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Most of the energy demand in the steel industry is used for heating purposes. The recovery of residual
heat contributes to significant reductions in both production costs and greenhouse gas emissions. In this
paper, the design, manufacture and testing of an innovative heat recovery system based on a Flat Heat
Pipe heat exchanger (FHP) is described. The FHP system consists of stainless steel heat pipes linked by a
bottom header and a shell and tube top header. The thermal performance of the FHP was investigated
both in the laboratory and on an industrial plant and the energy recovered and the working tempera-
tures of the FHP are reported. A theoretical modelling tool has been built to predict the performance of
the device in the laboratory. Reasonable agreement has been obtained between experimental and
theoretical results. It is concluded from the results that the FHP is an innovative high efficiency tech-
nology for waste heat recovery from such industrial applications.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The steel industry is one of the largest energy-consuming in-
dustries, accounting for 5% of the total world energy consumption
with energy costs representing about 30% of total production costs.
Heat recovery from the steel manufacturing process is a huge
challenge due to many difficulties such as the space available for
installing heat exchangers and matching the waste heat stream to
the heat sink demand. Recovering excess heat from the processes
could reduce greenhouse gas emissions and significantly reduce
production costs. A significant number of investigations on waste
heat recovery have been conducted over the past decade. The
majority of innovations have focused on molten slag heat recovery
as discussed by Zhang et al. [1], Liu et al. [2], and Guti�errez-Tra-
shorras et al. [3]. Four waste heat recovery systems have been
investigated: Air blast, Single Drum, Twins Drums, and the Spin-
ning Cup methods; typically these systems have an average effi-
ciency of approximately 50%. Kaşka [4] proposed an Organic
Rankine Cycle for power generation using the excess heat of a
walking beam slab reheat furnace. The system proposed was tested
Jouhara).

r Ltd. This is an open access article
with different working fluids for two working conditions. The first
casewas with a gross power production of 260 kW. The second case
was with a gross power production of 200 kW. The ORC designed
had energy and exergy efficiencies of 10.2%, 48.5% and 8.8%, 42.2%,
respectively, for the two cases.

Most of those technologies are not able to recover enough waste
heat to be a viable solution for companies. However utilising heat
pipe based heat exchangers for waste heat recovery is a promising
solution that can address this issue. Heat pipe technology is
recognized as a high efficiency transfer method. Where heat pipes
are passive thermal devices that are able to transfer large amount of
heat with no moving parts, using only the phase change (liquid-
vapour) process. The heat pipe is composed of a shell case material
and a working fluid. The system is separated in three sections, the
evaporator section where heat is applied; the adiabatic section
composed of liquid and vapour; and the condenser section where
the vapour is condensing. Fig. 1 illustrates the heat pipe concept.

When heat is applied on the evaporator section, the working
fluid vaporizes. The vapour then travels through the adiabatic
section to the condenser. The latent heat of the vapour is then
transferred to the condenser surrounding which causes the
condensation of the working fluid. The working fluid then flows
back to the evaporator. The working fluid can be transported to the
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

Symbol
A Surface area (m2)
Cp Specific heat (J/kg.K)
Csf constant, determined from experimental data
D Diameter (m)
Feo,h View factor
g Gravitational acceleration (m/s2)
h Heat transfer Coefficient (W/m2. K)
hfg Latent heat of vaporization (J/kg)
k Thermal conductivity of liquid (W/m. K)
l Length (m)
_m mass flow rate (kg/s)
N number of pipes
Nu Nusselt number
Pr Prandtl number
pr Reduced pressure
Q Heat transfer rate (W)
R Thermal resistance (�C/W)
Re Reynolds number
T Temperature (K)

Greek Symbols
a liquid thermal diffusivity (m2/s)

m Dynamic viscosity (kg/m.s)
r Density (kg/m3)
s Surface tension (N/m)
s0 StefaneBoltzmann constant which is equal to

