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ABSTRACT

In the vehicle industry, thermal balance experiments are
extensively conducted on engines to determine energy
distribution from fuel to engine power. The temperature
differences between the hot and cold sides of the vehicular heat
exchanger are the key data used to calculate heat quantity.
However, in certain gas-liquid heat exchangers, the
temperature difference of the liquid side is significantly smaller
than that of the gas side. Measuring error is increased when
adopting an inappropriate measurement method. To minimize
error, a temperature difference measurement method based on
compound thermocouple (CTC) is introduced in this paper.
This method is calibrated using a thermostatic oil tank. An
empirical formula is used to calculate cases in which the basic
temperature ranges from 20C to 120<C, and a temperature
difference of less than 20<Cisgained. The proposed method is
applied in a practical thermal balance experiment using a
vehicle radiator, and the results are compared with that
obtained by measuring with pairing calibrated resistance
temperature detectors. Results show that the CTC can reduce
thermal balance error in vehicular cooling systems to less than
4%.

INTRODUCTION
Thermal balance experimentation is one of the most

important means of studying energy distribution in engines.

The energy produced by combustion in the chamber is
mainly distributed into engine power, cooling heat, and
exhaust dissipation. To calculate the heat dissipation from
the cooling system, the temperature difference between the
inlet and outlet must be measured. Temperature sensors are

normally used to measure local temperatures, and
temperature difference is calculated based on the
measurements. However, in certain vehicular heat

exchangers, such as lubricating oil coolers and water
radiators, the temperature difference in the liquid side is
obviously smaller than that in the airside. The measurement
accuracy easily influences the tested difference value,
thereby affecting the precision of the thermal balance of the
engine®. Furthermore, as power density in engine
development increases, the mass flow rate( m) of liquid
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coolant in the heat exchangers increases as well; the error in
temperature differences (47) is thus amplified when

calculating heat dissipations ( Q, ) using Q. =C,MAT ,

where C, is the specific heat capacity of the coolant.
Therefore, ensuring precise temperature difference
measurement is the key factor in engine thermal equilibrium
experiments.

Several techniques have recently been introduced to
improve the precision of temperature difference
measurement. The most common method is using a
temperature difference transmitter. Pairing resistance
temperature detectors (RTDs) by means of calibration is an
alternative method of minimizing test error®.

Temperature difference transmitters use hardware to
process the temperature signal between two measuring
points. Such transmitters consist of the gate circuit, holding
circuit, and A/D circuit. The temperature difference signals
are converted into analog signals during processing. The
accuracy of this approach mainly depends on the
temperature signals at the input terminal. This approach
therefore has a considerably high requirement for
temperature sensors. Furthermore, this method is based on
the principle of signal transmission, which implies a certain
amount of transmission error. Typically, when the accuracy
of the temperature difference transmitter is approximately 1%
F.S, the measurement error ranges from 0.5 <€ to 2 <C.
However, in the field of vehicular heat exchangers, given
conditions of relatively small temperature difference and
high mass flow rates in the liquid side, the actual
temperature difference between the import and export is less
than 10C. Therefore, measurement error significantly
affects the calculation of thermal balance, the error oh which
could exceed 5%.

The aim of pairing the RTDs by means of calibration is
to minimize measurement error by identifying two
temperature sensors with the same positive or negative error
deviations. All temperature sensors are calibrated in the
same batch. Particular sensors with the same shift direction
and the closet calibration values are selected to form the
pairing sensors used to measure the import and export
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temperatures, respectively, of the same heat exchanger. In
this method, the error resulting from opposite trends or
inconsistency among the sensors can be minimized.
However, the process of calibration and selection are too
complicated to be widely used in the industry.

To ensure precision and to streamline the operation, a
temperature  difference measurement method based on
compound thermocouple (CTC) is introduced in this paper. The
principle of this method is stated, and the empirical formula
used in practical applications is derived accordingly. The
method is validated and compared with pairing RTDs by means
of practical thermal balance experiments in a wind tunnel
system. This method is more convenient and useful in
measuring the temperature differences in vehicular heat
exchangers.

PRINCIPLE OF THE MEASURING METHODS

The structure of the compound thermal couple is shown
in Fig. 1. X; and X,aretwo thermal couples composed of A;
+ B;and A, + B,. A; andA,aremade of the same material A,
whereasB; andB,aremade of the same material B. The B
points of these two thermocouples are melted together (Eg
represents the corresponding electric potential) to
manufacture the CTC. In application, the sensors of X; and
Xoarelocated at the required test points(T;+AT and
Tirepresent the tested temperatures, AT>0). A; and Ajarethe
measuring cables of the CTC(Ea; and Ea; represent their
respective thermoelectric potentials). The three terminals A,
A%]and Eg are kept at the same environmental temperature
To™.

