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Abstract

Different from the traditional hydraulic oil cooling method, a new type of constant temperature

oil tank cooling system based on semiconductor refrigeration technology is designed. This paper stud-

ies the principle of semiconductor refrigeration and establishes a heat transfer model. Semiconductor

cooler on piping refrigeration is simulated, and influence of the parameters on the outlet tempera-

ture, such as pipe pressure difference of inlet and outlet, pipe length, pipe radius, are gotten, and

then hydraulic tank semiconductor refrigeration system is proposed. The semiconductor refrigeration

system can control temperature at 37 +1°C.
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0 Introduction

The temperature of hydraulic oil is the direct af-
fect function of hydraulic transmission, accuracy of ac-
tion, and reliability of the system. Therefore, it is nec-
essary to control the temperature to ensure the hydrau-
lic system performance. The oil that is working in hy-
draulic system can dissipate heat through the tank,
piping, accessories and so on. However, under the
condition that system heating makes the oil temperature
rising rate higher than that of natural cooling rate, a
forced cooling system is needed to cool hydraulic oil.

Semiconductor refrigeration system technology has
attracted wide attentions due to their interesting charac-
teristics and potential application. Ref.[1] pointed
out that thermoelectric air-conditioning has the advan-
tages of environmental protection, high reliability, long
service life etc. Ref. [2] applied semiconductor refrig-
eration technology to the temperature control system of
car mats, and adopted a robust algorithm based on
sliding model control to control the temperature of cold
end, thus good effect has been gotten. Ref. [3] intro-
duced the constant temperature control system for high
power laser by the method of semiconductor refrigera-
tion and air mixed cooling. Ref. [4 ] used semiconduc-
tor refrigeration system to solve well the cooling prob-

lem of LED lighting systems. Ref. [5] introduced a
subminiature and high-performance dehumidifier based
on semiconductor refrigeration technology. Ref. [6]
used semiconductor refrigerator to cool electronic de-
vices. Currently, there are not literatures about semi-
conductor refrigeration technology used in the hydraulic
system.

This work applies semiconductor refrigeration
technology to the hydraulic oil temperature control sys-
tem, and studies the system through simulation test. It
can effectively control the temperature of hydraulic oil
and get a satisfactory design goal. Compared with the
traditional cooling methods, semiconductor refrigeration
has the advantages of long service life, low noise, and
environmental protection and so on.'”’ Semiconductor
refrigeration technology realizes its application in new

field.

1 Analysis of the semiconductor refrigera-
tion theory

Semiconductor refrigeration is a special way of
using thermoelectric refrigerating effect, so it is also
called the thermoelectric refrigeration'®’. The semicon-
ductor cooler is a special semiconductor device that
uses directly electrical energy to accomplish heat trans-
fer, and a thermocouple is basic elements. A plurality

of semiconductor thermocouple is parallel in heat trans-
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fer and series in electric circuit, thus they constitute
refrigeration thermopile, as shown in Fig. 1. The lower
part is the hot end and the upper part is the cold end.
With the help of various heat transfers, such as heat
exchanger, the hot end gives off heat and the cold end

absorbs heat to reduce the temperature.
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Fig.1 Refrigeration thermopile

1.1 Analysis for the semiconductor refrigeration
working functions

For a single semiconductor thermocouple, the ex-
othermic joint properly radiates heat to maintain a cer-
tain temperature, and another joint starts cooling.
When the heat from the surrounding environment and
the heat along the couple arm is equal to Peltier
heat'”’, the cold junction temperature reaches equilib-
rium. Now refrigerating capacity of semiconductor ther-
mocouple is

Q. =0,

where R is total resistance of the couple arm; K is over-

1

-Q, =alT, - 7121!% - KAT (1)

all thermal transfer value of the couple arm (W/K) ; «
is thermoelectric power of the thermocouple ( V/K)
T, is absolute temperature of the cold end (K). When
a, R, T., K, AT are constant according to Eq. (1),
the relationship between the cooling capacity and the
current is a parabolic function, and the opening direc-
tion is downward. Therefore, the cooling capacity has
suppose dQ,./dl = 0, the

operating current of maximum cooling capacity is

the maximum value. Now,

[ =% 2

cmax R c ( >

By substituting Eq. (2) into Eq. (1), it leads to
(al,)’

