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Abstract: Problem statement: Currently, the heat pipe air-preheater has become importance
equipment for energy recovery from industrial waste heat because of its low investment cost and high
thermal conductivity. Approach: This purpose of the study was to design, construct and test the waste
heat recovery by heat pipe air-preheater from the furnace in a hot brass forging process. The
mathematical model was developed to predict heat transfer rate and applied to compute the heat pipe
air-preheater in a hot brass forging process. The heat pipe air-preheater was designed, constructed and
tested under medium temperature operating conditions with inlet hot gas ranging between 370-420°C
using water as the working fluid with 50% filling by volume of evaporator length. Results: The
experiment findings indicated that when the hot gas temperature increased, the heat transfer rate also
increased. If the internal diameter increased, the heat transfer rate increased and when the tube
arrangement changed from inline to staggered arrangement, the heat transfer rate increased.
Conclusion/Recommendations: The heat pipe air-preheater can reduced the quantity of using gas in

the furnace and achieve energy thrift effectively.
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INTRODUCTION

A simple heat pipe consists of a closed container
that contains only a working fluid, liquid part and vapor
part. Heat is transferred along the tube by a process of
boiling, vapor flow, condensation and returned
condensate. The vapor travels at high speed to a
condenser section of the container, where the heat is
rejected during condensation from the returned
condensate by gravity. The heat pipe has very good
thermal respond because of wvery high thermal
conductance, heat pipes operate almost isothermally
with a small temperature difference between the upper
and lower end (Payakaruk et al., 2000; Engineering
Data Science Unit No. 80017, 1980).

The previous research on the heat pipe, such as;
Lukitobudi et al. (1995) studied the application of air-
to-air heat exchanger for medium temperature heat
recovery in bakeries. Noie-Baghban and Majideian
(2000) studied waste heat recovery using Heat Pipe
Heat Exchanger (HPHE) for surgery rooms in hospital.
Nuntaphan and Kiatsiriroat, (2004) modified radiators

to be heat pipe and they used as waste heat recovery
devices. Wangnipparnto et al. (2003) studied the
performance of a thermosyphon heat exchanger at normal
temperature under an electric field, using water and R-
134a as working fluids, having a 6x7 inline arrangement.
Wu et al. (1997) studied the application of heat pipe
exchangers for humidity control in an air conditioning
system. Zukauskas (1987) established a correlation to
predict heat transfer from tubes in cross flow.

However, the research did not study on the waste
heat recovery in a hot brass forging process by the heat
pipe air-preheater. Therefore, the aim this research
work is to construct mathematical model for predicting
heat transfer rate of the heat pipe air-preheater for waste
heat recovery from the furnace in a hot brass forging
process and then compared with experimental results.

Figure 1 shows the procedure in a hot brass forging
process. In this process, the brass bars were fed into the
furnace. The air was heated by flue combustion. Then
the hot gas moved through the layer of products. The
heat was transferred to the brass bars and waste heat
occurred. Afterwards, brass bars were moved to forge.
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Fig. 1: A hot brass forging process
MATERIALS AND METHODS

The experimental setup: The heat pipe air-preheater
for the forging process divides into 3 parts, i.e., the
length of evaporator, adiabatic and condenser sections
of 0.15, 0.05 and 0.15 m respectively. The tube
arrangements were staggered and inline in the direction
of hot gas flow. The prototype had a duct size area
0.28x0.24 m covered by fiber insulation.

Figure 2 showing the experimental setup,
composing of the heat pipe air-preheater, using water as
working fluid with internal diameters of steel tube of
0.013 and 0.020 m. The numbers of tube row were
eight rows in each row six tubes. The condenser section
was connected to the fresh air section from blower and
the evaporator section was connected to with the heat
source from the gas burner. The hot gas coming from
the gas burner flowed through the heat pipe air-
preheater. Fourteen K-type thermocouples (Omega with
+1°C accuracy) were installed on the evaporator and
condenser sections to monitor the temperatures. The
mass flow rate of fresh air and hot gas were measured
by a pitot tube (Testo 445 with +0.1 m sec™* accuracy)
and set up in the inlet and outlet of the evaporator and
the condenser sections. When a steady state was
achieved, the temperature at the inlet and outlet of the
evaporator and the condenser sections were recorded by
a data logger (Yokogawa DX200 with +0.1°C accuracy,
20 channel input and -200 to 1100°C measurement
temperature rang). The value used to calculate the heat
transfer rate of the heat pipe air-preheater is calculated
as follows:

Qe = me (Tout - Tin ) (1)
Qc = mc (Tout - Tin ) (2)
When:
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Fig. 2: Experimental set up

And error analysis of heat transfer to obtain:
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Note that Eq. 1 and 2 denote heat transfer rates in
the air side of evaporator and condenser sections,
respectively. In this study, the mathematical average of
the heat transfer rate is used, i.e.:

[@Wm] +[ Q WTM]

Qavg = 05(Qe + Qc) (4)
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Fig. 3: The thermal resistance circuit of heat pipe

The controlled parameters were: Water working
fluid, filling ratio of 50% by volume (Le) and the inlet
temperature of fresh air (40°C). The variable
parameters were: Tube internal diameters of 0.013 and
0.020 m and the temperatures of hot gas of 370, 390
and 420°C.