5:67� 10�8 W=ðm2: K4Þ
ε Radiation emissivity

Subscripts
c Condenser section
ci Corresponds to inner wall of condenser
co Corresponds to outer wall of condenser
cold, in Cooling fluid inlet
cold, out Cooling fluid outlet
Cond, e Evaporator wall conduction
Cond, c Condenser wall conduction
ei Corresponds to inner wall of evaporator
eo Corresponds to outer wall of evaporator
f Factor for heat transfer in forced convection
h Heat source
l Liquid
rad radiation
v Vapour

Superscripts
n experimental constant that depends on fluid

Fig. 1. Pipe working cycle [5].
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evaporator using wick or by gravity [6e10].
Heat pipe technology has been investigated for many different

applications such as waste heat recovery [11,12] and solar appli-
cations [13e18]. Tian et al. [19] investigated a new type of heat pipe
based heat exchanger for waste heat recovery from flue gases. The
heat pipe consists of a condensing shell and tube chamber and a
finned pipe evaporator. Clean air was used to pre-heat the burner
air supply, leading to a reduction of 15% in natural gas consumption
and therefore a reduction in greenhouse gas emissions. Azad [20]
presented a design of wicked heat pipe for a solar collector. The
design configuration consisted of six vertical copper tubes con-
nected by a horizontal tube at the bottom end and a header at the
top end. The investigation of the heat pipe, the collector, and
cooling fluid temperatures in addition to the collector efficiency
showed agreement between theoretical and experimental results.
The analytical model developed was validated by comparing the
theoretical results with the experimental outcomes in literature
[21].

Heat pipes generally are cylindrical pipes, however the
evaporator or condenser or both can be flat. In this case it is called a
flat heat pipe. The advantages of flat heat pipe technology are the
isothermal characteristics and flat evaporator surface which max-
imises the radiation absorbing area [22].

Flat heat pipes are commonly used in heat dissipation of elec-
trical and electronic devices as they are able to transport high heat
flux and make thermal management of such devices feasible. A
substantial amount of research was conducted on flat heat pipes
and vapour chambers [23,24]. The main focus of the investigation
was based on the effect of the heat transfer rate on the thermal
resistance of the heat pipe and the isothermal characteristics of the
heat pipe [25e33].

Flat heat pipes can also utilised in solar applications when
combined with PV panels [34]. Joining heat pipes with PV panels
makes the system produce electricity and thermal heat simulta-
neously. This combination of flat heat pipewith PV panels increases
the efficiency of PV panel by decreasing theworking temperature of
the panel [35].

Jouhara et al. [36] developed and validated a novel flat heat pipe
based photovoltaic thermal (PV/T) system called a ‘heatmat’, where
the new design performs as a building envelope. The experiments
examined the effects of cooling cycles on the electrical output and
the temperature of the heat pipe PV/T panels. The electrical effi-
ciency was increased by 15% with the use of an active cooling cycle
in the panels. Moreover, the temperature of the panels decreased
from the range of 40 �Ce58 �C to the range of 28 �Ce33 �C. The
thermal efficiency of the heat mat without the PV layer was around
64%, while the efficiency of the heat mat with the PV layer was
around 50%. The ability of the heat mat to absorb heat from the
ambient was also studied as a function of air speed and the tem-
perature difference between the ambient and cooling water.

Heat pipes with flat evaporators are also used in solar thermo-
chemical reactors which are considered a special case of solar re-
ceivers, where solar energy is utilised in chemical reactions in the
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reactor to produce solar fuel. A heat pipe design which combined a
flat evaporator and a cylindrical condenser was proposed and
investigated by Wang et al. [37]. The heat pipe showed a uniform
thermal distribution on the condenser and evaporator sections.
Yang et al. [38] proposed a design of a high temperature flat heat
pipe receiver in a solar power tower plant. The start-up and the
thermal performance of the system were experimentally investi-
gated. The impact of inclination angle and heat input on the start-
up time and temperature distribution were tested and the best
performance was obtained at an angle of 45�. The effective thermal
conductivity, thermal resistance, and heat transfer efficiency of the
FHPwere calculated at various inputs. It was noted that the thermal
resistance decreases as the heat input increases, whilst the effi-
ciency is enhanced as the heat input increases. The stability in
operation was also studied and the FHP exhibited the potential of
long term, safe and uniform temperature distributions.