Qcmz)x - 2R - KAT <3)

where ()
Refrigeration coefficient & is defined as heat ab-

Q/N. Electric

omae 18 the maximum cooling capacity.
sorb per unit electrical power, and & =
power consumption of a thermocouple is
N = PR + IaAT (4)

Refrigeration coefficient of a thermocouple is

o ol - %]ZR _ KAT

= — = 5
TN T PR+ 1I(a, - a,)AT (5)

Under the condition of maximum cooling capacity

and optimum current, the electric power consumption

can be expressed as following;

(aT))’ o&'TAT &'T.T,
Ncmz)x = R + R = R ) <6)

The refrigeration coefficient of maximum cooling

capacity is

Cmd‘( QCI]]dX/NCII]dX = |: T(‘ - 2A T/( ZTC ) :| /2 T/l
(7)
2
And; 7 =% (8)

RK

where Z is the figure of merit of thermoelectric materi-
als, and the unit is K™'. The bigger figure of merit is,
the greater refrigeration coefficient is in the maximum
refrigeration conditions. Figure of merit is a useful in-
dicator of thermoelectric materials''"’

The difference in temperature between the cold
end and the hot end is got from Eq. (1) as

(a, —a,)IT, —LIZR 0,

AT = K (9)

Eq. (9) shows that if the cold end is in adiabatic
condition (Q, = 0), the temperature difference T, —= T,

When dAT/dIl =0,
thus, it leads

will reach a maximum value AT

max *

current intensity is optimum value /,

Tmax 3

to

_ o e, (10)

ATmax R ¢
Now, the maximal temperature difference is
AT, = 52T (i

From the above equation, it can be seen that fig-
ure of merit decides the maximal temperature difference
which semiconductor chilling plate can reach.

When de/dl =0,1 =1_,, 1in Eq. (5),

£max
tion coefficient reaches the maximum &

1 T/L
r /1+2Z(Th+TC)—T

c c

refrigera-

max*®

& =

max T
h

h c

/1 +%Z(Th +T.) -1

(12)

Eq. (12) is concluded that refrigeration coeffi-

cient depends on the figure of merit Z and temperature
difference T, — T..

1.2 The heat transfer model of semiconductor re-

frigeration

Thermal system of temperature-controlled equip-
ment is composed of semiconductor chilling plate, cold
end heat exchanger, hot end heat exchanger, cold end
medium and hot end medium. In the environment of
high temperature, a properly simplified heat transfer
model is shown in Fig. 2.
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Fig.2 The steady-state heat transfer model of

semiconductor refrigeration

The temperature of medium surrounding the hot
end or cold end is often known under the practical con-
dition. Refrigerating capacity of semiconductor cooler
is equal to heat dissipating capacity of heat source in a
steady state condition. Heat absorption capacity of cold
end is given as

(r,-T1)

Q. = TR, (13)
where Q, is heat absorption capacity of cold end (W) ;
T, is cold end medium temperature (K); R, is ther-
mal resistance between cold end medium and chilling
plate (m* - K W™').

Heat dissipating capacity of hot end can be ex-
pressed as following ;

( Th B Tu'h)

Qh - R

where (), is heat dissipating capacity of hot end (W) ;
T

h

(14)

ht

. 1s hot end medium temperature (K) ; R,, is thermal

resistance between hot end medium and chilling plate
(m* «- K/W).

In practical application, a semiconductor cooler
needs heat exchanger to work properly. According to
the heat transfer model, a temperature difference sim-
plified model is obtained, as shown in Fig.3. Perform-
ance of the heat exchanger is directly connected with
property of semiconductor refrigeration equipment. The
stronger the heat transfer-ability is, the smaller the
temperature difference between the end face and the

medium is. Semi-conductor chilling plate works under
the condition of smaller temperature difference, refrige-
ration efficiency becomes higher.