T+ AT

T1

Figure 1 Principle of compound thermal couple

The thermoelectric potentials of the reference points in
the compound thermal couple are:

EAAZ - EAiB N EAQB 0)
At the same time,
T, +AT
Enp = LO S (T)dT 0)
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Tl
Eppe = J'TO S (T)dT 0)

where Sag(T) is the Seebeck coefficient®used to create the
thermocouple using materials A and Band can be calculated
using the following formula:

S,e (T):LTMO“ 0)

where p is the Thomson coefficient obtained by especial
experiment.

From the four equations above, the equation below is
obtained:

AT T (t) - 1 (1)
EAiAQ :J.Tl dTJO %dt 0)

where the Thomson coefficient p is a constant and
Easazisthe function of Ty(basic temperature) and AT
(temperature difference), which can be written as:

EAlAz = f(Tl’AT) (0)

CALIBRATION OF MEASURING SYSTEM

The calibration system (shown in Fig.2) consisted of
two thermostatic fuel tanks, two T-type(Copper/copper-
nickel alloy) thermocouples, two high-precision mercury
thermometers, and one CTC. When calibration was
performed, the steady temperature difference was adjusted
using two thermostatic oil tanks. The instruments mentioned
above and the sense points of the CTC were then placed in
the fuel tank, as shown inFig.2.

Data acquisition system
QQ QR

g TC Transmitter
QQ

Compound thermal couple

I

BEBBT

reufy therqmomed ter

Thermostatic oil tank
C low )

Thermostatic oil tank
( High»

Figure 2 Schematic of calibration of sensors

During calibration, the lower temperature between the
two oil tanks was taken as the basic temperature T, which
was measured using a mercury thermometer. The basic
temperature T was set to five levels in calibration: 60T,
80, 100, 120<C,and 140<C.The temperature difference
AT of two oil tanks variedfrom2<Ctol0<Cperbasic
temperature level. Calibration data was acquired using a data


file:///H:/笔记本备份/论文/HEFAT2016/Paper_revised.docx%23_ENREF_5
file:///H:/笔记本备份/论文/HEFAT2016/Paper_revised.docx%23_ENREF_6

12th International Conference on Heat Transfer, Fluid Mechanics and Thermodynamics

acquisition system produced by National Instruments™. The
TC signals used to measure the basic temperature were
acquired using the thermocouple data acquisition module;
the thermoelectric potential signals measured using the
compound thermal couple were acquired using a micro-
voltage data acquisition module. Synchronous acquisition
was achieved by using a real-time controller in an industrial
computer.

By collecting the temperature difference, electrical
potential difference, and the basic temperature data obtained
during calibration, the curves where the temperature
difference  thermoelectric power AE versus Dbasic
temperature T and temperature difference AT are plotted
below.

As shown in Figs.3 and 4, the temperature difference
thermoelectric power AE, the basic temperature T, and the
temperature difference AT exhibit a significant positive
correlation. Taking the temperature difference AT as the
dependent variable, with the thermoelectric potential AE and
the base temperature T as the independent variables, the
results can be analyzed by using the binary linear and
nonlinear regression methods, respectively.

0.8 T T

+ EBO°C
07k B ROeE | i

k-4 o
0Ek 00

O 120ec
—~0sH ¢ woeclo.. e G G G i
E 4k |:| ................. e [SIRREIIEEERRaRe O O...... i
<] 03k * ................ G B S b= S 4
nak...... g s e Fo Ho 4
O k- e qureeeeeee e T o]

D 1 1 Il

1 1 1 L 1 1
50 B0 70 80 80 100 110 120 130 140 150
Basic Temperature T (*C)

Fig.3 AE at various basic temperatures T

[IRS] T
+ B0°C
07 HBOEQ [T a
oell % 100°C | i
O 120ec
—~ 05H O JAD O frrvrre e %‘ ..............
Db g ........................... _
= oggb _@ .......................................... 4
D2 ﬁ ....................................................... i
O ke _.'_@:l ...................................................................... i
D 1 1 1 1 1
0 2 4 53 8 10 12

Temperature Difference AT (°C)
Fig.4 AE at various temperature differences AT

The result of the linear regression model is as follows:
AT =a+bT +cAE (0)]

where a, b, ¢ are the estimated parameters of this regression,
and which can be calculated using the least squares method:

a=0.9213, b=-0.0081, c=19.9006

The result of the nonlinear regression model is
described as follows:

AT =a=*T" *AE® (0)
The parameters calculated using the least square method

are as follows: a=36.356, b=-0.133, ¢=0.979.