In this paper a flat heat pipe is described, which is designed to
recover heat transferred by radiation and convection from sources
such as hot metal in the steel industry at temperatures higher than
500 �C. The design of the FHP is presented and the results for
experimental investigations reported. A theoretical model has been
developed to predict the performance of the flat heat pipe and
experimental and theoretical results are compared.
Fig. 3. Experimental apparatus of the FHP: (a) FHP positioning, (b) FHP test setup after
the insulation.
2. Mechanical design of the flat heat pipe heat exchanger

The Flat Heat Pipe is designed to recover heat mainly by ther-
mal radiation from sources at temperatures greater than 500 �C.
The radiation is absorbed by the outer surface of the FHP and
transferred by conduction through the heat pipe evaporator wall
to the inner surface. When the working fluid reaches the satura-
tion temperature, it vaporizes and flows upwards to the
condenser. The heat is then transferred to the cooling fluid via a
shell and tube heat exchanger system, which condenses the
working fluid. Finally, the condensate flows back to the evaporator
section under gravity.

The prototype of the flat heat pipe illustrated in Fig. 2 (a) con-
sists of 14 stainless steel pipes with a length of 1 m linked by a
bottom header and a shell and tube heat exchanger at the top. The
shell and tube heat exchanger consists of 8 stainless steel smooth
tubes within a stainless steel shell. A stainless steel sheet is fixed at
the back of the evaporator section to increase the overall heat
transfer area. The overall dimensions of the flat heat pipe are 1 m
height by 1 mwidth. A stand has been designed and manufactured
to hold the system in place as shown in Fig. 2 (b). This allows the
system to be tested at different inclinations and heights.
Fig. 2. The mechanical design of the F
3. Experimental arrangements

3.1. Laboratory tests

The FHP was tested in a laboratory in order to validate the
thermal design and the theoretical prediction for the heat transfer
rate. The test rig is shown in Fig. 3 (a). The FHPwas installed in front
of electrical heaters to capture the radiative heat from the hot
source. The FHP was charged with water and installed at an initial
inclination angle of 12.5� receiving the heat from the bottom plate.
The top plate heaters were not used during this test. The back panel,
the adiabatic section, and thewater pipes were insulated to prevent
heat losses to the ambient as shown in Fig. 3 (b).

Temperatures were measured using K type thermocouples,
where the uncertainties associated with the temperature readings
are (0.05% rdg þ 0.3 �C). The flow rate was measured using a flow
meter (Omega FTB 371 turbine flow sensor where the uncertainty
associated with the readings is ±1% full scale). This instrumentation
was connected to a data logging system. The thermocouple posi-
tions are shown in Fig. 3. Three thermocouples were installed on
the bottom header (EV 1e3), an additional five on the vertical heat
pipes to measure the surface temperature (HP 1e5), three on the
adiabatic section to measure the saturation temperature of the
working fluid (AD 1e3), one on the back panel of the FHP (BP), and
two thermocouples measured water inlet and outlet temperatures.
High temperature thermal insulation was used to insulate the
condenser of the FHP and the back panel to minimize heat losses to
the surroundings. Thewater supply pipewas also insulated to avoid
any radiative heat transfer to the water.
HP: (a) FHP design, (b) FHP stand.



Table 1
Experimental conditions (Laboratory tests).

Test# 1 2

Heater temperature 500 �C 580 �C
Heater power 25 kW 29 kW
FHP inclination angle from the vertical 12.5�

Water flow rate 25 L/min ¼ 0.42 kg/s
Water inlet temperature 10.6 �C
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Two tests were conducted at the same water flow rate. Test 1
was performed at a heater temperature of 500 �C, which was
measured by a laser pyrometer, while test 2 was performed at a
heater temperature of 580 �C. The experimental conditions are
summarised in Table 1 Experimental conditions (Laboratory tests).
3.2. Industrial tests

