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Abstract: Mine cooling and refrigeration system to deal
with the heat hazard is well developed, but the mine air
cooler which serves as the most important terminal equip-
ment is relatively backward. The severe heat hazard and
urgent cooling demand in deep underground mines neces-
sitate further improvement of cooling capacity and effec-
tiveness under strict requirements such as being compact,
portable, nontoxic, and no-pollution. The thermoelectric
(TE) energy conversion technology has great potential in
cooling and miniaturization applications, which can meet
the strict requirements of the underground mine cooling
devices. Yet, a research gap exists in integrating TE energy
conversion technology with the traditional air-cooling
heat exchanger to the best of our knowledge. In this
work, a hybrid utilization of TE and the helically coiled
tube heat exchanger (HCEX) is proposed for air cooling at
the working face of underground mine. The advantage of
the TE-integrated HCEX lies in the combination of the heat
transfer enhancement effect by secondary flow induced
inside the helically coiled tube and the solid-state Peltier
cooling effect by the TE module positioned on the external
shell wall of the heat exchanger, which can potentially
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improve the air-cooling capacity without occupying large
space. A numerical simulation of the fluid-thermal-elec-
tric multiphysics field is performed to investigate the
cooling rate and the effectiveness of the TE-integrated
HCEX. Results show that additional cooling power can
be effectively provided by TE. As the filling ratio (FR) of
TE module on the external shell wall increases from 50
to 100%, the air-cooling capacity continuously increases,
performing better than that of the conventional HCEX.
The effect of air inlet temperature and inlet velocity on
the cooling performance is investigated for the best
design of the TE-integrated HCEX with FR of 100%.
When the inlet temperature of air increases from 303.15
to 313.15K under constant inlet velocity, the cooling rate
increases and cooling effectiveness decreases. Also, the
cooling rate increases and the cooling effectiveness
decreases when the inlet velocity of air increases from
10 to 25m s under constant inlet temperature. Within
the simulated range of air inlet conditions in this work,
the maximum total cooling rate Qc ota; at optimal current
of 6 A for the TE-integrated HCEX results in an enhance-
ment of 49.8 to 35.0% compared to the conventional
HCEX. The maximum cooling effectiveness at optimal
current of 6A is 21.73-26.49% for the TE-integrated
HCEX, which is higher than the effectiveness of the con-
ventional HCEX of 15.74-18.24%.

Keywords: thermoelectric cooling, helically coiled tube
heat exchanger, underground mine air cooler, fluid-thermal-
electric, multiphysics numerical simulation

Nomenclature

A area (m?

Cp specific heat capacity (J kg ' K™)

Deoil winding diameter of coil (m)

Dy hydraulic diameter of the flow channel (m)
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circumscribed circle diameter of hexadecagon
shell of the heat exchanger (m)

external diameter of the helically coiled tube (m)
flow resistance coefficient

convective heat transfer coefficient (Wm™2K™?)
effective heat exchange height (m)

current provided to the thermoelectric

module (A)

current density vector (Am?)

current density at terminal-in of the thermoelec-
tric module (Am™?)

turbulent kinetic energy (m*s )

flow length of water-cooling flow channel (m)
side length of the hexadecagon shell (m)

length of thermoelectric leg (m)

mass flow rate of air (kgs ™)

row number for the layout position of the ther-
moelectric module

column number for the layout position of the
thermoelectric module

pair number of p- and n-type of thermoelec-
tric legs

Nusselt number

pressure (Pa)

Prandtl number

input electrical power to the thermoelectric
module (W)

longitudinal pitch of the helically coiled tube (m)
cooling rate contributed by thermoelectric (W)
total cooling rate of the TE-integrated helically
coiled heat exchanger (W)

Reynolds number

Temperature (K)

velocity vector (ms™)

volume flow rate of water (m3s™)

Ohmic electrostatic potential (V)

coordinate directions (m)

Greek symbols

a

B

6layer

Ap
€

Eoverall

Jli

Seebeck coefficient (VK™)

helix angle (°)

distance of center axis between adjacent layers of
helically coiled tubes (m)

pressure drop (Pa)

dissipation rate of turbulent kinetic

energy (m*s)

cooling effectiveness (%)

dynamic viscosity (Pa s)
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LUy turbulent viscosity (Pas)

A thermal conductivity (Wm™K™)

p density (kg m™)

Pe electrical resistivity (2 m)

g electrical conductivity (S mY

Subscripts

air air fluid

c cold side

E equivalent

f fluid

h hot side

i ith p-type or n-type TE leg

in inlet

leg one single TE leg

n n-type thermoelectric material

& normal direction

out outlet

p p-type thermoelectric material

S solid

shell  shell side

tube helically coiled tube

w wall/water-cooling dissipator

Abbreviations

BC boundary condition

COPg coefficient of performance for thermoelectric
module

FR filling ratio

HCEX helically coiled tube heat exchanger

SIMPLE  semi-implicit method for pressure linked
equations

TE thermoelectric

UDF user defined function

1 Introduction

According to mid-year report on coal for 2024 of the
International Energy Agency, the global coal demand in
2023 grew by 2.6% and reached an all-time high [1]. Such
global coal consumption grew in sectors such as electricity
generation and industrial area has promoted rapid devel-

opment

of coal mining industry. The sustained growth

of exploitation depth and intensity in the main coal-
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producing countries and regions has raised the problem of
heat hazard in underground mines [2,3]. The hot working
face causes extremely poor thermal comfort for miners,
resulting in decreased body function and declined work
efficiency [4]. It also seriously affects the process safety
and production efficiency of coal mine. Therefore, the pre-
vention and control of heat hazard in the underground
mines has become a key issue for modern deep mining
technology. Development of more efficient cooling tech-
nique to satisfy the demand of higher cooling capacity in
the deep underground mine is in urgent need [5].

An underground mine air cooling system is typically
comprised of ground cooling tower at the ground, refrig-
erator at the ground or underground, along with air
coolers that serve as terminal equipment near working
face [6,7]. The air cooler is usually used through achieving
heat exchange between the hot air and the cold water.
Nowadays, the cooling and refrigeration system of the
underground mine is well developed [8], whereas the
development of advanced mine air coolers is relatively
backward. Heat exchangers are widely used equipment
where two or more working mediums exchange thermal
energy [9], and heat transfer enhancement technique is
significant for heat exchangers [10]. Conventional under-
ground mine air coolers have been served by the shell-and-
tube heat exchanger or the plate-type heat exchanger [11]
to achieve heat exchange between hot air and cold water.
Among them, the helically coiled tube heat exchanger
(HCEX) with heat transfer enhancement effect via sec-
ondary flow inside the helically coiled tubes has been
widely used in the field of underground mines in recent
years. As the most important heat exchange unit, the
thermal-hydraulic performance of the HCEX has been
investigated under different structural parameters and
hydrothermal conditions. For instance, Wang et al [12]
numerically and experimentally investigated the shell side
heat transfer and fluid flow performance of HCEX for deep
underground space. The elliptical tube is employed and the
impact of air velocity, air temperature, coil diameter, pitch,
and elliptical tube aspect ratio on thermohydraulic perfor-
mance of the HCEX is investigated. Still, the severe heat
hazard and urgent cooling demand in deep underground
mines desiderate further improvement for the heat
exchange equipment with better air-cooling performance
under strict requirements including structural compact-
ness, high heat transfer efficiency, portability, non-toxicity,
and pollution-free operation.