Note that, all of the experimental data was
collected under the steady state condition and they are
used for calculating the heat transfer rates when
compared with the predict values.
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Data reduction: In this research work, the pressure
drops from the evaporator to condenser and the axial
conduction along the pipe wall are assumed to be
negligible. Figure 3 shows thermal resistance circuit of
the heat pipe. The external thermal resistances of the
evaporator (Z,)and condenser surface are(Zz,) as:

zZ,=—" 5

' heuAeu ()
1

Z,=—— 6

a ©)

co” ‘co

For the flue gas side, Hewitt et al. (1994) is
adapted for evaluating the heat transfer coefficient (h,)
calculate as:

NGk
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D
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The correlations presented by Zukauskas (1987)
are used. Note that the Nusselt number is a function of
Reynolds number which based on the tube diameter.
For inline and staggered arrangements in the case of
number of tube row (N, 216), the Zukauskas (1987)

correlations are:

Staggered:

e S 0.2

N, = o.35[stj RIPP®  (10° <Re<2x10°) (8)
|

Inline:

N, =0.27R?*P** (10° <Re <2x10°) 9)

In the case o f the number of tube row less than 16
rows:
Nu ‘ Nr<16 — FN7u‘ Nr>16 (10)

Note that the factor F was tabulated follow
number of tube rows on Table 1. Note that Reynolds
number and Prandtl number in this work are defined as:

(11)

(12)
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Table 1: The correlation coefficients of F

n, 1 2 3 4 5 7 10 13

Inline 070 080 086 090 093 09 098 0.99
Staggered 0.64 0.76 0.84 089 093 0.96 0.98 0.99

definitions of the

Fig. 4: Relevant geometrical
parameters for heat pipe. (@) Inline
arrangement; (b) staggered arrangement

Figure 4 shows relevant definitions of the
geometrical parameters for heat pipe. The maximum
velocities: Of the air inlet are defined as:

Inline:

v, = {SS_I D}v (13)

Staggered:

V,, = 2Lds_1 D}v (14)
The wall resistances of evaporator Z, and

condenser surface Zg as:

_ In(Do/Di)

Z= 2nL k (15)
— In(Do/Di)

Zs = 2nL k (16)

Zs and Z; are the internal resistances due to pool
and film boiling of the working fluids which are
divided into Z,, i.e., resistance from pool boiling and
Z,. 1.e., resistance from film boiling in the evaporator
section:

1

Z =—__ - 17
3p ¢lg°'2Q°'4(nDLe)°'6 ( )

0.235Q%

3f = W (18)
i er2

Where:
0.651,03~0.7 0.23
p, "k C. P,
S 09)
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The resistance from film boiling of the working
fluid in the condenser section is:

0.235Q%°
7 - 21
" DgL¢5° @)

Z, and Zg are the thermal resistances that occur at
the vapor liquid interface in the evaporator and the
condenser respectively. Zs is the effective thermal
resistance due to the pressure drop of the vapor as it
flows from the evaporative to the condenser and Zy, is
the axial thermal resistance of the wall of the container.
These are always neglected, being exceedingly small.
The overall thermal resistance is approximated or
estimated by:

Zow =2 +Z,+Z;+Z, +Zg+ Z, (22)

total

The overall heat transfer coefficient area of the
heat pipe air-preheater can be evaluated in the term of
thermal resistance as:

1

UA, =
N2+ 2y + 2y + 2, + 2y + Z,)

(23)

The overall heat transfer rate of the heat pipe air-
preheater for parallel flow arrangement can be
calculated by:

Q=UAAq (24)
Where:
Almtd — (Thi _Ti)_(Tho _Tco) (25)
Toi —Ta
In| =M——¢
[Tho - Tco ]
Where:

A =Area(m?)

D = Diameter (m)

F = Empirical constants

h = Heat transfer coefficient (W m™ K)
k = Thermal conductivity (W m™ K)

L = Length (m)

m = Mass flow rate (kg sec™)
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n = Number of tube bank
Q = Heat transfer rate (W)
S, = Longitudinal pit of tube bank (m)
S, = Transverse pith of tube bank (m)
S, = Diagonal pith of tube bank (m)
Ane = LOg mean temperature difference (°C)
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Fig. 5: Flow chart for calculating the heat transfer rates
of the parallel flow the heat pipe air-preheater
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Mathematical models: The mathematical model of this
study is analogous to that of Wangnipparnto et al.
(2003). Note that Wangnipparnto et al. (2003) program
is valid for the simulation at normal temperature
condition (90-150°C). While the present simulation
program develops for predicting at medium
temperature condition (370-420°C) and applies to
compute the heat pipe air-preheater in a hot brass
forging process. Figure 5 shows the flow chart of the
calculation method. First we feed input all of working
conditions and dimension of heat pipe air-preheater.
Second we assume values of inlet and outlet
temperatures and the heat transfer rate of each row.
Third we re-calculate until all the computational values
do not change. Fourth we start with row 2 by the same
method until the last row is carried out.