The flat heat pipe was tested on a production line during the
cooling process of steel wires. The total length of the production
linewas 70m. The FHPwas placed 5.75m from the beginning of the
production line, at the hottest point of the cooling zone. Temper-
atures were again measured using K type thermocouples; although
for these tests the number of thermocouples on the heat pipes was
increased from five to nine, see Figs. 4 and 5. The speed and tem-
perature of the air used to cool thewirewasmeasured using a Testo
425 portable anemometer. The Flat Heat Pipe was installed with an
initial inclination angle of 12.5� to the vertical. High temperature
thermal insulation was used to insulate the top header of the FHP
and the back panel to minimize heat loss to the surroundings. The
water supply pipe was also insulated to minimize radiant heat
transfer to the incoming water. The on-site test of the FHP is shown
in Fig. 6.
Fig. 4. Thermocouples positions.

Fig. 5. Industrial set up and T
The experimental conditions including FHP positioning and
water parameters are presented in Table 2.

The concept of testing the Flat heat pipe is illustrated in Fig. 7 (a)
and (b) (see Table 3). Fig. 7 (a) shows the FHP positioning in test 1
where the distance between the FHP and the edge of the barrier
65 cmwhile in test 2 the FHP was placed above the steel wires with
a distance of 6 cm from the barrier edge from the inner side, which
is illustrated in Fig. 7 (b).

4. Theoretical investigation

A modelling tool was built in Visual Basic to predict the thermal
performance of the FHP. As mentioned in paragraph 2, the Flat Heat
Pipe is considered as a thermosiphon. In order to predict the per-
formance of the flat heat pipe, thermal network analogy method is
used. The thermal network of the Flat Heat Pipe is presented in
Fig. 8.

The thermal resistances can be treated as electrical
resistances.where:

Rrad: Radiation thermal resistance of evaporator section.
Rcond e: Conduction thermal resistance of the evaporator wall
Rei: Boiling thermal resistance
Rci: Condensation Thermal resistance
Rcond c: Conduction thermal resistance of the condenser wall
Rco: Convection thermal resistance of condenser section

The heat pipe resistance and heat transfer rate through the heat
pipe, respectively can be calculated as follows:

Rhp ¼ Rcond e þ Rei þ Rco þ Rcond c (1)

Qhp ¼ Teo � Tci
Rhp

(2)

4.1. Radiation

Thermal resistance of radiation can be calculated according to
the approach explained in Ref. [39] as shown in Fig. 9. Where the
radiative heat is transferred from the hot steel that has the tem-
perature Th to the outer surface of the evaporator of the flat heat
pipe which has the temperature,Teo [40].
hermocouple positions.



Fig. 6. FHP Industrial testing.

Table 2
Experimental conditions (Industrial tests).

Test# 1 2

Air temperature above the hot wires 136 �C
Air cooling velocity 6.75 m/s 12 m/s
Wire temperature 450 �C 450 �C
Distance between the FHP and the edge

of the barrier
65 cm 6 cm

Distance between the FHP and the beginning
of the production line

575 cm

FHP inclination angle from the vertical 12.5�

Water flow rate 25 L/min ¼ 0.42 kg/s
Water inlet 26.2 �C 34.7 �C
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Qrad ¼
s0

�
T4h � T4eo

�
1�εeo
εeoAeo

þ 1
AeoFeo; h

þ 1�εh
Ahεh

¼ Th � Teo
Rrad

(3)

Rrad ¼
1�εeo
εeoAeo

þ 1
AeoFeo; h

þ 1�εh
Ahεh

s0

�
T2h þ T2eo

�
ðTh þ TeoÞ

(4)

Aeo ¼ p

2
� Deo � Le � Nevaporator pipes þ hAsheet (5)

where.
εeo: is the radiation emissivity of the evaporator wall surface
εh: is the radiation emissivity of the heat source
Feo; h : A view factor its value is between 0 and 1 depending on
the orientation of the flat heat pipe and the heat source in
addition to the shape of the flat heat pipe.
Th : Temperature of the heat source in (K)
Teo: Temperature of outer wall of the evaporator (K)
s0: StefaneBoltzmann constant which is equal to
5:67� 10�8W=ðm2$K4Þ