In recent years, the solid-state thermoelectric (TE)
energy conversion technique has attracted widespread
attention, which owns plenty of merits such as free moving
parts, reliable, durable, compact in size, light in weight,
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portable, fast response, no noise, and no pollution. The
conversion between thermal and electrical energy includes
both the use of thermal energy to generate electricity or
the use of electrical energy to cool or heat directly [13]. The
prominent and indispensable merits of the TE energy con-
version technology make it competitive in many practical
applications. Also, the undergoing endeavors in improving
material-level, device-level, and system-level performance
for TE energy conversion technology drive it to further
extensive applications [14]. Early TE technology was mostly
applied in several special or high-tech fields, such as TE
power supply for microwave relay stations in unmanned
areas and the isotope TE power generator for deep space
exploration. Now, it has been widely applied in industrial
and civil applications, such as solar power [15-18], fuel cell
heat recovery and cooling [19], electronic heat dissipation
[20], precise temperature control [21], automotive exhaust heat
recovery [22] and air conditioning [23,24], direct heating/cooling
for building [25-27], and personal thermal management [28,29].
For example, Sheikholeslami et al [15,16] numerically investi-
gated the performance of the photovoltaic-thermal and ther-
moelectric generator (PVI-TEG) unit. Various enhancement
configurations for cooling unit, including the helical tape, nano-
fluid flow, and confined jet techniques, were employed to
improve the system energy conversion performance. The influ-
ence of environmental parameters and dust deposition on
energy efficiency of PVT system combined with a reflector
supported by nanofluid filter and a sustainable TEG were ana-
lyzed in detail [17]. Cai et al [18] performed thermodynamic
and exergoeconomic analysis on the potential of concentrated
PV-TE cooling and PV-TE generation systems. Qin et al. [19]
proposed a duplex TE cooler and integrated it to the proton
exchange membrane fuel cell to co-generate electricity and
cooling. The feasibility and effectiveness of the proposed
system configuration were verified by establishing a mathema-
tical model. Gong et al. [20] performed a system-level optimiza-
tion for the on-chip cooling performance of a TE cooler.
Singh et al [21] employed the TE cooler to actively maintain
the temperature of detector within the requested range
throughout its operation period. System-level modeling
with effective TE properties was performed to model
the cooling performance of the TE cooler, and the influ-
ence of the TE cooler set point, structure parameters of
the radiator at the heat rejection side, heat load, and duty
cycle on the cooler efficacy were examined. Luo et al. [22]
proposed a heat recovery system for automobile exhaust
gases by using TE technology and numerically predicted
the transient behavior for this TE generator. Kim et al.
[24] put forward a TE air conditioning system for the
vehicle, which can deliver cold air at the backseat from
the ceiling, and the power required for the TE air
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conditioning system was converted by a TE generator
which utilized the car exhaust heat. Su et al. [27] proposed
a novel building envelope integrated with TE cooler and
radiative sky cooler (TEC-RSC) and established a numer-
ical model for the TEC-RSC. Xu et al. [29] designed a water-
based TE cooling garment for personal cooling and the
experimental test proved that the TE cooling garment
could promptly cool down the microclimate of clothing.

From the literature review, it can be seen that the
simple, compact, small, and reliable merits of the TE
energy conversion technology have made it a great poten-
tial in the cooling and miniaturization applications. Yet, it
has not been practically applied in underground mine tem-
perature adjustment at present to the best of our knowledge.
A research gap exists in integrating TE energy conversion
technology with traditional heat exchanger system to meet
the compact, efficient, and environmentally friendly require-
ments of the underground mine cooling devices. This study
aims to fill the research gap by introducing a novel integra-
tion of TE module with a HCEX, a combination that has not
been explored before. The advantage lies in its combination
of the heat transfer enhancement effect by secondary flow
induced inside helically coiled tubes and the solid-state Peltier
cooling effect by TE modules on the external wall of the HCEX
for air cooling, which can potentially improve cooling capa-
city without introducing obvious space requirements. To
investigate the feasibility of the proposed new device, the
numerical method is utilized so as to analyze the coupling
thermal-hydraulic and thermal-electric energy conversion
performance. A numerical model for the three-dimensional
(3D) fluid-thermal-electric multiphysics field is established
to analyze the cooling capacity of the TE-integrated HCEX.
The cooling performance enhancement degree is analyzed
by comparing it with the conventional HCEX without TE
modules.

2 Numerical method

2.1 Physical model
2.1.1 System description

Figure 1 depicts the proposed TE-integrated HCEX used for
air cooling in underground mines. As can be seen from
Figure 1(a), the air cooler works as the terminal device to
achieve cold air near the working face in the generally
used cooling and refrigeration system in underground
mine. The proposed hybrid TE-integrated HCEX shown in
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Figure 1(b) plays the role of the air cooler in the cooling
and refrigeration system in underground mine. It is com-
posed of the HCEX, a series of TE modules, and the heat
dissipator attached at the heat rejection side of the TE
modules. In the TE-integrated HCEX, hot air is introduced
into the shell side flow passage, and the cold water is sup-
plied to the helically coiled tubes. The shell side hot air is
cooled by both the cold water inside the helically coiled
tubes through forced convection heat transportation as
well as by the TE modules through the Peltier cooling
effect.

The explosive view in Figure 1(c) shows the main com-
ponents of the TE-integrated HCEX system. A typical TE
module comprises lots of pairs of p-type and n-type legs,
conductive metals and two electrically insulting ceramic
layers. The p-type and n-type semiconductors are con-
nected thermally in paralle]l between the hot and cold
ceramic layers, and electrically in series by the intercon-
nect conductive metals to receive the current from the
external power supply. The cold side of TE modules is
attached to the external shell wall of the HCEX, which is
designed as a hexadecagon to better fit the square bulk TE
modules to be attached. Meanwhile, as the TE module gen-
erally works with two heat exchangers attached to its hot
and cold sides in order to enhance heat transfer and TE
conversion performance, the hot side of the TE module
need to dissipate heat to create a temperature gradient
across the TE module via convective heat dissipator such
as air-cooled heat sink by fan and pumped water-cooled
channels by pumps. Considering that the underground air
temperature is high and the cold-water cooling pipeline
readily exists in the underground mine air cooling system,
we herein use the water-cooling heat dissipator to remove
heat at the hot side of the TE module. The water-cooling
heat dissipator is represented by a series of rectangular
fluid channel attached at the cold side of each column of
TE module in Figure 1(c). Due to the TE effects, when elec-
trical current is supplied, heat is extracted from the cold
side of the TE module, which is attached to the object to be
cooled, i.e., attached to the external shell wall of the heli-
cally coiled heat exchanger in this work, resulting in addi-
tional TE cooling capacity [30]. In this way, it is expected to
improve the air-cooling capacity for the terminal air cooler
used inside the confined space of the underground mine.

2.1.2 Geometrical parameters of system components
Figure 2 depicts the geometrical characteristics of the phy-

sical model of the conventional HCEX and the TE-inte-
grated HCEX. The conventional HCEX without TE module
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Figure 1: Illustration of the TE-integrated HCEX used for air cooling in underground mines. (a) Typical mine air cooling system. (b) Proposed TE-

integrated HCEX as air cooler. (c) Explosive view of TE-integrated HCEX.

is regarded as the baseline system. Figure 2(a) shows the
geometrical structure of the conventional HCEX without TE
module. The circumscribed circle diameter of the hexade-
cagon shell, Dgpep, is 228.388 mm. The side length of the
hexadecagon shell, Lgge, is 44.556 mm. The effective heat
exchange length of the HCEX, H, is 320 mm. The outer dia-
meter of the helically coiled tube, D, is 12 mm. The long-
itudinal pitch of the helically coiled tube, P}, is 19 mm. The
helix angle of the heat exchange tube, f3, is 6°. The winding
diameter of one coil, D, is 60 mm. Two layers of coiled
tubes are considered in this work. There is one helically
coiled tube in the innermost layer. Five helically coiled
tubes are utilized in the second layer. They are coaxially
arrayed along the radial direction in a symmetrical

manner. The distance of the center axis between adjacent
layers of coils, Sjayer, is 74 mm. The heat exchange tubes
are made of copper.

Figure 2(b) depicts the geometrical structure of the TE-
integrated HCEX. The specification for a TE module is 40 x
40 x 3.8 mm>. One TE module is comprised of 127 pairs of
TE pellets. The TE material layer, ceramic substrate, and
electrode are set as 1.6, 0.8, and 0.3mm in thickness,
respectively. The TE materials considered in this work
are Bi,Tes, which is widely used commercially.