Fig.3 Temperature difference simplified model of

semiconductor refrigeration

Temperature difference between the cold end of

semiconductor cooler and environment AT, is ex-
pressed as
ATM'C = ATwcl + ATch + ATu'c} ( 15)

where AT, , is temperature difference caused by the
cold end contact with thermal resistance (K) ; temper-
ature difference caused by heat transfer of cold end
heat exchange is AT,, (K); temperature difference
caused by heat convection is AT, ; (K).

Temperature difference between the hot end of

semiconductor cooler and environment AT , is ex-

wh
pressed as following;

AT, = AT, + AT,,, + AT, (16)
where AT, is temperature difference caused by the hot
end contact with thermal resistance (K), temperature
difference caused by heat transfer of hot end heat ex-
changer is AT,,, (K) and temperature difference
caused by heat convection is AT,,; (K).

As a result, heat dissipating capacity of hot end is
larger than heat absorption capacity of cold end. Heat
dissipated power is the sum of input power and cooling
power. Thus, it is more difficult to reduce temperature
difference between the hot end and environment for re-
ducing temperature difference between the cold end

and environment.

2 Simulation and design of hydraulic oil
pipe semiconductor refrigeration system

Using the thermal analysis in ANSYS program, in
the case of certain pipe inlet temperature Ty, the in-
fluence of parameters on the outlet temperature are an-
alyzed, including pipe pressure difference of inlet and
outlet AP, pipe length L, the cold end temperature of
semiconductor cooler T, pipe radius R, etc. Viscosity
of hydraulic oil u =34.935E-03 kg/(m - s), heat con-
duction coefficient £ =0. 144 W/ (m - K) , specific heat
Cp =1970 J/(Kg - K), density p =863 kg/m’.
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2.1 Influence of pressure difference of inlet and

outlet AP on the outlet temperature
When the pipe radius R =5mm, the pipe length L
=680mm, the inlet temperature T, =323K, the cold
end temperature of semiconductor cooler T, = 283K,
temperature distribution and outlet temperature curve
are shown in Fig.4 ~ Fig.7 under different pressure
difference.
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Fig.5 Outlet temperature curve under R =5mm, AP =10Pa
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Fig.6 Temperature distribution under R =5mm, AP =100Pa
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Fig.7 Outlet temperature curve under R =5mm, AP =100Pa
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Fig.8 Temperature distribution under R =5mm, AP =1000Pa
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Fig.9 Outlet temperature curve under R =5mm, AP =1000Pa

From Fig. 4 to Fig. 9, it can be seen that when AP
= 1000Pa, the highest outlet temperature is 323K,
cooling effect is poor; when AP =100Pa, the highest
outlet temperature is 312. 7K, pipe temperature differ-
ence of inlet and outlet is 10.3K; when AP =10Pa,
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the outlet temperature can be quickly stable to the cold
end temperature of semiconductor cooler, and pipe
temperature difference of inlet and outlet is 40K, cool-
ing effect is better. The influence of pressure difference
on the outlet temperature is relatively strong.

2.2 Influence of pipe length L on the outlet tem-
perature

Influence of the heat exchange area between the
cooler and hydraulic oil on the outlet temperature is
studied, and simulation analysis by means of different
pipe length is done.

When the pipe radius R = Smm, the pressure
difference of inlet and outlet AP =10Pa, the inlet tem-
perature T,y =323K, the cold end temperature of semi-
conductor cooler T, =283K, temperature distribution
and outlet temperature curve are shown in Fig. 10 ~
Fig. 15 under different pipe length.

From Fig. 10 to Fig. 15, it can be seen that when
pipe length L = 40mm, cooling effect is not obvious;
when pipe length L =200mm, the highest outlet tem-
perature is 315.2K, the temperature difference is 7.8K;
when pipe length L = 800mm, the outlet temperature
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Fig.10 Temperature distribution under R =5mm, L =40mm
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Fig.12 Temperature distribution under R =5mm, L =200mm
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Fig.13 Temperature curve under R =5mm, L =200mm
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Fig.14 Temperature distribution under R =5mm, L =800mm

can reach 283K. Therefore, under the certain pressure
difference AP, there is a shortest length of pipe to
make the outlet temperature to the cold end semicon-
ductor cooler.