04

T T
+  Residuals of linear madal
O3 F +  Residuals of nonlinear model |.......... B I KRITIRTEEE -
+

5 F -
— + +
O ntf* + * ]
e +
[%] + + + + * *
® oL * ¥+ g F Kk * * # +-
=]
=] S L S o * * o+
“ +
@ 01 4
& 0.1 X +

+ +

1 T S T F Pk 4

1] SEPRITTIOT B R R LI L T LT N BT T L LR P T TR TP TR PR PPRTTEPIERPMERS -

04 I I L L

o 5 10 15 20 25

Calibration Points

Fig.5 Residuals analysis results

Fig.5 shows the residual analysis results of the above
models. The regression range of the linear model was found
to be [-0.3, 0.3]C. By contrast, the regression range of the
nonlinear model was [-0.04, 0.04]<C, which is much more
accurate than the former result. One possible reason for this
result is shown in Equation(5):an obvious non-linear
relationship exists between thermoelectric power E and
temperature difference AT, and between thermoelectric
power E and base temperature T. Therefore, the empirical
formula is expressed as:

AT =36.356+T %« AE*™ (g

To analyze the relative error of the CTC empirical
formula, the log of Equation(8)is taken on both sides:

INAT =Ina+bInT+cIn(AE)  (0)
After the derivation,
d(lnat) _o5(aT) a S(AE)

=2 +c——2(0)The
dT AT T AE

measuring error based on the empirical formula can thus be

expressed as:
. 5(AE)
AE

relative

|5 (aT)|= ‘TE‘-|AT| + |AT| )

The adopted the estimated parameters of the non-linear
regression model are as follows: a=36.356, b=-0.133, and
€=0.979.Assuming that basic temperature was 100 <C and
the temperature difference thermoelectric power was 472mV
(equal to the case where temperature difference is10 <), the
relative deviation caused by the CTC was only 0.033 <C, far
less than that resulting from using an ordinary T-tg/pe
thermocouple or two T-type thermocouples(about 0.2 TE).


file:///H:/笔记本备份/论文/HEFAT2016/Paper_revised.docx%23_ENREF_7
file:///H:/笔记本备份/论文/HEFAT2016/Paper_revised.docx%23_ENREF_8

12th International Conference on Heat Transfer, Fluid Mechanics and Thermodynamics

Based on empirical Equation(9), as long as the radiator
inlet temperature and the thermoelectric powers are
measured, the temperature difference between the inlet and
outlet can easily be calculated. The empirical formulas can
be applied to all the results tested using CTCs consisting of
A and B, with no need to calibrate one by one. This process
is particularly well-suited for engine thermal balance
experiments, which has several heat exchangers to be
measured continuously at various working conditions.

According to the calibration, this empirical formula is
appropriate for use in cases in which the basic temperature
ranges from 20 <C to 120<Cand the temperature difference is
less than 20<C.

VALIDATION AND RESULT ANALYSIS

1. Test system and experimental scheme

To validate this CTC-based method, radiator thermal
balance performance tests were conducted on a wind tunnel
system. The tested radiator was a traditional compact heat
exchanger which consisted of plate fins and a flat tube, and
the structure parameters are listed in Tablel.Water was used
as the hot-side medium and air was used as the cooling
medium. The hot-side temperature difference in the radiator
was measured in two facilities simultaneously: pairing
calibrated RTDs!™ and using a CTC. For the cold side, the
temperature was measured using measuring nets with a
standard uncertainty of #0.5K fitted in the upstream and
downstream of the radiator.

Table 1 Specification of the vehicular radiator

Parameter Size
Length(mm) 820
Width(mm) 56
Height(mm) 644

Tube height(mm) 2

Fin height(mm) 7.5

Upwind area (m?) 0.528

Heat transfer area z(m?) 40.27

In actual application, the cold-side heat absorption was
always less than the heat dissipation at the hot side because
of the heat capacity of the heat exchanger. The closer these
two results are to each other, the better the thermal balance
is. Thus, our objective was to find better facilities with the
smallest error and using a convenient operation.

Fig.6 displays the wind tunnel system for measuring the
thermal balance in the radiator. The inflow water
temperature was maintained at 85<Cand the ambient
temperature (the temperature of cold air) was approximately
32<C. The hot-side mass flow rate was set as 1.7, 3.4, 5.1,
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and 6.8kg/s. The air flow velocities were adjusted to 2, 5, 7,
and10m/s.

