a(Taaj,i - Taaj,o)r ] =12,---,6 (1)

Quwj = machp,w(Tawj,o - uwj,i)/ ] =12---,6 ()

where Qawj and Qs.j, respectively, represent the heat transfer rate on the cold and hot sides
of the air cooler. 1y, and m,y; represent the mass flow rate of the airflow and water flow
of the j-th air cooler, ¢p 2 and cp,w represent the specific heat capacity of air and water, and
Taaj,i and Taa,0 are the inlet and outlet temperatures of hot air. Tyyj,i and Tayjo are the inlet
and outlet temperatures of chilled water. According to the law of conservation of energy,
Qaaj shouldequal to Qaw.



Energies 2023, 16, 6626

50f21

The refrigerator includes an evaporator, expansion valve, condenser, compressor, and
other components, which are mainly used to produce chilled water. The expressions for
the heat transfer rate of water on both sides of the refrigerator are

Qe = mchcp,w(Tchwr - Tchws) (3)

Qc= mcwcp,w(Tcw,o - Tcw,i) 4)

where Q, is the refrigerating capacity of the refrigerator, Q. is the heat transfer rate of the
water side of condenser, m, is the mass flow rate of the chilled water, i, is the mass flow
rate of cooling water of condenser, T¢pyws and Tepyr are the supply and return temperatures
of chilled water, and Ty ; and Tcw,o are the inlet and outlet temperatures of cooling water
of the condenser. Q., equals the total heat transfer rate of the air coolers, Q. is equal to
the sum of Q, and the power consumption of the refrigerator (Pre), and also the total heat
transfer rate of the system, which can be expressed as

6

QCh:ZQaj/jzllzr"'r6 (5)
j=1
Qc = Qch + Pre (6)

where Q,; is the heat transfer rate of the j-th air cooler.
The coefficient of performance of the refrigerator (COP) is determined by the follow-
ing relation

Qch
b, @)

The system cooling part mainly includes two cooling water circuits: the intermediate
cooling circuit (ICC) and the air-cooling tower circuit (ACTC). The intermediate heat
exchanger is used to absorb the heat released by the condenser and then transfer the
heat to the air-cooling tower, which exchanges heat with the atmosphere and carries the
heat outdoors. The heat transfer rate in this section is

COP =

th = mmcp,w(Tmh,i - Tmh,o) (8)

ch = mctcp,w(Tmc,o - Tmc,i) (9)

where Q. and Qm are the heat transfer rate of the cold water side and hot water side of
the intermediate heat exchanger, m, is the mass flow rate of ICC, Ty, and Ty , are the
inlet and outlet temperatures of the hot side. m is the mass flow rate of ACTC, Ty,; and
T'me,0 are the inlet and outlet temperatures of the cold side. The heat transfer rate of the
intermediate heat exchanger is equal to Q, which is

Qmn = Qumn = Qe (10)

Variable frequency pumps and fans are used to deliver water and air in each circuit.
The flowmeters are used to measure the mass flow rate of water, and the difference pressure
gauges are used to measure the pressure differences. The thermocouples are used to
measure the temperatures. The data acquisition system records and stores the experimental
data. Table 1 shows the main measuring instruments and their accuracy.

Table 1. Information of measuring instrument.

Measuring Instrument Type Range Accuracy
Thermocouple TT-T-24-SLE-1000 —267-150 °C 0.4%
Flowmeter AXF050G 0.3-10 m/s 0.5%
Differential pressure gauge EJA110E 0-500 kPa 0.055%

Anemometer WD-400 0-20m/s 3%
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2.2. Uncertainty Analysis

The uncertainty test of the experiment is a guarantee of the credibility of the experi-
ment. Supposing the function R contains 7 mutually independent variables, x1, x, . . ., xn,
Wx1, Wxy, ..., Wxq is the uncertainty corresponding to each variable. So, the uncertainty of
function R can be determined by

) S R .\’
Wr = —W —W . —W. 11
: V(axl o) +(5g7) ot (37 .
The heat transfer rate is indirectly measured data. Table 2 shows the uncertainty of
the experiment data.

Table 2. The uncertainty of the experiment data.