For boiling Resistance:

Rei ¼ 1
hei$Aei

(6)

Aei: heat pipe evaporator inner area (m2)

Aei ¼ p

2
� Dei � Le � Nevaporator pipes (7)
Dei: Evaporator inner diameter
Le: Evaporator length
hei: Boiling heat transfer coefficient (W/m2. �C)

The boiling heat transfer coefficient can be calculated from
Roshenow [41] correlation:

hei ¼ ml$hfg

�
g$ðrl � rvÞ

s

�1
2

$

2
4 cp�

Csf $hfg$Prnl

�
3
53$ðTei � TvÞ2 (8)



Table 3
Experimental uncertainty.

Test Maximum Heat
transfer rate (kW)

Error: SQ (kW) Error (%)

Test 1 Laboratory 11.4 0.768 ±6.77%
Test 2 Laboratory 11.5 0.768 ±6.7%
Test 1 Factory 16.9 0.762 ±4.51%
Test 2 Factory 16.1 0.8 ±4.97%

Hot steel
wires

Barrier Edge

Distance from Barrier edge

(a) (b)

Distance from Barrier edge

Hot steel
wires

Radiative heatRadiative heat

Fig. 7. 3D drawing of the flat heat pipe positioning during the factory tests: (a) Test 1, (b) Test 2.
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And the heat transfer rate by boiling can be calculated by the
following equation

Qei ¼ ðTei � TvÞ
Rei

(9)

The heat pipe condenser resistance is given as follows:

Rco ¼ 1
hco$Aco

(10)
Tcold, out

Fig. 8. Schematic of the thermal resis
Aco: Heat pipe condenser area (m2). Where:

Aco ¼ Awater pipe � Nwaterpipes (11)

Aco ¼ p� Dco � Lc � Nwater pipes (12)
Dco: Condenser outer diameter
Lc: Condenser length

The condensation heat transfer coefficient can be calculated by
using Nusselt [42] correlation:

hci ¼ 0:725

"
rlðrl � rvÞgh*fgk3l
DcomlðTv � TcoÞ

#1
4

(13)

where h*fg is the modified latent heat of vaporization which is
calculated by the following formula [43]:
Condenser

Tcold, in

Evaporator

Rrad

Rei

Rcond_e

Tv

Tei

Teo

Th

Tc

Rci

Tco

Rco

Rcond_c

Tci

Rhp

tances within the flat heat pipe.



Fig. 9. Radiation heat resistance.
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h*fg ¼ hfg þ 0:68CpðTv � TcoÞ (14)

The heat transfer rate by condensation is calculated by the
following equation:

Qco ¼ ðTv � TcoÞ
Rco

(15)

The forced convection resistance is given as follows:

Rci ¼ 1
hci$Aci

(16)

Aci ¼ p� Dci � Lc � Nwater pipes (17)
where:
Dci: Condenser inner diameter
Lc: Condenser length
hci: Forced convection heat transfer coefficient

The forced convection heat transfer coefficient is calculated by
using Gnielinski [44] correlation:

Nu ¼ ðf =8ÞðRe� 1000ÞPr
1þ 12:7ðf =8Þ1=2�Pr2=3 � 1

� h1þ ðDci=LcÞ2=3
i� Pr

Prci

	0:11

(18)

This correlation is applicable for the Reynolds number in the
range of. 2300<Re<5� 106Where f is a factor calculated from the
following correlation:

f ¼ ð1:82 log10Re� 1:64Þ�2 (19)

The heat transfer rate by forced convection is calculated by the
following:

Qco ¼ hci$Aci$LMTD ¼ LMTD
Rci

(20)

Where LMTD is the logarithmic mean temperature of the cooling
fluid
LMTD ¼
0
@�Tci � Tcold; in

�� �Tci � Tcold;out
�

ln
�
Tci�Tcold;out
Tci�Tcold; in

�
1
A (21)

Conduction resistances are given as follows: The thermal
resistance of evaporator wall conductivity is given as follow:

Rconde e ¼ lnðDeo=DeiÞ
pLeksNevaporator pipes

(22)

In similar way, the thermal resistance of wall conductivity of the
condenser is given as follow:

Rconde c ¼ lnðDco=DciÞ
2pLcksNwater pipes

(23)

In the theoretical calculation of heat transfer through the
evaporator, the heat transfer area was considered to be half of
the total evaporator area since the evaporator is insulated from the
back.