The filling ratio (FR) of the TE module is varied in this
work so as to investigate its effect on the air-cooling per-
formance, which is discussed in detail in Section 3. This
work considers the TE layout designs including partially



6 = XingLuetal DE GRUYTER

Radial numbering
for hexadecagon

— = edges of shell
ias =

- D=

a4 D=

<§ 5D A
@ D i\

E a DD \
& o= s
E ] DD

=Ensd »
S8 DD " Ns

helical coil

Radial numbering for
hexadecagon edges of shell and
3 the filled TE modules

({7 TGS (RE A LRI Leeiea) [ ene] By i) I

- Ml
M, :

) M; | streamwise \ -N4
M, numbering \

H|- ‘A'/; " [ forTE

- =3 modules Ny
M
M, /
My " N, 6

Radial numbering for

Radial numbering for hexadecagon edges of shell and

hexadecagon edges of shell and

\ the filled TE modules the filled TE modules
\\ \
Nis | N Nis Nj
{/ N f/ Né
N, 6
75% FR 100% FR

(®)

Figure 2: Geometrical parameters of the HCEX with and without integration of TE modules for air cooling in underground mine. (a) Conventional HCEX
without thermoelectric. (b) TE-integrated HCEX with FR varying from 50 to 100%.
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filled along the streamwise direction with FR of 50 and
75%, and fully filled TE modules with FR of 100%. The
conventional HCEX, represented as Case 1, is regarded as
the baseline case for comparison analysis. Each TE module
sequence on the same hexadecagon side of the shell is
series connected for electricity, and the adjacent two sequences
of the TE modules mounted at the hexadecagon sides of the
shell are parallel connected for electric.

For the TE-integrated HCEX, the position matrix for the
TE module is represented by M for row and N for column,
respectively. Under the condition of FR of 50% (Case 2), the
layout of the TE modules, M x N, is 8 x 8, i.e., totally 64
pieces of TE modules. The layout position is symmetrically
set on rows from M; to Mg at the hexadecagon sides Ny, N3,
Ns, N7, Ny, Ny1, Ny3, and Nys, with the other sides, i.e., N, Ny,
Ng, Ng, Nyg, N1y, Niy, and Nyg, are free of TEs. Under the
condition of partially filled TEs along streamwise direction
with FR 75% (Case 3), the layout of the TEs, M x N, is 8 x 12,
i.e., totally 96 pieces of TE modules. The layout position is
symmetrically set on rows from M; to Mg at hexadecagon
sides N, to Ny, Ng to Ng, Ny to Ny, and Ny, to Nyg, with the
other sides (sides Ny, N5, Ny, and Ni3) are free of TEs. Under
the condition of fully filled TE with FR of 100% (Case 4), the
layout of the TEs, M x N, is 8 x 16, and the total number of
the TE module is 128. That is, the external wall of the
hexadecagon shell is all filled with TEs. The rectangular
flow channel of the water-cooling dissipater attached to
each column of TE module has same effective heat
exchange length, H, as the hot side shell of the HCEX. The
inner width of the rectangular flow channel is equivalent
to the width of the TE module, which is 40 mm. The height
of the rectangular flow channel is set as 5 mm. The mate-
rial of the water-cooling heat dissipator is assumed to be
made of aluminum.

2.2 Numerical implementation

For the system with the solid-state thermoelectrical mod-
ules, the thermal-electric conversion performance must
be taken into consideration. Moreover, the incorporation
of the helically coiled tube heat exchanger and the TE
modules lead to a more complex thermal-hydraulic and
thermal-electrical energy conversion process. Therefore,
the evaluation of the fluid-thermal-electrical multiphysics
performance of the TE-integrated HCEX is performed by
coupling solving the 3D partial differential equations for
the fluid, thermal, and electrical fields for the TE-inte-
grated HCEX system. Among the different modeling tech-
niques [31-33] for TE conversion problems including the
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standard simplified energy balance model, 1D model, 3D
numerical full model, and 3D numerical equivalent model,
this work employs the 3D numerical equivalent model.
This is because the 3D numerical equivalent model can
not only simulate the complex turbulent thermal-hydraulic
behavior inside the passage of helically coiled heat exchanger
but also the thermal and energy conversion within the solid
TE module. Meanwhile, consider that there are 64-128 pieces
of TE modules attached at external wall of the HCEX when the
FR increases from 50 to 100%, with each piece of TE module
containing 127 pairs of semiconductor legs. The number of
full coupled legs are 8,128-16,256 pairs. Hence, to effectively
deal with the model with such large amount of semicon-
ductor legs, 3D numerical equivalent model is necessarily
adopted in this work as proposed by previous research
works. The equivalent thermal-electrical property for the
TE module can reflect the overall TE conversion perfor-
mance. In this approach, each TE module containing Np,
pairs of p-type and n-type legs is lumped as one pair of leg
(same height and total cross-sectional filling area) with
equivalent property parameters derived by energy equili-
brium considering Peltier effect, heat conduction, and Joule
heating effect within the TE module. The governing equa-
tions to calculate the TE conversion phenomenon for the TE
domain and the equivalent physical property parameters of
the TE module are described in detail below.

2.2.1 Governing equations

As the focus of this work is to investigate the feasibility of
improving the cooling capability for the conventional heli-
cally coiled tube heat exchanger by TE module with the
energy transportation process mentioned above, the fol-
lowing approximations have been considered for the fluid-
thermal-electric modeling:

1) The simulation of the hybrid TE-integrated HCEX in
dehumidifying condition is considered in the present
work. The thermal property parameters of dry air fluids
are constant.

2) The air fluid flow through the HCEX is steady, fully
developed turbulent, and incompressible.

3) The convective heat exchange in the rectangular cooling
channel at the heat dissipation side of TE module as well
as the tube side water-cooling inside the HCEX is repre-
sented by the third kind of boundary condition (BC).

4) The electrical resistivity and thermal conductivity of
welding solder are considered to be negligible.

5) The hybrid TE-integrated HCEX is insulated from the
external environment thermally and electrically at all
the side walls.
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The governing equations of the simulation domain for
the required solution of fluid, thermal, and electrical fields
include mass, momentum, energy, turbulent kinetic energy
and energy dissipation rate, electrical current, and voltage
equations. The mass, momentum, and energy conservation
equations [34] for the fluid domain in the hot side air fluid
channel are as follows:

Mass:
V-u=0. (4]
Momentum:
p(u -Vu) = -Vp + uvu. )
Energy:
A
p(u -VT) = V- [—VT|, 3)
)

where u is the velocity vector, m s7L Tis the temperature,
K. p represents the pressure, Pa. p is density of air fluid,
kg m~>. A is the thermal conductivity of air fluid, Wm ™ K™
u is the dynamic viscosity, Pas. ¢, is the specific heat capa-
city, Jkg ' K%,

In some similar studies, various options of k—¢ turbu-
lence model were successfully applied for HCEXs. Among
them, the k—& model (realizable) can improve the flow with
higher strain rate and curve of flow stream, and thus
improve the prediction precision of spiral flow. Our pre-
vious work [35] on model validation results for a spirally
wound HCEX demonstrate that the k—¢ model (realizable)
is valid, which is in accordance with the modeling method
reported by Zhou et al. [36] who also found that the k—¢
model (realizable) can be employed in reasonably numer-
ical prediction on thermal-hydraulic performance of shell
side performance of HCEXs. Therefore, for the turbulence
model of the air fluid inside the shell of the HCEX, the k-¢
model (realizable) is adopted in the following numerical
calculations to investigate the fluid flow and heat transfer
performance of the helically coiled tube air cooler.

Transport equations for turbulent kinetic energy k,
and energy dissipation rate € in the realizable k-¢ model
[34] are as follows:

Turbulent kinetic energy:

p(u-Vk) = V-[|lu + %]Vk + Gg — pe. @)
t
Energy dissipation rate:
Hy g
. = . — - JE— 5
p(u-Ve) =V y+GSV£] pC2k+\/ﬁ’ (5)
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where g, is calculated by u, = prk{, where C, is the func-
tion of the mean strain and rotation rates, the angular
velocity of the system rotation, and the turbulence fields. Gy
represents the generation of turbulent kinetic energy due to
mean velocity gradients, which is evaluated by Gy = ut - %,

and S is defined by S = ,/2S; - S; and S = %[Z—]' + %] The
model constants are C, =1.9, g; =1.0, and g, = 1.2, respectively.
Readers can refer to Ref. [34] for a detailed fundamental
theory for the realizable k—& model.