Heat Transfer Rate (W) Uncertainty (P = 68.3%)
Hot side of the air cooler 6.7%
Cold side of the air cooler 5.6%
Refrigerating capacity 5.8%
Cooling water side of condenser 9.7%
Hot side of intermediate heat exchanger 5.7%
Cold side of intermediate heat exchanger 9.7%

3. Theoretical Analysis and Constraints

This chapter focuses on the modeling and optimization of the built refrigeration and
ventilation system experimental platform. Firstly, a comprehensive heat transfer model of
the system was established based on the heat current method, without introducing other
intermediate variables. By analyzing the fluid network of the system, the characteristic
parameters of the power components and pipeline network are identified, and an overall
flow resistance model based on driving force resistance constraints is established. In
order to solve the complex analysis problem of fixed thermal conductivity of refrigerators
and heat exchangers in traditional optimization analysis, response surface modeling and
artificial neural network modeling methods are used in this section to model the refrigerant
energy consumption and thermal conductivity of heat exchangers using experimental data.
Based on the overall heat transfer flow model of the system, aiming at the minimum energy
consumption of the system, the Lagrange multiplier method is used to optimize the system,
combined with the iterative algorithm of energy consumption and thermal conductivity
update, and the optimization results are analyzed through experiments. The optimization
results show that the total power consumption of power components has been reduced by
39.1%, the power consumption of the refrigerator has been reduced by 11.4%, and the total
energy consumption of the system has been reduced by 16.5%. The comparison between
the optimization value and the experimental value shows that the maximum deviation of
heat exchange is 8.8%, which is within the allowable range of error.

3.1. Heat Current Model of System

Taking the heat transfer process of a counter-current heat exchanger as an example,
this section briefly explains the modeling principle of the heat current method, Figure 3
shows the heat transfer Q from a hot fluid to a cold fluid.

Assuming that the two fluids are single-phase and their physical properties remain
unchanged, the energy conservation equation involved in the heat exchanger is:

Q= Gu(Ty; — Typ) = Ge(Teo — Tei) (12)
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where T, ; and T, , are the inlet and outlet temperatures of the hot side fluid, T; and T,
are the inlet and outlet temperatures of the cold side fluid, respectively, and G represents
the thermal capacity flow of the fluid, and its expression is

G = mcy (13)

where m is the mass flow rate of the fluid, and ¢, is the specific heat capacity of the fluid at
constant pressure.

kA
m, - 1,
Y

T < m T

c,0 ¢ C,i

Y o

) >

Figure 3. Heat transfer principle diagram of counter-current heat exchanger.

Qun Chen et al. [27] derived the heat transfer relationship of a heat exchanger through
the energy conservation equation and thermoelectric analogy. They compared the inlet
temperature difference to thermal potential, R to thermal resistance, and Q to heat flow.
Figure 4 shows the heat current model of the heat exchanger.

Lo ' ' Leo
wE S TR
| |

1

Figure 4. Heat current model diagram of heat exchanger.

The heat transfer relationship involved can be expressed as:

Tyi — T,
== : 14
Q=1 (14)

The expression for the thermal resistance R derived based on the inlet temperature

difference is
R— Gpee — Gee™

Gy Ge(e — emn)

where G, and Gy, respectively, represent the thermal capacity flow of cold and hot fluids,
while a. and ay,, respectively, represent the ratio of the thermal conductivity (kA) of the heat
exchanger to the thermal capacity flow of cold and hot fluids. The combination of heat
current models for different heat exchangers can establish a heat current network model.

Based on the above analysis, the equivalent thermal resistance network diagram of
the system established based on the heat current method [28] is shown in Figure 5.

(15)
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Firstly, the thermoelectric analogy method and Kirchhoft’s current voltage law are used
to analyze the stope cooling part, the heat transfer constraints of this part are established
as follows:

Tuaj,i - Tchws = Ranaj/ ] = 1,2, cee ,6 (16)
where ¢, represents the equivalent thermal potential difference, and its expression is
Qch
= 17
= Ga (17)

where Gy, is the heat capacity flow of chilled water, there is
Gen = MepCp,w (18)

R,j is the equivalent thermal resistance of the j-th air cooler. Since the air cooler is a
cross-flow heat exchanger, its expression is:

NTU,

NTuawj -G aj

awj€

Guaje .
Roj = Tl  NTURY | = 1206 (19)
GaajGawj (e i —e Mj)
where G,, represents the heat capacity flow of the airflow of the j-th air cooler. G,y is
the heat capacity flow of the water flow of the j-th air cooler. NTUq,; and NTU,y; are
dimensionless parameters. Their expressions are:

Glle = machp,wr ] - 1/2/ et /6 (20)
Guaj - maajcp,a/ ] = 1/ 2/ te /6 (21)
i(KA) .
NTUE[‘LU]:(PLI]C(;)QJI]':jllzl"'/6 (22)
awj
NTU,,j = m, i=12--,6 (23)
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where (kA),; is the thermal conductance of the j-th air cooler. ¢,; is the correction factor of
the thermal conductivity of the cross-flow heat exchanger. The calculation of ¢,; requires
the introduction of two dimensionless coefficients P, and U, [29]. The expressions are

as follows:
In[ (1 — Upg;Pej) / (1 — Poj) |

i = /':1/2/"'/6 24
Pl = (1= 1/Uy) In[1+ Uy In(1 - Byy)] " @
Tawjo*Tawji .
Py =20 W i_12...,6 25
“ Tuaj,i_T/zwj,i J ( )
T .. —T. .
Uy = =—=, j=1,2,---,6 (26)

Tawj,o - Tawj,i

The heat transfer constraints of the system heat removal part are established as follows:

Tct,i - Tcw,o = QcRet — €t + QcRyy (27)

where T; is the inlet air temperature of the air-cooling tower, i.e., the atmospheric tem-
perature. ey, and & represent the equivalent thermal potential difference, which can be
expressed as

em = %3 (28)
o = % (29)

where G, represents the heat capacity flow of the water flow of ICC. G represents the
heat capacity flow of the water flow of ACTC. They can be represented as:

Gm = MmCpuw (30)

Get = MetCp,w (31)

where Ry, is the equivalent thermal resistance of the intermediate heat exchanger. R is
the equivalent thermal resistance of the air-cooling tower. The cold side of the air-cooling
tower is assumed to have infinite heat capacity. After the simplification and derivation of
the thermal resistance, their expressions are

Gmeﬂmc _ Gcteamh

Ry = 5
" Gm GCt (e’lmc — eamh> (3 )
Act
Ret = o (33)
GCt (e”ct _ 1)

where amc, dmp, and aq; are dimensionless parameters, which are determined by the follow-
ing relations:

kA,
— : 4
Amc Gur (34)
kA
Ty = " n (35)
m
_ kAct
Act = Guor (36)

where (kA)m is the thermal conductance of the intermediate heat exchanger. (kA).t is the
thermal conductance of the air-cooling tower.
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3.2. Flow Resistance Constraint Model

The variable frequency pumps and fans provide power for the fluid cycling, and their
model can be expressed as [30]:

H = ayw? + aywm + aym? (37)

where H is the pressure head, w is the operating frequency. Ay, a1, and a, are the charac-
teristic parameters, which can be obtained through fitting and regression of experimental
data. m is the mass flow rate. Table 3 shows the characteristic parameters and maximum
deviation of the power components obtained through experiments. The maximum error is
within the allowable range.

Table 3. Characteristic parameters and maximum deviation of the power components.

Maximum

Power Components ay a a, R? Deviation
No. 1 fan 0.00993 —0.14186 —186.506 0.965 6.6%
No. 2 fan 0.00705 1.26833 —508.908 0.999 5.0%
No. 3 fan 0.01541 1.27508 —421.1733 0.997 4.3%
No. 4 fan 0.01616 —2.62011 247.85273 0.993 2.7%
No. 5 fan 0.00986 0.19266 —178.1779 0.984 3.1%
No. 6 fan 0.00896 1.64393 —589.0558 0.929 3.5%
No. 1 CHWC pump 0.0118 0.09784 —16.27054 0.991 6.1%
No. 3 CHWC pump 0.01243 0.02437 —12.02754 0.992 5.1%
ICC pump 0.01074 0.02506 —2.40889 0.995 4.7%
ACTC pump 0.00657 0.26856 —5.6721 0.992 5.4%

Next, the resistance network of the system is analyzed. Based on the pipe network
structure, the pipe network resistance diagram shown in Figure 6 is established [31].

2l dy o

2 ->{ |-

da.’

du dm = m —

I dU" daf
I ~>{ [

. da_v'

== _ Inlermediate

«<-- feooling heat Retrigerator -{H—e-

=5 exchanger A
i , -{[H—-

@ i dro'
->[[H.—-

- - - dﬁ'é

Alr-co(')lmg-?7 tower Int(?rmeFllat('e Chilled water cireuit Cooling air Line
circuit cooling circuit

Figure 6. Schematic diagram of system flow resistance network.