RESULTS

Effect of hot gas temperature on heat transfer rate:
In the case of inline arrangement, the effect was
measured for the heat pipe air-preheater with eight rows
and six columns when the internal diameter of 0.020 m
with the mass flow rates of 0.0092 and 0.0098 kg sec™.
Figure 6 compares the hot gas temperature with the heat
transfer rate. When the hot gas temperature increased
from 370-420°C, the heat transfer rate also increased
from 1649.1-1996.6 W. For staggered arrangement, the
effect was measured for the heat pipe air-preheater with
eight rows and six columns when internal diameter of
0.020 m with the mass flow rates of 0.0092 and
0.0098 kg sec™. Figure 7 compares the hot gas
temperature with the heat transfer rate. When the hot
gas temperature increased from 370-420°C, the heat
transfer rate also increased from 1771.8-2273.6 W. For
both arrangements, the experimental results of the heat
transfer rate were similar. The highest heat transfer was
attained at the maximum temperature of 420°C. This is
because when the hot gas inlet temperature increased,
the hot gas outlet air temperature also increased. Thus,
the temperature difference between the inlet and outlet
hot gas increased and the heat transfer rate was high.

Effect of internal diameter on heat transfer rate: In
the case of inline arrangement, the effect was measured
for the heat pipe air-preheater with eight rows and six
columns, when the hot gas temperature was 420°C and
the mass flow rate of 0.0098 kg sec™. Figure 6
compares the internal diameter with the heat transfer
rate. When the internal diameter changed from 0.013-
0.020 m, the heat transfer rate increased from 1884.8-
1996.6 W. For staggered arrangement, the effect was
measured for the heat pipe air-preheater with eight
rows and six columns, when the hot gas temperature
was 420°C and mass flow rate of 0.0098 kg sec™.
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Fig. 7: The effect of hot gas temperature and internal
diameter on heat transfer in the case of
staggered arrangement
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Fig. 8: The effect of tube arrangement on the heat
transfer rate

Figure 7 compares the internal diameter with the heat
transfer rate. When the internal diameter changed from
0.013-0.020 m, the heat transfer rate increased from
2065.1-2273.6 W. For both arrangements, the
experimental results of the heat transfer rate were similar.
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Fig. 10: Comparison of the heat transfer rate between
the simulation model and the experimental
results

The highest heat transfer was attained at the maximum
internal diameter of 0.020 m. This is because a smaller
internal diameter leads to an increased frictional
pressure drop and flow resistance. It can be concluded
that when the internal diameter increase, the heat
transfer rate will increase.

Effect of tube arrangement on the heat transfer
rate: In this experiment, the effect was measured for
the heat pipe air-preheater with eight rows and six
columns when the hot gas temperature was 420°C with
the mass flow rate of 0.0098 kg sec™ and the internal
diameter of 0.020 m. Figure 8 compares the tube
arrangement with the heat transfer. It was found that
when the tube arrangement changed from inline to
staggered arrangement, the heat transfer increased from
1996.6-2273.6 W. This is because the staggered
arrangement had frontal area of heat pipe for
connecting hot gas flow more than inline arrangement.
Thus, the hot gas outlet air temperature increased and
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temperature difference between the inlet and outlet hot
gas also increased and the heat transfer rate was high.
It can be concluded that when the tube arrangement
changed from inline to staggered arrangement, the heat
transfer increased.

DISCUSSION

The comparison between installed heat pipe air-
preheater and without heat pipe air-preheater on
quantity of gas, Fig. 9 shows the comparison heat pipe
air-preheater on quantity of using gas for the waste heat
recovery by heat pipe air-preheater from the furnace in
a hot forging process. It indicated that when installed
the heat pipe air-preheater, the quantity of using gas
will decrease. And when the tube arrangement changed
from staggered to inline arrangement, the quantity of
using gas will increase. Figure 10 compares the heat
transfer rate experimental data with the predicted heat
transfer rate from the mathematical model. The
prediction compared well with the experimental data. It
can be concluded that when the hot gas temperature
increased, the heat transfer rate also increased. The
experimental data is in the standard deviation of +10%
from the mathematical models.

CONCLUSION

This research designed and built the experimental
prototype to investigate the applicability of the heat
pipe air-preheater as a waste heat recovery device for a
hot brass forging process. The major conclusions were
follows as:

The quantity of using gas for waste heat recovery
by heat pipe air-preheater, when installed the heat
pipe air-preheater was lower than the without heat
pipe air-preheater

When the hot gas temperature increased, the heat
transfer rate also increased

When the internal diameter increased, the heat
transfer rate increased

The heat pipe air-preheater can reduced the
quantity of using gas and achieved energy thrift
The mathematical models could be used to predict
the heat transfer of the heat pipe air-preheater in a
hot brass forging process. The results agreed well
with those of experiment
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