The 3D partial differential equations governing the
thermal-electric energy conversion phenomenon in the
TE module can be described as follows [32,33]. The elec-
trical current in the TE material and copper layers obeys
the conservation law, which is calculated by

vV-]=0, (6)

where J is the current density vector, Am™%
The constitutive current—voltage relationship is calcu-
lated by

J=-0(VV + aVT), @)

where ¢ is the electrical conductivity, S m™L Vis the elec-
trostatic potential, V. a is the Seebeck coefficient, V K

The energy equation for the solid TE domain includes
Fourier heat conduction, Joule heating, and Peltier and
Thomson effects, which is described as:

V-ANVT) + pJ? - TJ(Va)r + Z—;VT) = 0. ®)

The energy equation in the domain of the copper elec-
trode where Joule heat is described as:

V-(AVT) + p,J? = 0. ©)

In the ceramic layers of the hot side and cold side
plates, only heat conduction is considered. The corre-
sponding heat equation is as follows:

V-(AVT) = 0, (10)

where p, is the electrical resistivity, Qm and A is the
thermal conductivity of solid, Wm™ K™,

As mentioned above, it is difficult to simulate 8,128-16,256
pairs of the semiconductor legs in detail. While the thermal
resistance of these TE legs is connected in parallel and the
electrical resistance is in series, Eqs. (11)-(13) based on the
equivalent Seebeck coefficient, equivalent thermal, and elec-
trical resistance between the TE module and the lumped one
pair of TE leg can be derived [33].

Npn

ag = Zap,n,i:
i=1

an
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N,
A & Aleg,i
A= 2 lApniT— | 12)
he lzl P hiegi
N,
hy & Pueg i
Pp— = P . ’ 13)
E A le O Ajog i
where a5, Apn, P, , TePresents the intrinsic Seebeck coef-

ficient, thermal conductivity, and electrical resistivity for a
single p-type or n-type TE leg, respectively. hje; and Ay are
the height and cross-sectional area for a single TE leg. Ny,
is the pair number of the TE leg for a TE module. ag, Ag, pg,
hg, and Ag are the equivalent Seebeck coefficient, equiva-
lent thermal conductivity, equivalent electrical resistivity,
height and cross-sectional area for a TE module, respec-
tively. Thus, the equivalent thermal-electrical properties of
the TE module can be derived from those of the TE legs as
Egs. (14)-(16) [33].

ag = NpnQpn, (14
Ae = Ap,n; (15)
Pe = NinPepn- (16)

The equivalent thermal-electrical properties are used in
the above differential equations within the simulation domain
of the TE modules during the numerical simulations.

2.2.2 Physical properties of materials

The physical properties of the materials considered in the
numerical model are summarized in Table 1. The density of
air is set as 1.225 kg m . The specific heat capacity of air is
1006.43 ] kg " K%, and the thermal conductivity of air is set
as 0.0242 W m ' K%, The viscosity of air is 1.7894 x 10~ Pa s.
The physical properties of water used to estimate the
representative convective heat transfer coefficient used
for setting the third kind of BC of the above depicted
water-cooling channel is as follows: the density of water
is 999.7kgm™>. The specific heat capacity of water is
4196 kg K%, and the thermal conductivity of water is
set as 0.58 Wm™ K’ The viscosity of water is 1.306 x
107 Pas.

During the numerical simulation, the equivalent prop-
erty method is employed as it is computationally cost-effec-
tive to simulate tens to hundreds of pieces of TE modules,
which has been introduced above. The equivalent para-
meters for the properties of the TE module are estimated
by the intrinsic property values of p-type and n-type TE
materials and structural specifications of the TE module,
which are calculated by the correlations summarized in
Table 1. Temperature-dependent intrinsic physical properties
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for TE materials are considered [37] in this work. The thermal
conductivity of the conductive metal is set as 400 Wm K
and the electrical conductivity as 59 x 10®°Sm™ [44]. The
thermal conductivity of the Al,O; ceramic is 49.2Wm K"
[38]. Besides, it is noted that the effects of electrical and
thermal contact resistances of the welding solders used to
connect the conductive metals and TE materials is small com-
pared with the p-type and n-type TE materials, which is not
considered at the energy conservation equation in the numer-
ical work.

2.2.3 BCs

In this work, Chen’s numerical schemes and model frame-
work are used by employing the specified current used for
TE modules and the current direction is set in a way to
guarantee that Peltier heat is absorbed at the cold side and
released at the hot side [32]. Here the input working cur-
rent for each column of TE module that is electrically con-
nected in series varies from 1 to 9 A. Thus, the terminal-in
electric BC of the TE module in each column is set as con-
stant current density 87719.3-789473.7 Am™? according to
Eq. (17).

I

= XZ’ @17

Jin
where I is the working current, A and A is the normal
surface area at terminal-in boundary, m?

At the last TE module in each column, the terminal-out
electric BC is treated as ground voltage

V=0 (18)

The air inlet BC is ascribed as uniform velocity inlet BC
with prescribed inlet velocity and temperature. The inlet
velocity is varied from 10 to 25m s to examine the effect
of different air flow rates supplied into the TE-integrated
HCEX. The range of inlet air temperature is based on the
practical environmental conditions in underground mine,
which could be over 303.15 K (30°C) according to the mining
depth and intensity [39]. For instance, the airflow tempera-
ture in the working face at the Pingdingshan No. 8 coal
mine is 308.15K (35°C) [40], and the temperature of the
surrounding rock in the Zhao Lou mine of China at the
-900 m mining layer reaches 316.15 K (43°C) [41]. Herein,
the inlet temperature is calculated from 303.15 to 313.15K to
examine the effect of different air flow rates supplied into
the TE-integrated HCEX. The outlet BC of air is assumed as
fully developed outlet BC at 0 Pa. The conventional HCEX
without TE module attached on the external shell wall is
considered as the baseline case, whose external shell wall
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Table 1: Summary of material physical properties

DE GRUYTER

Material type

Physical properties

Intrinsic material properties

Equivalent properties
for TE module

Bi,Te; [37]

Alumina ceramic
Conductive metal

Air

Water

Seebeck coefficient

Electrical resistivity

Thermal conductivity

Thermal conductivity
Thermal conductivity
Electrical resistivity
Density

Specific heat capacity
Thermal conductivity
Viscosity

Density

Specific heat capacity
Thermal conductivity
Viscosity

ap = 1078 x [220.7 + 0.342 x (T - 300)
-6.95 x 1074 x (T - 300)?]
@, = — 1076 x (223.0 + 0.125 x (T — 300)
—1.04 x 1073 x (T - 300)?)
Pep = 1076 x [8.826 + 5.19 x 1072 x (T - 300)
+ 7.88 x 10-% x (T — 300)?]
Pen = 1076 x (8.239 + 3.88 x 102 x (T - 300)
+ 220 x 1075 x (T - 300)%)
Ap = 1472 -1.90 x 10=% x (T - 300)
+ 1.99 x 105 x (T - 300)>
Ay = 1.643 — 1.61 x 1073 x (T —300)
+2.56 x 1075 x (T - 300)2
49.2
400
1.69 x 107°
1.225
1006.43
0.0242
1.7894 x 107>
999.7
4196
0.58
1.306 x 1073

Eq. (14)

Eq. (16)

Eq. (15)

s s s s

exposed to the surroundings are regarded as adiabatic. The
TE modules used in the TE-integrated HCEX are attached to
the shell walls, hence the coupled wall BC for the interface
between the surface of the heat adsorption side (cold side)
of TE module and external shell wall is employed.

Based on the heat transfer theory [42], the range of con-
vective heat transfer coefficient of air is 20-100 Wm K™
and the convective heat transfer coefficient of water is
1,000-15,000 W m 2K?, which is determined by the geome-
trical topology of fluid channel and the working fluid proper-
ties [10]. Thus, for an air-water based heat exchange system,
the major thermal resistance is produced at the gas side
channel, while the water side heat transfer coefficient is large
and the BC can be treated by third kind of BC to simplify the
model in similar investigations [33]. Thus, the wall BC of the
helically coiled tube as well as the heat dissipation side of the
TE module are set as the third kind of BC. The heat transfer
coefficient of the rectangular water-cooling channel at the
cold side of the TE modules depicted in Section 2.1 can be
theoretically estimated by the Gnielinski formula [42].

U= (f/8)(Re - 1,000)Pr; ll . [ Du ]2/3] )
Crsnrgmedt -yl H) ]

The Konakov formula [42] can be used to calculate the
value of flow resistance coefficient f.

f= (18lgRe - 1.5)2. (20)

The experimental verification range for Eqgs. (19) and
(20) is that the Re is 2,300-10% and Pr¢ is 0.6~10°.