For a fixed pipe network with an unchanged local structure, assuming that the Darcy
coefficient does not change much when the range of working medium flow rate is small,
the pressure head generated by the pipe network flow can be expressed as [32]:

H = dym? (38)

where dj is the dynamic head coefficient of the pipe network. For a fixed pipe network, it is
the property parameter of the pipe network.
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Firstly, for simple structured CAL, ICC, and ACTC, the characteristic parameters can

be directly fitted by measuring the pressure differences corresponding to different mass
flow rates. Table 4 shows the pipe network property parameters and R?.

Table 4. Pipe network characteristic parameters.

Parameters dy (m-s%/kg?) R?
No. 1 airline 482.8 0.952
No. 2 airline 437.1 0.995
No. 3 airline 1054.8 0.998
No. 4 airline 727.8 0.994
No. 5 airline 500.9 0.967
No. 6 airline 1210.6 0.956
ICC 10.1 0.999
ACTC 10.5 0.997

CHWC includes a complex process structure for series/parallel heat exchange sys-

tems, with multiple branch pipe sections and multiple different flow parameters. Due to
the different coefficients of each branch, experimental steps were set up to measure the
mass flow rates of each branch and the pressure differences at both ends of the variable
frequency pump.

@

@)

®)

4)

Keeping the circuit fully open, adjusting the valve to parallel the six heat exchangers,
and measuring the flow rate of each branch and the two ends of the pump under the
condition of 100% frequency operation of the pump. The constraint relationships are
as follows:

H, = domo® + doymo® + dy g0 + dogmos?
= domo? + doymm? + doamop? + d3igs? + dozmos?
= domo® + doymo* + dopmop® + dsiays”

2 2 2 2 (39)
= domg” + doamos” + damayn” + dosMioe
= domg? + doamos® + dosmos® + datmzps® + doemos
= domo? + doamos® + dosmos> + deMawe”

2

Operating the three heat exchangers in parallel in the first branch and closing the
valves in the second branch, there are the following constraints:

Hey = (do + dor)mo?® + dimagn? + dogmos?
= (do + do1)mo? + dopmea? + damaws® + dozmos? (40)
= (do + do1)mo® + doamop® + dstmgys?

Similarly, closing the first branch, and the constraint for the third branch is
Hes = (do + doa)mo® + datmawo® + dosios”

= (do + doa)mo? + dosmos> + damawa® + doeMoe? (41)
= (do + doa)mo® + dosmos® + deMawe?

Finally, only one branch is opened at a time, and its constraint can be written as

Hy = (do + doy + dq + dog) Mgz (42)
Hy = (do + doa + da + dog ) Mau2* (43)
Hz = (do + do1 + dog + da + do3) Mawa® (44)

Hy = (do + doa + dos + da + dog ) Maza® (45)
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Hs = (do + do1 + dop + d5) a5 (46)

He = (do + doa + dos + de) Mawe” (47)

where dy, do1, dop, oz, doa, dos, dos, d1, do, d3, dg, ds, and dg are pipe network characteristic
parameters. H., He1, Hes, H1, Hp, H3, Hy, Hs, and Hg are the pressure heads of each branch.
My, mg1, mop, Moz, Moa, Mos, and mgg are mass flow rates of each branch, which is

My = Mal + Maw2 + Maw3 + Mawa + Maws + Mawe (48)
M1 = Moyl + Maw3 + Maws (49)

Mo2 = Mayw3 + Mays (50)

M3 = Magp1 + Maw3 (51)

Mg = Mgz + Mawa + Mawe (52)

mMos = Maga + Mawe (53)

My = Moy + Mazps (54)

Table 5 shows the pipe network characteristic parameters obtained by fitting exper-
imental data. The maximum error between the experimental value and the fitting value
is 6.3%.

Table 5. Pipe network properties parameters.

Item do do1 doz do3 dog dos dos
value 84.62 94.1 41.02 —1.994 78.2 —0.8533 41.27
Ttem d dy s dy ds de

value 91.38 47.5 —4.038 58.45 5.695 72.43

When the system operates stably, the driving force provided by the power components
should be equal to the flow resistance in the pipe network, and this relationship can be
expressed as

2 2 2 .
00,0jWaqj~ + 01,ajWaajMagj + A2,ajMaaj” = dajmaaj ,Jj=12,---,6 (55)

2 2 2 2 2 2
a0,ch1Wen1~ + A1, Wen1 Mot + ao,cp1Mo1”~ = domo” + do1mor” + dimg” + dogmes”  (56)