2.3 Influence of cold end temperature of semicon-
ductor cooler 7. on the outlet temperature
When the pipe radius R =5mm, the pressure
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Fig.15 Temperature curve under R =5mm, L =800mm

difference AP =10Pa, the pipe length L =200mm, the
inlet temperature Ty, =323K, the cold end temperature
T, =273K, outlet temperature distribution and outlet
temperature curve are shown in Fig. 16 and Fig. 17.
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Fig. 17 Outlet temperature curve under R =5mm,
L =200mm, T, =273K

Comparing Fig. 17 with Fig. 13, it can be seen
that in the same other condition situation, when the
cold end temperature T, = 273K and the colder end
temperature T, =283K, the outlet temperature decrea-
ses by 2K. Although it also improves the cooling effect
by reducing the cold end temperature, the ef-fect is not
obvious. Thus it is not an effective method.

2.4 Influence of pipe radius R on the outlet tem-
perature

When the pipe radius R = 10mm, the pressure
difference AP = 10Pa, the inlet temperature T, =
323K, the cold end temperature T, =283K, tempera-
ture distribution and outlet temperature curve are
shown in Fig. 18 ~ Fig. 21.

From Fig. 18 to Fig.21, it can be seen that the
cooling effect of pipe radius R = 10mm decreases obvi-
ously than R =5mm. When the pipe length increases to
800mm, the temperature difference is just 6. 5K. It al-
so needs to increase the pipe length for achieving the
better cooling effect.
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Fig. 18 Outlet temperature distribution under
R =10mm, L =200mm
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Fig.19 Outlet temperature curve under

R =10mm, L =200mm
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Based on the above analysis, it can be seen that
reducing the pipe pressure difference AP, increasing
the pipe length L and reducing the cold end tempera-
ture T, can lower the outlet temperature to achieve the
oil cooling.

3 Experimental study of the constant tem-
perature hydraulic tank cooling system

3.1 Design of the constant temperature hydraulic
tank semiconductor cooler

By choosing an appropriate semiconductor chilling

plate, heat absorbing element of the cold end, heat ra-

diator of the hot end, insulation material and thermal

conductivity aluminum and so on, the structure of a

semiconductor cooler for a tank is designed, as shown

in Fig. 22.

3.2 Design of the constant temperature tank con-
trol system

The constant temperature hydraulic tank semicon-

ductor refrigeration system is a control system with PLC

as the core, and is shown in Fig. 23.

I
T H!H

A-A
1,8-Mounting screws 2- cold end heat exchanger 3-mounting flange 4-heat
storage cold plate 5,6 ,7-thermal isolation foaming material of polyester
ammonia 9-cold end heat exchanger 10-cooling fan of the hot end 11-Sest
rubber 12-thermal conductivity aluminum 13-chilling plate 14-the fan in-
stallation panel

Fig.22 The structure of semiconductor cooler
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Fig.23 The composition diagram of semiconductor

refrigeration system

The system is mainly composed of temperature
sensor, temperature controller,
controller (PLC) ,
on. The sensor detects the signal of hydraulic oil tem-
PLC can

control the system to start and stop through the interme-

programmable logic
intermediate control circuit, and so

perature; according to the detected signal,

diate circuit; the controller can achieve hydraulic oil
temperature constant.

3.3 Test for the constant temperature hydraulic
tank cooling system

Heat is generated by the power loss of pump and
overflow-valve. The specific method is; installing the
O-function common valve with same specification in the
position of original reversing valve, which is always in
the middle position during the test, so that the oil flows
back to the tank after a pump and overflow valve, the
input power of pump is all transformed into heat, and
the system’ s calorific value can be adjusted by adjus-
ting the overflow valve pressure. The semiconductor
cooler will begin to work when the temperature of hy-
draulic oil exceeds the upper limit temperature of
38°C. The temperature of hydraulic oil is controlled at

37°C, and the test system is shown in Fig. 24.
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Fig.24 The test system of constant temperature tank

(1) The system pressure is 2MPa. After the sys-
tem runs stably, the operating current of semiconductor
cooler is 26A, and the heat sink’ s temperature meas-
ured by portable thermometer is 29°C , the cold plate is
7°C and ambient temperature is 12 +2°C. By calculat-
ing, the gross system’s calorific value P,, is 0.378kW,
and the required cooling power P, is 0. 069kW. In the
working situation, the system is tested, and the result
is shown in Fig. 25.