~
o
=
~
©
©

Air Inlet

[T =

=

(1)Honeycomb straightener, (2) inlet air temperature mesh, (3)
pressure tube (inlet), (4)Water radiator, (5) pressure tube
(outlet), (6) outlet air temperature mesh; (7) honeycomb

straightener, (8) airflow meter, and(9)exhaust fan and air outlet

Fig.6 Schematic of the thermal balance test system

Normally, water is an ideal fluid with constant density
and specific heat capacity. However, the effect of
temperature variation on the physical properties of water
cannot be disregarded when calculating the heat exchange.
Thus, the physical properties of water in the actual
application were fitted with the regression equations used in
IAPWS-IF975,

Density is calculated as:

p =V, Molewt (kg/m?),
A

N

B[H[LE]]
A=4.6173, B=0.26214, C=647.29, D=0.23072.

where T denotes the thermodynamic temperature and

MoleWst represents the molecular weight of water.
Specific heat capacity is given by:

V, = (kmol/m3) ©)

pL

C,=—"
MoleWt

C, =a+bT+cT?+dT* (kl/kmol-C)
a=4.6173, b=0.26214, c=647.29, d=0.23072.

kJ/kg-C),
(kikkg-C) 0

The parameters of the hot side were selected as a
reference value to evaluate the error of thermal balance
performance test because the cold-side (air) temperature
difference and velocity were larger than those of the hot side
(water).The air velocity in the wind tunnel was significantly
lower than the speed of sound; therefore, we considered the
cooling air as an incompressible ideal gas®? and the
temperature as the only reason for the density variation. The
air used in the actual experiments was moist air and the
corresponding physical parameters were calculated using the
following equations™:

Absolute humidity H is written as:

Py

H=0662¢ —2 —
p0_¢. pg

(0)
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where ¢ denotes relative humidity, p, represents the

saturated water vapor pressure, kPa; and P, denotes the

standard atmospheric pressure.
According to Antoine equation®?,

In(p,)=A-— ©)

A T+C
Here, A, B, and C represent the Antoine constants:
A=9.3876, B=3826.36, and C=-35.85. T ranges from
290Kto 500K.
Specific volume is calculated as:

(273+tn) P

20
273

v, =(0.772+1.224H)
Pa

©)
(m3/kg)
t, denotes the temperature at the measuring plane, <C, and

P, are used to obtain the local atmospheric pressure, kPa.
Density™® can be expressed as:

1
p=—(kg/m® ©)
VH
Specific heat capacity is given by:
C,=101+1.88H (kJ/kg-C) (0)

Based on these above equations,Cpand p only depend on
absolute humidity H, temperature t, , and atmospheric

pressure P, .

2. Validation of the method

The Effectiveness-NTU method (e-NTU) was used to
evaluate the test results. Based on the working condition of
this vehicular radiator, the corresponding NTU number
ranged from 0.5 to 1.8when it was operated on its
characterized boundary condition. This radiator had across-
flow pattern; therefore, the relationship of e-NTU is defined
using the following equation*:

NTU 0.22
e=1-exp

*

[exp(-C 'NTU®"®) —1]} )

min

g:% , C*:C_
Qmax Cmax

In this equation, effectiveness e=%

max
the ratio of the actual heat transfer rate to the maximum

©)

represents

possible heat transfer rate. C*:ﬁ denotes the heat
max

. . : UA
capacity rate ratio. Heat transfer unit number NTU = —

min

stands for the dimensionless heat transfer scale of the
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radiator. The larger NTU is, the closer ¢ is to its theoretical
limit.

The distribution of &NTU found in a previous
study™and calculated using the test results of the CTC-
based method are shown in Fig.7. The solid lines represent
the empirical curves for this type of radiator, and the small
circles show the calculated value resulting from the test of
the CTC. As shown in Fig. 7, all of the working points
measured by using the CTC are within the range of the
empirical curves. This trend proves that the test results are
reasonable and believable.

Ernpirical eNTL distributions L
& The eNTU distribution at present expetiments
I I I I I

2|5
NTU
Fig.7 Distribution of e-NTU of the radiator

15 2 3 38 4 44 a

3. Effect of velocity variation

Fig.8 plots the curves of the hot-side temperature
difference with various water mass flow rates. The dashed
line represents the value measured by pairing calibrated
RTDs, and the solid lines represent the results of the CTC-
based method.