2 2 2 2 2 2
a0 ch3Wen3~ + A1,cn3WenaMos + Az cp3Moa” = domo” + doamos” + domgen” + doemos”  (57)

2 2 2
A0,ctWet” + A1, WetMct + A ctMet” = Aot (58)

2 2 2
ao,mWm” + a1,mWmMm + A2 My~ = Aty 59)

where 4 5, 41,45, and a; 5; are characteristic parameters of the j-th ACL fan, w,,; is the
frequency of the j-th ACL fan, d,; is the characteristic parameter of the j-th ACL. ag 1,
a1,.ch1, and ap 1 are characteristic parameters of the No. 1 CHWC pump, wg; is the
frequency of No.1 CHWC pump. agch3, a1,ch3, and ap 3 are characteristic parameters
of No. 3 CHWC pump, w3 is the frequency of No. 3 CHWC pump. agt, a1, and
ay o are characteristic parameters of the ACTC pump, w; is the frequency of the ACTC
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ap

Pre = ap + al(Tcw,o - Tchws) + aZ(Tcw,o - Tchws)2 +a3Qc, + a4Q%h + aS(Tcw,o - Tchws)Qch

a

pump, and d is the characteristic parameter of the ACTC pump. ag m, 41 m and ap , are
characteristic parameters of the ICC pump, wn, is the frequency of the ICC pump, and d.; is

the characteristic parameter of the ICC pump. At this point, the flow resistance model of
the system has been derived.

3.3. Energy Consumption Model of the Refrigerator

The performance characteristics of the refrigerator under different operating conditions
can usually be described in the form of a quadratic function [33]. The energy consumption
of the refrigerator is mainly determined by its refrigerating capacity and is also related to
the temperature difference between the chilled water supply and the cooling water outlet.
So, the energy consumption of a refrigerator can be expressed as:

(60)

where ap—a5 represents the undetermined characteristic coefficient, which can be obtained
through fitting and regression of the operation data.

Since adjusting the mass flow rate of the chilled water loop and cooling water loop
of the condenser can change the operating conditions of the refrigerator, 229 groups of
experiments were carried out by matching different flow rates. The experimental data is
divided into a fitting data set and a validation data set, of which the validation set accounts

for 20% of the total data. A three-dimensional nonlinear surface fitting method is selected
and Figure 7 shows the results.
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Figure 7. Fitting effect diagram.

Figure 8 shows the deviations between the validation group data and the fitting values.
Table 6 shows the characteristic parameters, fitting similarity R?, and the deviation between
experimental data and fitting data. The fitting similarity R? is 0.984, and the maximum

deviation is 2.7%. Therefore, the prediction model can reflect the operating characteristics
of the refrigerator commendably.

Table 6. Performance parameters of refrigerator, R? and Smax.

2986.3

53.9

az as ag as R? Smax

1.14 -0.132 7.588 x 107° —0.00248 0.984 2.7%
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Figure 8. Comparison between fitting value and experimental value.

3.4. Artificial Neural Network Model for Predicting Thermal Conductivity of Heat Exchangers

The thermal conductivity (kA) of heat exchangers reflects its heat transfer capacity
and is one of the important parameters for solving heat transfer models. In a fixed heat
exchanger, kA is mostly related to the fluid flow rate on the cold and hot sides. Assuming
that the thermophysical properties of the fluid remain unchanged, there is a complex
nonlinear relationship between kA and the mass flow rate of the cold and hot side fluid.
Based on the experimental data, this paper establishes a neural network model with the
flow rate of cold and hot side fluid of the heat exchanger as the input variable and kA as
the output variable.

Firstly, 140 sets of experimental data were divided into training, testing, and validation
sets in a ratio of 7:1.5:1.5. The two neurons in the input layer are the mass flow rates of hot
and cold fluids, and one neuron in the output layer is kA of the heat exchanger. Set the
hidden layer to 9 layers. Normalization and denormalization of the dataset can improve
training accuracy. The Levenberg-Marquardt method was used for training, and the model
was trained multiple times to achieve optimal results. Following a similar method, neural
network modeling was performed on other heat exchangers. Table 7 shows the R? of
heat exchangers.

Table 7. R? of heat exchangers.