—m— temperature lowing curve of semiconductor cooler working
— a— temperature rising curve of semiconductor cooler not working
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Fig.25 Temperature curves

From the above diagram, it can be seen that the
oil temperature is gradually rising with time in the case
of the refrigerator not working, and then beyond the
specified temperature range. After the refrigerator
works, the temperature can gradually educe to the
specified temperature range.

The hydraulic oil heating power is:

P . =y-C-V-AT/60
1.97 x0.863 x 111.6 x0.29 =55 (W)
The hydraulic oil cooling power is:
P, =vy-C-V-AT/60
=1.97 x0.863 x111.6 x0.41 =78 (W)

By the above calculation, the actual power for

heating is 55W, which is less than the calculated pow-
er 69W, the loss heat is mainly consumed by the pipe
and valve. The refrigerator can lower effectively the
temperature at the rate of 0.00041°C/s. Thus the ac-
tual cooling capacity which is calculated is 133W. The
refrigeration coefficient is
133
726 x24 ~

It can be seen that actual cooling capacity is lower
than the design capacity. The main reason is that the
sealing of cold end is not enough.

(2) The system pressure is 2. SMPa. After the
system runs stably, the heat sink’ s temperature meas-
ured by portable thermometer is 29°C , the cold plate is
7°C , ambient temperature is 12 £2°C. By calculating,
the gross system’ s calorific value P,, is 0.472kW, and
the required cooling power P_is 0. 168kW. The system
is tested in the situation, and the result is shown in

Fig. 26.

0.21 (17)

—m— temperature lowing curve of semiconductor cooler working
—A— temperature rising curve of semiconductor cooler not working
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Fig.26 Temperature curves

From the above diagram, it can be seen that the
oil temperature rises gradually with time, and also be-
yond the specified temperature range under the condi-
tion of refrigerator doesn’t work. After the refrigerator
works, the temperature can gradually reduce to the
specified temperature range. However, the cooling
speed is slower than the speed of system pressure
2MPa. The fact conforms to the theory and actual situ-
ation.

The hydraulic oil heating power is
P . =y-C-V-AT/60

=1.97 x0.863 x111.6 x0.45 =85 (W)
The hydraulic oil cooling power is
P, =y-C-V-AT/60

1.97 x0.863 x 111.6 x0.32 = 60 (W)

As a result, there is great difference between the

actual heating power 85W and the calculated power
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168W. Loss heat is mainly consumed by the pipe and
valve. The temperature can be lowered effectively at
the rate of 0.00032°C/s by the refrigerator. Thus the
actual cooling capacity is 145W, which is higher than
the situation of the system pressure being 2MPa. The
refrigeration coefficient is
145
726 x24

The cooling capacity is increased when pressure of

=0.23 (18)

the system is increased, but the refrigeration coefficient
is still small.

4 Conclusion

(1) The study proposes a new type of oil cooling
method used in the hydraulic system. Semiconductor
refrigeration technology is first applied to the hydraulic
oil temperature control system, and it provides a new
theoretical basis and engineering approach to solve the
problem of the hydraulic oil temperature control.

(2) The heat transfer model for semiconductor
cooler is established and simulated. It proposes the
structure of pipe semiconductor cooler on the basis,
and designs a semiconductor cooler for a tank.

(3) The application of semiconductor refrigeration
technology in hydraulic system is realized, and the fea-
sibility of the theory and design is verified. The test re-
sult indicates that, when the environment temperature
is 12 £2°C and the initial oil temperature is 38°C , the
cooling speed of system pressure 2MPa and 2. 5MPa is
0.00041°C/s and 0.00032°C/s respectively. The oil
temperature can gradually reduce to the specified tem-
perature range, and verifies that the semiconductor re-
frigeration system meets the requirements of the oil

temperature control.
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