T I
—— TG, m=1The/s
— % —RTDs =1 Tke/s
H —+— OTC, =5 dkg /s
4 — RTDe =3 dkg/s
—— TG, =5 1kg/s
M RTDs =5 1kg/s
—&— O, =6 8kg /s
—& — RTDe,=6.8ke /s

Water-side temperature difference (°C)

L 1 1
25 3 35 4 45 a

Air-side mass flow rate (kg/s)

Fig.8 Water-side temperature difference

As shown by the curves, the results using the CTC-
based method were less than those using the pairing of
calibrated RTDs at all conditions. As the flow rate increased,
the deviation between the pairing of calibrated RTDs and
CTC-based method increased. This tendency might be
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because for the test using the RTDs, when temperature was
high, the deviation was larger®.

All of the measured temperature differences increased
as the air flow rate and water flow rate exhibited similar
trends. Although the pairing of RTDs resulted in either
negative deviations or positive deviations through
calibration and selection, the measuring errors increased as
the temperature difference increased, and accumulated in
relation to the measured results throughout the test process.
Thus, all of the temperature differences measured using
RTDs were always larger than those measured using CTCs.

4. Effects of temperature difference on test
precision

Figs.9 to 12 display the heat transfer versus cold-side
velocity at different water flow rates. The quantities of heat
transfer were calculated by using the hot-side results of
pairing calibrated RTDs, the hot-side results of the CTC-
based method, and the cold-side temperature differences
(measured by using a temperature measuring net).

Water mass flow rate = 1.7 kg/s

® Based on CTC
| = Based on RTDs
Based on air-side

[
o
o

o]
o
\

Heat Transfer (kW)
5 3

n
o
\

Air Velocity (m/s)

Fig.9 Comparison between measured heat transfer rates when
the water-side mass flow rate is1.7kg/s

Water mass flow rate = 3.4 kg/s

140
® Based on CTC
120 ar Based on RTDs
< " Based on air-side
100 1
g
S 80 -
w
c
E 60 -
©
S 40
T
20 -
0

Air Velocity (m/s)

Fig.10 Comparison between measured heat transfer rates when
the water-side mass flow rate is3.4kg/s
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Water mass flow rate =5.1 kg/s

=
[=2]
o

® Based on CTC
e

® Based on RTDs
“|" Based on air-side

=
'y
o

kW)

Heat Transfer
5 8 38
—

Ny
o
L

2 5 7 10
Air Velocity (m/s)

Fig.11 Comparison between measured heat transfer rates when
the water-side mass flow rate is5.1kg/s

Water mass flow rate = 6.8 kg/s

107w Based on CTC

B Based on RTDs
Based on air-side

[N
'
o

Ny
o
L

Heat Transfer (kW)
8 83 8 8

N
o
.

Air Velocity (m/s)

Fig.12 Comparison between measured heat transfer rates when
the water-side mass flow rate is 6.8kg/s

Figs.9 to 12 show that Q, <Qc <Qgrmp - At all

conditions, the heat dissipation calculated using the results
of the CTC-based method was significantly closer to the
cold-side heat absorption.

According to the error equation of thermal balance ™7,

£ =200 %) 1000 ©)
(a,+a,)

We calculated the thermal balance error using the
results of pairing calibrated RTDs and CTC-based method,
as shown in Fig.13. Here, the dotted line represents the
thermal balance error calculated using the results of pairing
calibrated RTDs, and the discrete points stand for the error
using the CTC-based method.
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Fig.13 Error of the thermal balance tests

In Fig. 13, the averaged thermal balance error from
pairing calibrated RTDs was approximately9.4%.When the
air velocity was only 2m/s, the radiator was in the worst
cooling condition, and the maximum error reached 12.4%.
However, for the CTC-based method, the averaged error
was only about 3.174%, and in most conditions, the error
from CTC was less than 5%.These results indicate that the
application of the CTC-method greatly improved the
accuracy of the temperature difference measurements.

CONCLUSION

A temperature difference measurement approach based on
CTC was proposed in this study. The principle of this method
was extrapolated, the CTC was calibrated, and the approach
was validated by conducting thermal balance experiments in a
wind tunnel. The empirical equations suitable for cases where
the basic temperature ranged from 20 <C to 120 <C and the
temperature difference less than 20<C,werededuced according
to calibration.

The test results indicate that in a vehicular heat exchanger
with a large liquid-flow rate and small temperature difference,
using the CTC-based method can greatly minimize the error of
thermal balance. In conclusion, the CTC-based method is low
cost, convenient, and accurate. Compared with the pairing
calibration method, the averaged error of thermal balance can
be reduced to less than 4% by applying the CTC-based method.
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