Parameters

(kA)al

(kA) a2 (kA)as3 (kA)aq (kA) a5 (kA) a6 (kA)m (kA)ct

RZ

0.964

0.946 0.971 0.938 0.985 0.967 0.953 0.943

3.5. Objective Function and Optimization Model

This research aims to optimize the system with the lowest total energy consumption,
which is
minPtOtal = min(Pi'e "‘Ppump)/ ]: 1/2/' : '/6 (61)

6
Ppump = Y, Paj+ Pep1 + Pz + P + Pet, j= 1,2, -+ ,6 (62)
=1
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where Ppump is the total pump power of all power components, Py(j =1, 2, ..., 10) is the
power of the j-th ACL fan. P, is the power of the No.1 CHWC pump, P3 is the power of
the No.3 CHWC pump, P, is the power of the ICC pump, and P is the power of the ACTC
pump, their expressions are

Py = MagigHaj, j= 1,2, ,6 (63)
Pey = mo18§Hem (64)

Pepz = moagHcnz (65)

Pt = megHet (66)

Py = mugHet (67)

where g is the acceleration of gravity. H,j is the pressure head of the j-th ACL fan. Hyy
is the pressure head of the No. 1 CHWC pump, H,; is the pressure head of the No. 3
CHWC pump, Hy, is the pressure head of the ICC pump, and H; is the pressure head of the
ACTC pump.

For this refrigeration and ventilation system experimental platform, when the system
structure remains unchanged, that is, when the flow resistance characteristic parameters of
each circulation circuit remain unchanged, optimizing the working frequency of each power
component under given heat load conditions can make the refrigerator and even the system
operate in the optimal working state, thereby minimizing the total energy consumption
of the system (61). Therefore, taking the total energy consumption of the heat exchange
system as the optimization goal, combined with the overall heat transfer constraints (16)
and (27) and flow constraints of the system (39)-(54), the Lagrange multiplier method is
used for optimization calculation. The Lagrange function constructed is as follows:

F= Pre+ZPa]+Pch1+Pch3+Pm+PCt+Pch

—|—lamd111( aal,i —
aa2,i —

+lamday (T,
+lamdas (T,
+lamday(Taasi —
+lamdas (T,
+lamdae(T,
+lamday (Ty; —

aa3,i —

aab5,i —
aa6b,i —
Tcw 0

chws

chws -
chws -
chws -

chws -

chws

Ra5 Qus (68)

a6 Qa6)

QcRct + €t — QcRm)

+lamdag (dgmo? + doymo* + dopmep? + datgys® + dosmos® — (domo + dormm? + dopmop? + dstigys?) )
+lamdag (dgmo® + doyme1® + d1mgun® + dogmos® — (domo? + dormor? + doamop? + dsimgys?))

+lamdayg (domo® + doamos® + dosmos? + damawa® + dostos® — (domo® + doamos® + dosmos? + deMawe?) )
+lamdayy (domo® + doamos® + domgun® + dosios® — (domo® + doammos® + dosmos® + demmawe?) ) j=1,2,++,6

where lamday(k =1, 2, ..., 10) are Lagrange multipliers.

By combining Equations (55)—(59) and (62)—(67) with the Lagrange function (68) and
making the partial derivatives of the equation with respect to Waaj, Wm, Wet, Mawj, and
lamda, equal to zero, the following optimization equations can be obtained:

oF

ax = 0 Xn € { Waaj, Wm, wet, Mygj, lamday }j=1,2,---,6,k=1,2,---,11  (69)
n

The equation group 64 contains 25 equations and 25 unknowns. Solving the equation
group can obtain the operating frequencies of each power component with the lowest
total power consumption of the system. Figure 9 shows the flowchart of the optimization
solution. Firstly, the boundary conditions of the system, such as temperature, heat transfer,
and other parameters, are given. Then, initial values are assigned to the solving objective.
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During the iteration process, kA and the energy consumption of the refrigerator are updated
at any time. Finally, if the final error meets the requirements, the optimization results can

be output.

Initial @y, W, @ Mayy and lamday

¥

Give the boundary conditions, O, T, k4
v

Solving equations

v

Neural network model predicts kA
Refrigerator power consumption model predicts power

v

Calculate iteration error E: kA-kA; e
Calculate iteration error Es: Pro-Pre new

E,<0.05&E,<0.05

Get the value of @), O, Ocr, M

¥

Calculate @1, Wenz, Protal

¥

End

Figure 9. Optimization solution flowchart.

4. Results and Discussion

This section first optimizes the system under a certain heat transfer rate and verifies
the accuracy of the method through experiments. Then, the adaptability of the optimization
method under different operating conditions is discussed.