The heat transfer rate in the condenser section can be calculated
from the following equation also:

Qco ¼ _m$Cp$
�
Tcold;out � Tcold;in

�
(24)
5. Results and discussion

5.1. Laboratory tests

The temperatures of the FHP surface in test 1 and test 2 are
presented in Fig. 10. The surface temperature of the FHP during test
1 varied between 63.5 �C and 80.3 �C. It was observed that the
temperature of thermocouple HP 4 was the highest due to is po-
sition which reflected a maximum temperature of 80.3 �C during
test 1. The surface temperatures of the flat heat pipe varied between
64.4 �C and 85.4 �C in test 2. It can be observed from the results that
the temperatures of the thermocouples HP 1e3 were nearly the
same. Thermocouple HP 5 had the lowest temperature value. This
temperature could be explained by a false junction along the
thermocouple or an incorrect installation. The back panel temper-
ature was 102.7 �C and 92 �C in test 1 and test 2, respectively. The
back panel temperature was higher than the pipe temperatures
since the thermal conductivity of the stainless steel sheet is rela-
tively low.

The temperature of the bottom header and the adiabatic section
of the FHP, plus water inlet and outlet temperatures are illustrated
in Fig. 11 for both tests. In test 1 the average temperature of the
bottom header was 59.6 �C, while the average temperature of
the thermocouples placed on the top header which represents the
adiabatic section varied between 38.5 �C and 53.3 �C with an
average of 43.8 �C. In test 2 the thermocouples on the bottom
collector showed an average temperature of 63 �C while the
average temperature of the thermocouples placed on the adiabatic
section was 41.3 �C. The bottom header temperature in test 2 was
higher than for test 1 as result of the higher temperature of the
heaters.

It can be seen from the results that the water outlet temperature
was fluctuating during the tests as a result of a variable thermal
performance of the heat pipe which was caused by the geyser
boiling occurred in the evaporator section. The average tempera-
ture of the water outlet was 13.2 �C in test 1, while it was 13.9 �C in
the second test. Thewater inlet temperaturewas constant at 10.6 �C
for the both tests.
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Fig. 10. FHP surface temperatures in laboratory tests 1 and 2.
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The calculated rate of heat transfer for the both experiments is
illustrated in Fig. 12. In test 1, the heat transfer rate reached a
maximumvalue of 11.4 kWand aminimumvalue of 2.3 kWwith an
average of 4.1 kW, while the heat transfer in test 2 varied between
4.3 kW and 11.5 kW with an average of 5.7 kW. The fluctuation of
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Fig. 12. The experimental and theoretical heat tra
the results is due to the geyser boiling mentioned above. It can be
observed that results in test 2 were higher than in test 1 because of
the higher surface temperature of the electrical heaters. The heat
transfer rate calculated for a steady state by the theoretical method
for test 1 and test 2 is 4.2 kW and 6 kW, respectively. It can be seen
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that theoretical results were higher than the average of the
experimental since the calculations do not take into account the
heat loss by natural convection from the evaporator section.

5.2. Industrial test

Tests were conducted for two production processes. The first
test was carried out during a high density wire production process.
Fig. 13 (a) shows the temperatures of the FHP surface. The fluctu-
ation in the data from the experiments is due to the steel produc-
tion process; the steel is produced for about 120 s and then the
production is paused for 40 s. It was observed that the temperature
of thermocouple HP7 was the highest due to its location, the
thermocouple exhibited a maximum temperature of 160 �C during
the steel production process. The surface temperature of the FHP
during the hot wire production varied between 111 �C and 160 �C
while it decreased to the range of 84.9 �Ce117.7 �C when the steel
production was stopped. The back panel temperature ranged be-
tween 162 �C and 191.3 �C, as expected, higher than the tempera-
ture of the FHP surface because it was acting as fins and the thermal
conductivity of the stainless steel sheet is relatively low.