The convective heat transfer coefficient of the water-
cooling channel can be determined by its relationship with
the Nusselt number [42].

_ Nud

= . 21
h¢ Dy 2D

The pressure drop of the water-cooling channel can be
determined by the relationship of flow resistance coeffi-
cient and pressure drop [42].

_ 0.5fp;u*H

(22)
w Dh ’

Ap
where H is the flow length of water-cooling flow channel, m;
Dy, is the hydraulic diameter of the flow channel, m; Re and
Pr¢ respectively represent the Reynolds number and Prandtl
number of the working fluid; and f is the flow resistance
coefficient of turbulent flow inside the flow channel.
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Figure 3: Code validation. (a) Validation for thermal-hydraulic performance [35]. (b) Validation for thermoelectric cooling UDF code against Jaegle’s

result [44].

Accordingly, for the above depicted water-cooling channel,
considering a velocity magnitude range of the cold water with
at the level of 0.3-0.6 m s (Re = 2,273-3,824), which is a reason-
able operational velocity for water-based heat dissipater to
constraint the pressure loss, Ap,,,, within 230 Pa. The convective
heat transfer coefficient, h¢, of the water-cooling flow channel
is 1,000-2,000 W m 2K, which falls in the range of similar
work on water-cooling flow channel [33]. In a coal mine air
cooler, the cooling water can be used as the cold side fluid of
the TE module and the coolant temperature is generally within
28315K and the major thermal resistance is at the air side.
Thus, according to the above estimated level of water-cooling
heat transfer coefficient, the third kind of wall BC of the cold
wall of the water-dissipator is set as 1,600 Wm ™K and the
estimated pressure drop value of the cold side channel is 170 Pa
for the water-cooling BC in this work.

2.2.4 Model validation

The fluid-thermal-electric multiphysics coupled numerical
model was implemented with ANSYS FLUENT platform
and the model validation is performed by two steps. The

first step is to validate whether the present numerical
method is valid for the helically coiled heat exchanger. A
thermal-hydraulic numerical model is established with the
same specification of the experimentally tested sample
which is a spiral-wound heat exchanger with helically
coiled tubes inside the shell, which have been performed
and described in our previous work [35]. Four sets of
unstructured meshes for irregular shell side calculation
domain with total grids of 599,264, 760,668, 971,899 and
1,503,612 have been used to conduct grid independence
check for the shell side air fluid domain and finally the
mesh with 971,899 grids is employed to ensure the accuracy
of the calculation results and save the calculation time. The
comparison result shows that the numerical results agree
well with the experimental results, as shown in Figure 3(a).
The deviation between the temperature difference between
inlet and outlet and the experimental value is less than 6.4%.
The average and maximum deviations between the air
flow pressure drop of numerical and the experimental
values are 9.6 and 14.8%, respectively. Hence, the setting
of the mesh size investigated in the hybrid HCEX follows
this grid density, with the maximum size of 15 mm for the
overall grid division of the HCEX and the maximum size
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of the local grid division and densing processing of the
heat exchange coil is limited within 5mm in the ANSYS
ICEM platform.

Second, in this model, in order to achieve the thermal-
fluid-electrical coupling calculation, the equations gov-
erning the TE conversion phenomena are fulfilled with
the external user defined functions (UDFs) to numerically
calculate the TE-related scalars and source terms described in
Egs. (6)—(16). Thus, the second step is to perform code valida-
tion of the external UDFs for TE phenomenon in this hybrid
device. The numerical model established here embedded the
equivalent properties to the Chen’s finite-volume-method-
based UDF methodology [32]. This method is applicable to
both TE power generation as well as TE cooling process as
the governing equations for thermal-electric conversion pro-
cess is the same [43]. The Semi-implicit method for pressure
linked equations (SIMPLE) algorithm is adopted for the cou-
pling of pressure and velocity. Second-order upwind scheme
is used for convective spatial discretization. The convergence
criterion for mass continuity, and the velocity vectors in X, y,
and z directions are all set as 10™°. The convergence criterion
for energy equation is 107, For user defined scalars, including
the current density, Seebeck electric potential, and Ohmic
electric potential, the convergence criterion is respectively
set as 1075, 1075, and 107°. The validation of the numerical
model with code for TE cooling process is illustrated in Figure
3(b) and the calculation result of the code is in good agree-
ment with that of the previous study [44].

To guarantee uniform inlet flow and avoid reverse
flow at outlet, the computational domain of the HCEX is
prolonged more than ten times of the characterized length
of the HCEX at the inlet and outlet, respectively (Figure 4).
Considering the complexity of the geometrical model, hybrid
mesh generation method is adopted. For the air fluid domain
in the HCEX, the tetra-dominated unstructured grid was
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utilized. For the calculation domain of the TE modules, the
orthogonal, non-uniform structured grid was employed. The
total elements of the final hybrid mesh of the model of the TE-
integrated HCEX with FRs of 50, 75, and 100% are 4,550,284,
5,211,244, and 5,872,279, respectively.

2.3 Data reduction

The total cooling rate, Q. tota1, is the sum of the cooling rate via
the heat exchange tubes, Q wune, as well as the TE cooling rate
through the Peltier effect, Q. g, as shown in Eq. (23).

Qc,total = Qc,tuhe + QC,TE' (23)

The total cooling rate for the conventional HCEX and
the TE-integrated HCEX is calculated by Eq. (24) as follows:

Qc,total = MpCph(Tout = Tin), (24)

where my, is the mass flow rate of air, kg s™. T;, and T,y are
inlet and outlet temperatures of air, respectively.

The TE cooling rate contributed by the TE modules at
the contacted external shell wall of the HCEX exposed to
hot air fluid is calculated using Eq. (25).

oT

Qe =_/1fJ'a_EdA, (25)

where A is the thermal conductivity of air, Wm™ K™ % is
the temperature gradient at normal direction. A is the area
of the contact interface between the shell wall and the TE
module exposed to hot air fluid, m?,

When the additional pumping power penalty of water-
cooling heat dissipater for the TE modules is considered,
the COPpg considering water-cooling pumping power is
defined by Eq. (26) as follows:

Figure 4: Mesh of the TE-integrated HCEX: (a) Overall view and (b) enlarged view of meshes of the TE modules and the helically coiled tubes.
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COPyg = —— (26)
VWpr + P[E
where V,, is the volume flow rate of the water-cooling

channel, m®s™; Ap,, is the assessed water channel pressure
drop, Pa; V;,Ap,, is the pumping power, W. Py, is the input
electric power, W.
The cooling effectiveness of the TE-integrated HCEX,
Eoverall;s 1S defined by Eq. (27).
Tin — Tout

Eoverall =
Ti - Tw,tube

, 27

where Ty pe iS the wall temperature of the helically
coiled tube.

3 Results and discussion

3.1 Comparison of temperature distribution
in conventional HCEX and TE-integrated
HCEX with various FRs

In this section, the comparative analysis for the tempera-
ture distribution performance in the conventional HCEX
and the TE-integrated HCEX is conducted under the condi-
tion when air inlet temperature is 308.15K, and air inlet
velocity is 20 m s* with the TE FR of 50-100%. From Figure
5, it can be found that the changing trend of the tempera-
tures upon the walls at hot and cold sides of the TE mod-
ules follows parabolic rule when the input working current
increases. The TE module can provide a lower wall tem-
perature and it varies from 229.60 to 270.70 K when the
input working current varies from 1 to 9 A. Comparatively,
the shell wall temperature in the conventional HCEX is
292.49 K when inlet air temperature is 308.15K and inlet
air velocity is 20 m s, obviously higher than that of the TE-
integrated HCEX. The TE module works as a solid heat
pump and the cold side wall temperature is much lower
than the cold water and the ambient air fluid. This addi-
tional cooling power supplied by the TE module is the
consequence of the coupling effect of heat flow and current
caused by the transfer of free electrons in the p-type and n-
type TE materials under the action of electric field. When
the terminal-in of the TE module is energized, the current
passes through the TE material and takes away the heat,
thus reducing the temperature of the cold end of the TE
legs; the hot side of the TE legs gains heat and warms up. By
repeating this process over and over again, the external
shell wall of the HCEX can be cooled. The lowest wall
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Figure 5: Temperature at hot and cold side walls upon the TE module in
the TE-integrated HCEX under various input currents with TE FR ranging
from 50 to 100% when inlet air temperature is 308.15 K and inlet air
velocity is 20ms™.

temperature of 229.60K is achieved when the optimal
input current of 6 A is applied. Meanwhile, the cooling
capacity of the TE module is related to the working current.
The reason is explained as follows: the greater the Peltier
heat and the smaller the Joule heat loss could result in
higher cooling capacity of the TE module. Meanwhile, the
Peltier heat is proportional to the working current, and the
Joule heat is proportional to the square of the current, thus
there is an optimal value of the working current that
makes the cooling capacity maximum.