4.1. Optimization Results and Experimental Verification

Table 8 shows the initial temperature boundary values. The frequencies of pumps and
fans are set to 40 Hz.

Table 8. Boundary temperature (K).

Taal,i

Taa2,i

Taa3,i Taa4,i Taa5,i Taa6,i Tchws TCW,O Tct,i

298.4

301

301.7 303.3 305 305 280.0 295.8 284.6

After optimization under the same boundary condition, the frequencies of the power
components are shown in Table 9 The minimum total energy consumption of the system is
3690.4 W, among them, the energy consumption of the refrigerator accounts for the majority.
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Table 9. Optimal frequencies optimization of system power components (Hz).

Wa2 Wa3 Wagq Was Wae We1 We3 Wm Wet

Opt.

36.9

25.0 26.0 44.2 26.8 36.2 27.4 30.2 459 27.9

Table 10 shows the variations of the power consumption and heat transfer rate before
and after optimization. After optimization, the total power consumption of all pumps
(Ppump) decreases by 39.1%, the energy consumption of the refrigerator saves by 11.4%,
and the total power consumption of the system (P¢) drops by 16.5%. Due to the decrease
in power consumption of the refrigerator, according to Formula (6), the total heat transfer
rate of the system decreases by 3.35%, which slows down the cooling pressure of the
intermediate heat exchanger and air-cooling tower. The COP of the refrigerator increases
by 11.6%.

Table 10. Change of system power consumption and heat transfer rate.

Ppump (W) Pre (W) Py (W) cor Qc (W)

Pre. 816.5 3600 4416.5 2.52 12,700
Opt. 497.3 3193.1 3690.4 2.85 12,293.1
Deviation —39.1% —11.4% —16.5% 11.6% —3.3%

The optimal frequencies of power components are inputted into the experimental
platform to verify the accuracy of the optimization by comparing the experimental and
optimized values. Recording the data after the stable operation of the experimental platform.
Table 11 shows that the maximum deviation of the thermal conductivity is 7.7%, which is
within the allowable range of error.

Table 11. Heat conductance of heat exchanger (W /K).

(kA) a1

(kA)a2 (kA)a3 (kA)ag (kA)as5 (kA)a6 (kA)m (kA)ct

Opt.
Exp.
Deviation

88.8
82.6
7.5%

89.2 98.0 108.8 99.5 158.1 1667.9 5612.9
93.8 95.4 102.4 91.9 149.5 1731.4 5294.4
5.2% 2.7% 5.9% 7.7% 5.5% 3.7% 5.7%

Table 12 shows the deviations of heat transfer rate at each node and energy consump-
tion of the refrigerator. It can be seen that the maximum deviation of the heat transfer
rate is 8.8%, and the error in the heat transfer rate at each node is within an acceptable
range. The error in energy consumption of the refrigerator is 2.8%, which validates the
optimization model.

Table 12. Heat transfer rate and energy consumption of the refrigerator (W).

Qal

QaZ Qa3 Qa4 QaS Qa6 Qch Pre Qc

Opt.
Exp.
Deviation

1200
1095
8.8%

1200 1400 1600 1400 2300 9100 3193.1 12,293.1
1240 1278 1625 1312 2464 8820 3285.0 13,393.0
3.4% 8.8% 1.6% 6.3% 7.2% 3.1% 2.8% 8.3%

4.2. The Variation Law of Optimal Operating Parameters under Variable Heat Load

The change in heat transfer rate of the air cooler affects the total heat transfer rate of
the system. This section discusses the optimal frequency of the system under different heat
transfer rates by changing the heat transfer rate of the air cooler. The No. 1, No. 3, and
No. 5 air coolers belong to a chilled water circuit, which is connected in parallel with the
chilled water circuits of the No. 2, No. 4, and No. 6 air coolers. So, the No. 5 and No. 6 air
coolers were selected for discussion.



Energies 2023, 16, 6626

18 of 21

Firstly, the heat transfer rate of the No. 5 air cooler is set from 1250 to 1600 W, and
the total heat transfer rate of the system changes accordingly. The trends of the optimized
operating frequency of the system power components are shown in Figure 10. It can be
seen that the change in the heat exchange rate of the No. 5 air cooler has the greatest impact
on the No. 5 fan, with its frequency increasing from 14.2 Hz to 32.4 Hz, followed by the
frequency of the No. 1 chilled water pump increasing from 17.3 Hz to 32.3 Hz. In other
words, due to the increase in heat transfer rate of the air cooler, the flow rate on both sides
needs to increase to match the heat transfer rate of the air cooler. At the same time, the
frequency of the intermediate cooling circuit pump and the cooling tower circuit pump
increases to improve the heat transfer capacity of the system.
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Figure 10. Optimal frequency of system power components under different heat loads. (a) Frequency
variation of 6 air coolers. (b) Frequency variation of each circulating water pump.