The second test was performed during a low density wire pro-
duction process. The heat pipe temperatures are shown in Fig. 13
(b). The surface temperatures of the Flat Heat Pipe varied be-
tween 80 �C and 51 �C. It can be observed from the results that the
temperatures of the thermocouples 7, 8, 9 were higher than the
temperature of the bottom collector. The film boiling present is
reflected as an incremental increase as shown in thermocouple
positions 4, 5, 6, 1, and 3. Thermocouple 2 had the lowest tem-
perature value; this temperature could be explained by a false
junction in the thermocouple.

The temperatures of the bottom collector and the adiabatic
section of the FHP in test 1 and test 2 are presented in Fig. 14 (a) and
(b). In test 1 the average temperature of the bottom collector was
66 �C at the maximum and 61 �C at the minimum when the pro-
duction was stopped. The average temperature from the thermo-
couples placed on the top header, which represents the adiabatic
section, varied between 76 �C and 66 �C. However in test 2, the
thermocouples on the adiabatic section displayed temperatures of
60 �C while the three thermocouples placed on the bottom col-
lector showed temperatures of 40 �C. It can be observed that the
temperature of the bottom collector was lower than the adiabatic
section because of the lack of radiative heat heating the bottom
collector.

Water inlet and outlet temperatures are illustrated in Fig. 15 for
both tests. The outlet temperature varied with time as a result of
the variable thermal performance of the Flat Heat Pipe.

In the first test, the water inlet temperature was nearly constant
at 26.2 �C while the average temperature of the water outlet was
33.4 �C. In the second test the water inlet temperature varied be-
tween 33.6 �C and 36.2 �C, while the average water outlet tem-
perature was 41.4 �C at a maximum value of 45.3 �C.

The heat transfer rate calculated for both experiments are
illustrated in Fig. 16. In test 1, the heat transfer rate varied between
a maximum value of 16.9 kW and a minimum value of 9.9 kW with
an average value of 12 kW. The heat transfer rate in test 2 varied
between 16.1 kW and 9.2 kW with an average value of 11.6 kW. It
can be observed that results in test 1 were higher than test 2 due to
a higher density of steel wires. The variation in results can also be
due to the location of the FHP alongside the rod conveyor. The rate
of heat transfer calculated by the theoretical method was 11 kW for
the both tests. It can be observed that the theoretical results less
than the experimental due to the theoretical model does not take
into account the heat transfer by forced convection from the hot air
above the steel wires. The heat transfer rate calculated theoretically
was the same for both tests since the temperature of the hot steel
was the same.

The heat transfer rates of the FHP above a production line are
significantly greater than during laboratory tests. This is due to a
significantly higher air temperature surrounding the device in the
industrial tests. The uneven surface created by the steel wires could
also result in a higher effective emissivity of the heat source. If we
assume that the heat recovery average of the production line is
10 kWpermeter on a 70m conveyor, the FHPwill be able to recover
700 kW of wasted heat.

6. Error analysis

The main source of uncertainty for the calculated heat transfer
rate values came from the temperature measurements, and the
flow rate meter. The uncertainties associated these readings were
detailed in Section 2.

According to [45], the propagation of uncertainties associated
with the calculated heat transfer rate values (SQ), can be calculated
from:

SQ ¼ Qout �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
S _V
_V

	2

þ
 

SðTwater;out�Twater;inÞ�
Twater;out � Twater;in

�
!2

vuut (25)

Where:

SðTwater;out�Twater;inÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2Twater;out

þ S2Twater;in

q
(26)

The error associated with:
�
Twater;out � Twater;in

�
(27)

By calculating SQ from Eq. (25)

SQ ¼ Qout �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
S _V
_V

	2

þ
 

SðTwater;out�Twater;inÞ�
Twater;out � Twater;in

�
!2

vuut (28)

uncertainty for the maximum heat transfer rate can be listed in the
table below.