Taking the case of 100% FR for the TE-integrated HCEX
at input current of 6 A as an example, Figure 6 visualizes
the temperature contour of the TE modules in the hybrid
TE-integrated HCEX. When the TE modules are employed
on the shell wall of the HCEX, the heat exchange area is
effectively utilized and increased. It can be observed that
the cold side wall of the TE module is at the level of 230 K
and wall temperature at the heat dissipation side is around
283 K. The TE modules can effectively serve as an addi-
tional cold source except the cold water inside the helically
coiled tube for underground mine air cooling.

Figure 7 shows the cross-sectional temperature con-
tours of air fluid for the conventional HCEX and the TE-
integrated HCEX with TE FR of 100% at input current of 6 A.
The air flow at the shell side channel of the HCEX is complex,
as the fluid stream constantly separates and converges in
the flow passage. The air flow primarily follows the long-
itudinal direction of the mainstream within the channel
enclosed by the shell and tubes, while simultaneously gen-
erating low-speed crossflows between adjacent tube circles
positioned at the same height. The feature of flow and tem-
perature non-uniformity distribution is obvious for the shell
side of the HCEX. Meanwhile, it can be observed that the air
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is cooled from the inlet and outlet locations of the heat
exchanger. As the average temperature on the cold surface
of the TE module contacting the external shell wall is around
230 K, much below the temperature of cold water 283.15K, a
better cooling performance can be visually observed in
Figure7(b), where the shell side near-wall temperature of
the air gets colder, which is functioned by the TE modules.

Figure 8 compares the air temperature drop of the
conventional HCEX and the TE-integrated HCEX with dif-
ferent FRs when inlet air temperature is 308.15 K and inlet
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air velocity is 20 m s7L. For the conventional HCEX, the air
outlet temperature is 304.51 K, resulting in a temperature
drop of 3.64K between the inlet and outlet. The air tem-
perature drop performance of the TE-integrated HCEX
with FRs from 50 to 100% is illustrated in Figure 8(a)—(c).
When the TE module is applied in the HCEX, the air outlet
temperature is colder and the inlet and outlet temperature
drop of air gets larger than that of the conventional one.
For the TE-integrated HCEX, the optimal input current to
obtain the lowest air outlet temperature and the maximum

Hot side wall upon TE module]

Cold side wall upon TE module
.
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Figure 6: Temperature contour of the TE module in the TE-integrated HCEX with FR of 100% when current is 6 A, inlet air temperature is 308.15 K, and
inlet air velocity is 20 ms™". (a) Temperature contour along the streamwise direction for the TE modules applied on the external shell wall of the heat
exchanger. (b) Enlarged view of temperature distribution of the TE modules.
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Figure 7: Temperature contour of air fluid in the conventional HCEX and TE-integrated HCEX when current is 6 A, inlet air temperature is 308.15 K. and
inlet air velocity is 20 m s7. (@) Temperature contour of air fluid at cross sections of ¥ = 0, £0.16, £0.36 m and X = 0 m in the conventional HCEX without
TE module. (b) Temperature contour of air fluid at cross sections of ¥ = 0, £0.16, £0.36 m and X = 0 m in the TE-integrated HCEX with the FR of 100%.

temperature drop is 6 A when TE FRs varying from 50 to
100% are applied. The lowest air outlet temperatures at the
optimal input current of 6 A are 303.93-303.01K for TE FR
of 50-100%, making the largest inlet and outlet tempera-
ture difference of air decrease from 4.21 to 5.14 K, indi-
cating an enhancement of the cooling performance by
16-41% than the conventional HCEX. That is, cooler air at
the outlet and larger air temperature drop can be achieved
when the TE FR continues to increase. When the TE FR is
100%, the cooling capacity of the heat exchanger gets most
enhanced. In view of the problem of coal mine heat hazard,

Xin et al. [45] reported that via utilizing the low-tempera-
ture frozen water produced by evaporation-condensation
refrigeration method to cool the coal mine air, the average
air temperature drop is 2.2K. Comparatively speaking, a
significant improvement of 41% of cooling capacity con-
tributed by the additional TE cooling module proposed in
this work is obtained. Also, the TE module is compact,
simple, and cost-effective. It does not require noticeable
space increase and does not require adding complexity to
the whole cooling system such as moving parts or extra
working fluid sources in the mine.
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Figure 8: Outlet temperature of air and temperature drop between inlet
and outlet of air in the TE-integrated HCEX under various input currents
and FRs compared to the conventional HCEX when inlet air temperature
is 308.15 K and inlet air velocity is 20 ms™. (a) Outlet temperature of air
and temperature drop between inlet and outlet of air when TE FR is 50%.
(b) Outlet temperature of air and temperature drop between inlet and

outlet of air when TE FR is 75%. (c) Outlet temperature of air and tem-

perature drop between inlet and outlet of air when TE FR is 100%.
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3.2 Comparison of cooling rate and cooling
effectiveness in conventional HCEX and
TE-integrated HCEX with various FRs

According to Figure 9, the cooling rate of the conventional
HCEX is solely contributed by the cold water inside the
helically coiled tubes. It can provide a total cooling rate
of 3578.80 W when inlet air temperature is 308.15K and
inlet air velocity is 20 ms™. For the hybrid TE-integrated
HCEX, the TE modules attached on shell can provide an
additional cold source apart from convective heat transfer
via cold water inside the helically coiled tubes. The addi-
tional TE cooling rate Q. g and the total cooling rate Qc tota1
of the TE-integrated HCEX follow a parabolic changing
trend with the increase in input current. The maximum
TE cooling rate Q. g occurs at 6 A and the corresponding
maximum total cooling rate Qc ot Can be obtained accord-
ingly. The physical mechanism for the additional cooling
rate provided by the TE modules is as follows: the TE tem-
perature difference inside the p-type and n-type semicon-
ductor promote the transfer of heat from low-temperature
to high-temperature side. As the TE legs consisting of
n-type semiconductor and p-type semiconductor are con-
nected by a copper electrode, when current I flows from an
n-type semiconductor to a p-type semiconductor, the cold
side connection joint absorbs Peltier heat. In the hot side
joint, the current flows from the p-type to the n-type semi-
conductor, and the heat is released. The hot side heat is
removed by the water-cooling heat dissipater, and the cold
side of the TE module can maintain a much lower tempera-
ture. By this way, an additional cooling power can be stea-
dily provided by the TE module.

For the TE-integrated HCEX with FR of 50%, the TE cooling
rate Q.rg is 537.74-112128 W and the corresponding total
cooling rate is 3683.82—-4147.28 W at input currents of 1-9 A.
The maximum total cooling rate Q. (. at 6 A is 4147.28 W and
the maximum enhancement degree is 15.9% than the conven-
tional one. Under the condition that the TE FR is 75%, the TE
cooling rate is 793.26-1692.63 W and the corresponding total
cooling rate varies between 3897.77 and 4587.72 W. The max-
imum total cooling rate is 4587.72W with the maximum
enhancement degree of 28.2%. For the underground mine
air cooling condition, fully filled TE modules outside the
external shell wall provide the largest cooling amount for
the heat exchanger. It can be seen that for the TE-integrated
HCEX with FR of 100%, the TE cooling rate Qg is
1047.61-2252.78 W and the total cooling rate Qa1 varies
from 4074.37 to 5060.58 W. The maximum total cooling rate
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Figure 9: Cooling rate of the TE-integrated HCEX under various input
currents compared to the conventional HCEX when inlet air temperature
is 308.15 K and inlet air velocity is 20 m s (a) Cooling rate when the FR
of TE module is 50%. (b) Cooling rate when the FR of TE module is 75%. (c)
Cooling rate when the FR of TE module is 100%.