By changing the heat transfer rate of the No. 6 air cooler, the trends of the optimized
operating frequency of the system power components are shown in Figure 11. It can be
seen that with the change in heat transfer rate of the No. 6 air cooler, the impact of the
No. 6 fan is the greatest, increasing from 30.4 Hz to 44.3 Hz, followed by the frequency of
No. 3 chilled water pump increasing from 28.9 Hz to 34.4 Hz. The optimized pattern is
similar to the optimization conclusion of the No. 5 air cooler. The frequency variation of
other pumps has no obvious pattern.
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Figure 11. Optimal frequency of system power components under different heat loads. (a) Frequency
variation of 6 air coolers. (b) Frequency variation of each circulating water pump.
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5. Conclusions

In this study, a refrigeration and ventilation experimental platform as well as its oper-
ation optimization were carried out to solve the serious thermal damage problems in deep
metal mines. The heat current method is used to analyze the heat transfer process of the
system. With the goal of minimizing the total power consumption of the system, combining
the energy consumption model of refrigeration established the optimization model.

The optimization results show that the total power consumption of such power compo-
nents as fans and pumps was reduced by 39.1%, the power consumption of the refrigerator
saved by 11.4%, and the total energy consumption of the system saved by 16.5%. Mean-
while, the total heat transfer rate of the system was reduced by 3.35%, and the COP of the
refrigerator was reduced by 11.6%. The optimization results significantly improve the oper-
ating efficiency of the refrigerator while reducing the cooling load of the heat exchanger.
The comparison between the optimized value and the experimental value shows that
the maximum deviation of heat transfer rate is 8.8%, the maximum deviation of thermal
conductivity is 7.7%, and the maximum deviation of energy consumption of the refrigerator
is 2.8%, all of which are within the allowable range of error. This optimization method
can reduce systematic energy consumption and improve the operating efficiency of the
refrigerator while meeting the cooling load of the system. The modeling and optimization
ideas have important guiding significance for related systems, and the optimization results
have played a role in energy conservation and consumption reduction.
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Nomenclature

a Performance characteristic parameters of power components (variable frequency
pump or variable frequency fan)

A Heat transfer area, m?

ACTC Air-cooling tower circuit

CHWC Chilled water circuit

CAL Cooling airline

cor The coefficient of performance of the refrigerator

Cp Constant pressure specific heat, (J/(kg-K))

H Pressure head, m

ICC intermediate cooling circuit

g Acceleration of gravity, m/s?

G Entransy, J-K; Heat capacity flow, W/K

k Heat transfer coefficient, W/(K-m?)

kA Thermal conductance, W/K

KCL Kirchhoff’s circuit law

KVL Kirchhoff’s voltage law

lamda Lagrange multiplier

m Mass flow rate, kg/s

NTU Number of heat transfer units
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1Y Density, kg/m3
P Pressure, Pa
P Power, W
Q Heat transfer rate, W
Qu Heat transfer rate of air coolers, W
Qe Total refrigeration capacity of the refrigerator, W
Qct Heat transfer rate of air-cooling tower, W
Qm Heat transfer rate of the intermediate heat exchanger/total heat transfer rate of
system, W
R Equivalent thermal resistance, K/W
R Entransy dissipation-based thermal resistance, K/W
T Temperature, K or °C
ATy, Logarithm mean temperature difference, K
u Uncertainty
w Operating frequency of power components, Hz
w Power consumption, W
o Deviation
€ Equivalent thermal potential difference
Subscripts
a Air
c Condensation process; condenser
cal Calculated value
cr Refrigerant
ch, chw Chilled water
chws Chilled water supply
chwr Chilled water return
ct Air-cooling tower cooling circuit/air-cooling tower
cw Cooling water
cws Cooling water supply
cwr Cooling water return
e Evaporation process/evaporator
exp Experimental value
fit Fitting value
h Hot side; hot fluid
i Inlet
m Intermediate cooling circuit/intermediate heat exchanger
0 Outlet
re Refrigerator
w Water
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