The table above shows the experimental uncertainty associated
with the obtained heat transfer rate values. It can be seen that the
maximum error was 6.77% which is an acceptable uncertainty
value.

7. Conclusions

A flat heat pipe (FHP) heat exchanger for waste heat recovery
from high temperature steel production has been designed, man-
ufactured and tested. The thermal performance of the FHP has been
investigated both in laboratory and on a production line, for two
different conditions. A theoretical analysis of the device has been
conducted in parallel of the experimental investigation.

The rate of heat recovery during laboratory tests achieved by the
FHP was about 5 kW and reasonable agreement between theory
and experiment was obtained. Rather higher heat recovery was
possible in the industrial tests, of the order of 10 kW, and since the
device is a metre long and the production line was 70 m long, it
follows that about three quarters of a Megawatt might be recovered
from such an industrial plant. It can be concluded from the results
that the FHP is a promising technology for waste heat recovery in
the steel industry but with many challenges such as the high
temperature source and limited available space on sites. More ex-
periments should be carried out to investigate the performance of
the FHP with various surface temperatures and for different incli-
nation angles and water flow rates.



Fig. 13. Heat pipe temperatures (a) Test 1; (b) Test 2.

H. Jouhara et al. / Energy 141 (2017) 1928e1939 1937



0
10
20
30
40
50
60
70
80
90
100

0 100 200 300

Te
m
pe
ra
tu
re
(°C

)

Time (s)

(a) Test 1

0
10
20
30
40
50
60
70
80
90
100

0 100 200 300

Te
m
pe
ra
tu
r e
(°
C
)

Time (s)

(b) Test 2

AD 1 AD 2 AD 3

EV 1 EV 2 EV 3

Fig. 14. Bottom collector and adiabatic temperatures of the FHP (a) Test 1; (b) Test 2.

0
5
10
15
20
25
30
35
40
45
50

0 50 100 150 200 250 300

Te
m
pe
ra
tu
re
(°
C
)

Time (s)

(a) Test 1

0
5
10
15
20
25
30
35
40
45
50

0 50 100 150 200 250 300

Te
m
pe
ra
tu
re
(°
C
)

Time (s)

(b) Test 2

Water Inlet (°C) Water Outlet (°C)

Fig. 15. Water inlet and outlet temperatures during Test 1 and Test 2.

0

2

4

6

8

10

12

14

16

18

0 50 100 150 200 250 300

H
ea
tt
ra
ns
fe
rr
at
e
(k
W
)

Time (s)

(a) Test 1

0

2

4

6

8

10

12

14

16

18

0 50 100 150 200 250 300

H
ea
tt
ra
ns
fe
rr
at
e
(k
W
)

Time (s)

(b) Test 2

Experimental Theoretical

Fig. 16. Heat transfer rate: (a) Test 1 and (b) Test 2.

H. Jouhara et al. / Energy 141 (2017) 1928e19391938



H. Jouhara et al. / Energy 141 (2017) 1928e1939 1939
Acknowledgments

The research presented in this paper has received funding from
the European Union’s Horizon 2020 research and innovation pro-
gramme under grant agreement No. 680599. The authors would
like to thank Sara Diaz from Innvel Scientific Services for her
technical support in the development of FHP testing carried out at a
wire rod mill.

References

[1] Zhang H, Wang H, Zhu X, Qiu YJ, Li K, Chen R, et al. A review of waste heat
recovery technologies towards molten slag in steel industry. Appl Energy
2013;112:956e66. https://doi.org/10.1016/j.apenergy.2013.02.019.

[2] Liu J, Yu Q, Peng J, Hu X, Duan W. Thermal energy recovery from high-
temperature blast furnace slag particles. Int Commun Heat Mass Transf
2015;69:23e8. https://doi.org/10.1016/j.icheatmasstransfer.2015.10.013.

[3] Guti�errez Trashorras AJ, �Alvarez E�A, Río Gonz�alez JL, Suarez Cuesta JM,
Bernat JX. Design and evaluation of a heat recuperator for steel slags.
Appl Therm Eng 2013;56:11e7. https://doi.org/10.1016/
j.applthermaleng.2013.03.019.
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