Qc ota1 1 5060.58 W at the optimal input current of 6 A, with a
largest enhancement degree of 41.4%.

Under the working condition of inlet air temperature of
30815 K and inlet air velocity of 20 ms™, the Reynolds number
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is 3,178 for the rectangular water cooling channel, and the pres-
sure drop in the rectangular water cooling channel is calculated
as 170 Pa according to Eqs. (19)-(22), which corresponds to a
pumping power of 15.8 W for one single column of water-cooling
flow channel, and thus the total pumping power is calculated as
126.4, 189.6, and 252.8 W when the TE FR is 50% (need 8 columns
of water-cooling channel), 75% (need 12 columns of water-
cooling channel), and 100% (need 16 columns of water-cooling
channel). Thus, taking the water-cooling pumping power penalty
into consideration, as shown in Figure 10, larger FR of the TE
modules benefit by obtaining larger coefficient of performance,
COPy for the TE-integrated HCEX, especially at smaller input
currents below 6-7 A. With a FR of 50 and 100%, the coefficient
of performance, COPtg, monotonically decreases with the
increase in input current. The maximum COPrg is 1.66, 2.05
and 2.33 at input current of 1A for different FRs of TE module.
Meanwhile, the optimal current of the peak value for the cooling
effectiveness of the TE-integrated HCEX migrates to 6 A, and the
corresponding COPr is at the level of 0.2-0.33. The cooling effec-
tiveness vs electrical input current still follows a parabolic
changing trend. As there is an optimal input current for the
TE-integrated HCEX for the largest air-cooling capacity, the max-
imum cooling effectiveness at input current of 6 A are 18.8, 20.8,
and 22.8% when the FR is 50, 75, and 100%. Compared to the
conventional HCEX, the application of TE modules with FR of
100% can enhance the overall cooling effectiveness by 40.4%.

3.3 Effect of air inlet temperature on air
cooling capacity for TE-integrated HCEX

This section investigates the effect of inlet air temperature
on air cooling performance for the TE-integrated HCEX

2.7 T T T T T T T T T 26
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Figure 10: Coefficient of performance of TE module and cooling effec-
tiveness of the TE-integrated HCEX under various input currents when
inlet air temperature is 308.15K and inlet air velocity is 20 ms™".
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under the condition of 100% TE FR. According to the prac-
tical level of environmental temperature encountered in
the underground coal mine working face, the inlet tem-
perature of air is set as 303.15-313.15K for the following
numerical simulations. The inlet air velocity is kept con-
stant at 20 m s and the cold side convective heat transfer
coefficient is 1,600 W m™2 K with average cold-water tem-
perature of 283.15 K. From Figure 11, for the TE-integrated
HCEX, the temperature drop of the air fluid gets obviously
larger when the inlet temperature increases. The optimal
input current to achieve cooler air is not affected by inlet
temperature, which is 6 A for the studied cases. When the
inlet air temperature is 303.15, 308.15, and 313.15K, the
conventional HCEX can cool the air to 300.21, 304.51, and
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e
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Figure 11: Temperature drop and outlet temperature of the TE-inte-
grated HCEX under various input currents when the inlet air temperature
is 303.15, 308.15, and 313.15K and inlet air velocity is 20ms™". (a)
Temperature drop of air. (b) Outlet temperature of air.
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308.79K at the outlet, corresponding to the temperature
drops of 2.94, 3.64, and 4.36 K. For TE-integrated HCEX,
the lowest air outlet temperatures are 298.75, 303.01,
and 307.27K, corresponding to the maximum tempera-
ture drops of 4.40, 5.14, and 5.88 K under the optimal input
current of 6 A. This is caused by the reason that the larger
the temperature difference between the cold side wall and
the air temperature, larger cooling rate can be obtained for
a specific heat exchanger device.

According to Figures 12 and 13, as the inlet tempera-
ture of air increases, the longitudinal temperature differ-
ence between the hot air and the cold wall of the helically
coiled tubes gets larger. The total cooling rate of the con-
ventional HCEX and TE-integrated HCEX increases accord-
ingly. Thus, the cooling rate Qioa Of the conventional
HCEX can provide 2889.46-4288.01 W cooling capacity as
the inlet temperature of air varies from 303.15 to 313.15K
at constant inlet air velocity of 20 m s and water cooling
capability. This is beneficial for the enlargement of the
temperature gradient between the hot air and the cold
wall of the helically coiled tube under specific heat transfer
coefficient and heat exchange area, resulting in an average
increase of 17% when inlet air temperature rises. When the
TE module is integrated, the total cooling rate increases
under certain inlet air temperature. The additional cold
source contributed by TE module, Q.rg, has a slightly
increasing variation of average 6% with the increase in
the inlet air temperature, which is mainly accounted by
the enlarged Peltier heat. The maximum Q. ¢ at optimal
input current is 2155.17-2350.56 W and the maximum total
cooling rate Qc totar i 4328.37-5788.95 W when the inlet air
temperature is 303.15-313.15K. Compared to the conven-
tional HCEX, the maximum enhancement degree for the
TE-integrated HCEX is 49.8, 41.4, and 35.0%, respectively.

Under the constant air inlet velocity of 20ms, the
coefficient of performance, COP1g, monotonically decreases
with the increase in input current and there is a slight dif-
ference under different air inlet temperatures within input
currents of 3A, as shown in Figure 14. For conventional
HCEX, the cooling effectiveness is 16.24%, which is not
affected by the inlet air temperature. Comparatively, the
cooling effectiveness has a more obvious difference for the
TE-integrated HCEX when the inlet air temperature changes.
Lower inlet air temperature corresponds to a higher cooling
effectiveness of the heat exchanger. The cooling effective-
ness is 24.35, 22.76, and 21.73% when inlet air temperature is
303.15, 308.15, and 313.15K. Thus, the integration of TE
module to the conventional heat exchanger can tackle the
problem of enhancement of underground coal mine air
cooling performance without the requirement for signifi-
cant extra space, especially at lower air inlet temperature.
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Figure 12: Temperature contours of air fluid in the TE-integrated HCEX with FR 100% at input current of 6 A when the inlet air temperature is 303.15 K
and 313.15K, and inlet air velocity is 20 ms™". (a) Temperature contour of air fluid at cross sections of ¥ = 0, #0.16, +0.36 m and X = 0 m in the
TE-integrated HCEX with FR of 100% at 303.15K. (b) Temperature contour of air fluid at cross sections of ¥ = 0, +0.16, £0.36 m and X = 0 m in the
TE-integrated HCEX with FR of 100% at 313.15K.

3.4 Effect of air inlet velocity on air cooling from 10 to 25ms™ for the following numerical simulations.
ca pacity for TE-integ rated HCEX The inlet air temperature is kept constant at 308.15K and the

cold side convective heat transfer coefficient is 1,600 Wm ™K

This section investigates the effect of inlet air velocity on  With average cold-water temperature of 283.15K. According
air cooling performance for the TE-integrated HCEX under to Figure 15, for the TE-integrated HCEX, the temperature
the condition of 100% TE FR. The inlet velocity of air varies drop of the air fluid decreases with the increase in air inlet
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Figure 13: Cooling rate of the TE-integrated HCEX under various input

currents when inlet air temperature varies from 303.15 to 313.15K and
inlet air velocity is 20ms™",
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Figure 14: Coefficient of performance for the TE modules and cooling
effectiveness of the TE-integrated HCEX under various input currents,

when inlet air temperature varies from 303.15 to 313.15K and inlet air
velocity is 20ms™.

velocity, while the outlet air temperature increases when the
inlet velocity increases. The optimal input current to achieve
cooler air at various inlet velocities is around 6-7 A for the
studied cases. When the inlet air velocity gets increased from
10 to 25ms™, for TE-integrated HCEX, the lowest air outlet
temperatures are 301.91-303.38 K, corresponding to the max-
imum temperature drops of 6.24-4.77 K under optimal input
current. The reason can be explained as follows: the total
amount of heat exchange rate is contributed by the cold
side Peltier heat from the TE module as well as the convec-
tive heat removal by the cold helically coiled tubes. When
the velocity increases, the flow rate of air is significantly
increased, and the temperature difference between cold
walls and the air flow is decreased in the TE-integrated
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Figure 15: Temperature drop and outlet temperature of air in the TE-
integrated HCEX under various input currents when the inlet air velocity
is 10-25 m s ™" and inlet air temperature is 308.15 K. (a) Temperature drop
of air. (b) Outlet temperature of air.

HCEX. Meanwhile, the shell side heat transfer coefficient is
proportional to the inlet velocity of air, which means that
the increase in the velocity will improve the heat transfer
efficiency and the total cooling rate is increased. The com-
bined effect of the decreased temperature difference and
increased heat transfer rate ultimately reflected in an increase
in the outlet temperature when the inlet velocity of air
increases from 10 to 25ms™, with constant temperature of
inlet air and constant water-cooling coefficient.

Figure 16 shows the total cooling rate of the conven-
tional HCEX and TE-integrated HCEX. It can be found that
the total cooling rate Qa1 Of the conventional HCEX can
provide 2118.29-4241.28 W cooling capacity as the inlet
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velocity of air varies from 10 to 25 m s at constant inlet air
temperature of 308.15 K and constant water cooling condi-
tion. For the TE-integrated HCEX, the total cooling rate
Qctota1 and the additional cold source contributed by TE
module, Q. g, increases with increase in the inlet air velo-
city. When the inlet air velocity increases with the step of
5ms™ from 10 to 15ms™, the total cooling rate Qo
increase by 34.3% and the cooling rate by TE module
Q. can increase by 27.2%. When the inlet velocity increase
by 5ms™ from 15 to 20 m s, the total cooling rate Qo
increase by 22.8% and the cooling rate by TE module Q.
can increase by 17.2%. When the inlet velocity increase by
S5ms™ from 20 to 25ms~, the total cooling rate Qcotal
increase by 17.5% and the cooling rate by TE module Q.
can increase by 13.6%. It means that the increase in air
velocity provides more air flow rate. The faster flow velocity
is beneficial for higher heat transfer rate between the cold
medium and the air flow. The additional cold source con-
tributed by TE module, Q. e accounted by the Peltier heat
also increases because of the decreased thermal resistance at
the shell side of the HCEX when the air velocity is increased.
When the inlet air velocity ranges between 10 and 25ms™
and air inlet temperature is kept at 308.15K, the maximum
Q. at optimal input current is 1473.81-2549.55W and the
maximum total cooling rate Qota is 3069.21 to 5873.52 W com-
pared to the conventional HCEX, the maximum enhancement
degree for the TE-integrated HCEX is 44.9, 42.2, 39.6, and 38.6%
at inlet air velocity of 10, 15, 20, and 25 m s, respectively.
Figure 17 shows coefficient of performance for the TE
modules and cooling effectiveness of the TE-integrated
HCEX under various input currents. Under the working
condition that inlet air velocity varies from 10 to 25ms "
with constant inlet air temperature of 308.15XK, it can be
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Figure 16: Cooling rate of the TE-integrated HCEX under various input
currents when inlet air velocity varies from 10 to 25m s, and inlet air
temperature is 308.15K.
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found that the coefficient of performance, COPrg, also
monotonically decreases with the increase in input cur-
rent. The difference under different air inlet velocities is
obvious and the larger air velocity corresponds to larger
coefficient of performance, COPy¢ of the TE modules. This
is because the input power for different inlet velocity con-
dition does not change obviously and the pumping penalty
of the water-cooling channel at the cold side of the TE
module is kept constant, the cooling power contributed
by the TE module Q. increases by 27.2-17.6% when the
inlet velocity increases from 10 to 25 m sL. Thus, the COPpg
of the TE modules increases under higher inlet velocity.
However, the cooling effect decreases with the increase in
the inlet air velocity because the air temperature drop at the
inlet and outlet decreases as analyzed above. For conventional
HCEX, the cooling effectiveness is 18.31-15.74% when the inlet
velocity increases from 10 to 25ms™. Comparatively, the
cooling effectiveness for the TE-integrated HCEX at lower inlet
air velocity also results in a higher cooling effectiveness of the
heat exchanger. The maximum cooling effectiveness is 26.49,
2419, 22.76, and 21.73% when the inlet air velocity is 10, 15, 20,
and 25m s . The reason can be explained by the temperature
distribution phenomenon analyzed above. That is, the reduc-
tion in heat transfer resistance under higher inlet velocity is
beneficial for the increase in the total cooling rate, whereas the
temperature difference of such air-cooling device is reduced
simultaneously. The combined effect of the decreased tempera-
ture difference and increased heat transfer rate ultimately
reflected in an increase in the outlet temperature and thus,
the temperature of the air-cooling device drops when the inlet
temperature of air is constant. Thus, the cooling effectiveness
decreases slightly with the increase in the inlet air velocity.
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Figure 17: Coefficient of performance for the TE modules and cooling
effectiveness of the TE-integrated HCEX under various input currents,
when inlet air velocity varies from 10 to 25 ms™, and inlet air tempera-
ture is 308.15 K.
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4 Conclusion

Developing advanced underground mine air cooler to
adjust the temperature of the underground mine environ-
ment is of significance for ensuring high-efficient, thermal-
comfort and safe mining activities. The mine space is
limited and hence, the air cooler compactness and effi-
ciency needs to be further improved. This work proposes

a TE-integrated HCEX to improve the cooling performance

based on conventional HCEX for underground mine coolers.

Multiphysics numerical model for the fluid-thermal-electric

performance simulation is established under typical under-

ground coal mine air temperature conditions near the
working face. The main findings are as follows:

1) The results show that the TE-integrated HCEX is able to
well improve the cooling capacity without introducing
obvious space requirements. The average temperature
on the cold surface of the TE module contacting with the
external shell wall is around 230 K at optimal input cur-
rent, which is much below the cold water of 283.15 K. Thus,
the TE module can effectively serve as an additional cold
source apart from the cold helically coiled tube. The cooler
air at the outlet and larger air temperature drop can be
achieved when the TE module is utilized.

2) The increase in the FR of TE from 50 to 100% would
continuously benefit for larger cooling capacity. Under
constant air inlet temperature of 308.15 K and inlet velo-
city of 20 ms™, the largest inlet and outlet air tempera-
ture difference changes from 4.21 to 5.14 K at the optimal
input current of 6 A when TE FR is between 50 and
100%, indicating an enhancement of the cooling capa-
city by around 16-41%. When the TE FR is 100%, the
cooling capacity gets most enhanced, and the TE cooling
rate Q. rg is 1047.61-2252.78 W and the total cooling rate
Qc.tota1 Varies from 4074.37 to 5060.58 W. The maximum
total cooling rate Qcotar Of 5060.58 W at the optimal
input current of 6A gives the largest enhancement
degree of 41.4%.

3) The effect of air inlet temperature and inlet velocity on
the cooling performance is investigated with the best
design of the TE-integrated HCEX with FR of 100%.
Under constant inlet velocity, as the inlet temperature
of air increases from 303.15 to 313.15 K, the temperature
difference between the hot air and the cold walls gets
larger, the cooling rate increases and cooling effective-
ness decreases. The COPrg does not change much. As
the inlet velocity of air increases from 10 to 25ms"
under constant inlet temperature, the temperature dif-
ference between the hot air and the cold walls gets
decreased, the cooling rate, the COPyy increases and
cooling effectiveness decreased. Within the range of
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the air inlet conditions in this work, the maximum
enhancement degree of the total cooling rate Qcotal
for the TE-integrated one is 49.8%~35.0%. The max-
imum cooling effectiveness at optimal working current
of 6 A is 21.73-26.49% for the TE-integrated HCEX, which
is higher than the effectiveness of the conventional
HCEX of 15.74-18.24%.

In summary, the feasibility of the TE-integrated HCEX is
proven to be effective in the enhancement of underground
coal mine air cooling performance without requirement for
significant extra space. The experimental validation under
real mine conditions would be our prompt next step of work
to confirm the practical applicability of the newly proposed
air-cooling device in the field of high temperature heat
hazard control for the coal mining industry. The impact
of varying the geometrical parameter design of the heat
exchanger, as well as various working and operational con-
ditions such as dust and humidity encountered in real coal
mines on the system cooling performance, and the multi-
parameter optimization considering the coupling influence
of design and operational parameters for the TE-integrated
HCEX would be explored through further studies.
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