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Abstract

The overall theme of this research is to capture, concentrate and convert some of the waste heat generated at industrial
plantsto avaluable form of energy. A new system for heat recovery from low grade energy has been built and tested based
on amodified heat pipe technology. A single heat pipe used in this research was able to extract 2 kW of energy from waste
heat of 250 °C. However a heat pipe can extract 11.5 KW/m? heat fluxes. The maximum energy extraction by such system
from low grad energy can be up to 3 kW. While a heat pipe regardless of its size can have heat flux up to 16.5 kW/m?
from waste heat flow at 250 °C and 12.3 m/s velocity. Also, the system can extract about 1 kW heat or 6.5 kW/m2 heat
flux at temperatures as low as 150 °C. However, the system doesn’t function properly at temperatures lower than 150 °C.
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1. Introduction

In industrial processes, there are many |ow-temperature waste
heat sources (< 230°C) which cannot be effectively recovered
by simple heat exchanger devices. The Organic Rankine Cycle
(ORC) heat engine has a high potential to convert them into
power (Fig. 1), since some organic fluids have suitable
thermodynamic properties, such as low boiling point and
medium vapor pressure at a moderate temperature, and low
isentropic turbine enthal py drop, etc [1-4].However, geometrical
limitation on the hot side of the heat engine limits ORC
efficiency and consequently the amount of energy recovered [5-
11]. The heat pipe can be an innovative approach to thisissue as
this device with its high thermal conductance can capture waste
heat and concentrate it into steam through boiling [3,4].

Several characteristics of heat pipes has been well identified
which make them useful in numerous specific applications[11].
These characteristics include, firstly, a closed-loop cycle of
operation in which the heat-transfer capacity is severa times
higher in order of magnitude than the best-known solid
conductors [12-15]. This causes the thermal resistance along the
heat pipe to be kept to a minimum, and also makes it possible
for both of the main segments of the heat pipe (the evaporator
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and the condenser) to remain physicaly separate. Secondly,
increases in the heat flux in the evaporator lead to anincreasein
the rate at which the working substance is vaporized, with a
relatively small risein the operating temperature. Consequently,
the heat pipe operates under quasi-isothermal conditions, that is
to say, the evaporation rate is self-adjusting and able to adapt to
a relatively wide range of power inputs, and is also able to
maintain an approximately constant source temperature.
Thirdly, both segments of the heat pipe operate independently
with acommon two-phase working substance, thustheareafrom
which the heat is extracted may be of a different size and shape
from those of the area from which the heat is dissipated. Hence,
high heat fluxes developed over a small area, such as an
evaporator surface, may be released over a larger area with a
much smaller heat flux, depending on the area ratio. Fourthly,
theresponse timeisindependent of the distance between the heat
source and the heat sink, and it is also less than that required by
solid conductors [12-16].

Heat transfer characteristics, isothermal behavior, the ability to
maintain an approximately constant evaporator temperature over
arange of heat flux levels, and the variability of the evaporator
and condenser sizes, are al factors which make heat pipes and
thermosyphons effective devices which may be used for many
engineering applications [6, 15-18].
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However, heat pipes available in industry have several inherent
limitations which have prevented their wide spread use. Film
boiling and entrainment limitations have been of particular
concern [9]. In the last seven years a new version of heat pipes
has overcome the limitations of the traditional heat pipes at
moderate and high heat fluxes conditions. It utilizes the
enhancement in heat transfer and flow pattern characteristics
associated with the existence of avortex promoter in the path of
theflow [16, 17]. The goa of this work is to test the ability of
this new heat pipe to capture and concentrate heat from a hot
flow of air and quantify the extracted heat as a valuable form of
energy.
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Fig 1: Threebasic mechanical configurationsfor Stirling engine.

2. Set-up and procedure

A stream of hot air was used to simulate the gas steam from
which the low grade waste energy is extracted (i.e. T< 250 °C).
A blower at a controlled velocity followed by 80 kW air heater
were used. The heater isthermostatically controlled and delivers
astream of air that has a controlled temperature varies between
100 °C and 300 °C. With this system air velocity varies between
16 m/s (maximum) and 4 m/s (minimum) Figure (2. aand b).
The heater discharges heated air through aflexible stainless steel
pipe which leads into the heat pipe tunnel.

Fig2.a: Blower used in the project Fig 2.b: 80 kW air Heater.

A schematic diagram of the setup used to run the
experiments is shown in Figure (3). The laboratory simulator is
aunit, designed and built to illustrate the concept of using heat
pipes to concentrate waste heat and quantify heat extraction asa
function of air temperature and velocity.
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Fig 3: A schematic diagram of a setup used to run the experiments.

Figure (4) shows the layout of evaporator segments inside
the testing tunnel. Thermocouples are located on the path of
incoming hot air, on the body of the heat pipe, on return and
vapor pipes, top and bottom of the condenser and on the path of
warm water leaving the system.

Fig 4: Photograph of the system setup.

The set up consist of a tunnel with an inner diameter of
0.38m and annular heat pipe evaporator which was placed within
thetunnel. The evaporator had an outer diameter of 0.076 m and
inner diameter of 0.0381 m with its longitudinal axis overlaps
the center of the tunnel. In heat pipe we had two return lines
diametrically opposed and a flow modifier (helical coil) as
shown in Figure (5). The heat pipe is 0.5 m in length. The
evaporator part of the heat pipe was made of copper of athermal
conductivity of 401 W/m. °C at 100 ° C, while condenser part
was made of stainless steel 304 (16.2 W/m. °C at 100°C). A
stream of cold water was used to extract heat from the condenser
part and the temperature of water was measured at both the exit
and inlet ports of the condenser. The routine experimental
procedure was set up the incoming air velocity into 8 m/s or 16
m/s and the desired temperature at the heater into 150 °C, 200°
C, or 250° C. Then lab view program was used to record the
readings.
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Fig 5: A sketch of evaporator segment.

An early work of our group proves that the existence of the
flow modifier inside the evaporator segment enhances the
convection heat transfer coefficient inside the evaporator
segment of the heat pipe and pushes further the boiling limit
regime. Consequently, the heat transferred across the pipe is
higher. The key feature of this heat pipe is the flow modifier
implemented in the evaporator segment. Initssimplest form, this
isahelical spring placed inside the evaporator segment to form
ahelical path for the vaporized water to follow. The existence of
theflow modifier insidethis section initiates avortex flow which
enhances the heat transfer characteristics across the evaporator
walls. It is important to note that the flow modifier parameters
depend strongly on the application environment involving the
amount of heat flux associated with it [12, 19-20].

The flow inside the evaporator segment of the modified heat
pipeis characterized by the following equations [12]:

Nu = 0.0586 Re’® pPr°*
f =0.7866 Re %

The previous work was concerned with extracting heat from
moderate and high grade energy source (T > 700 °C). This work
concerned with extracting heat from low grade energy source (T
< 250 °C). Tests are conducted to test the effect of the
independent parameters on the performance of the recovery
system. The independent parameters of concern are: i) the bulk
air temperature of the waste heat ii) the bulk velocity of the hot
air iii) and the heat pipe operating temperature.

3. Results and Discussion

To find out the minimum temperature that the system will
stay stable, atest was run with operating conditions denoted by
case 1 and shownin table 1.

Table 1: Cases parametersfor the present study.

Case Number Inflow Inflow Water cooling
Temperature velocity flow
1 100°C 8.8 m/s 11 ml/s
2 100°C 8.8 m/s 22ml/s
3 120°C 9.2 m/s 11 ml/s
4 150°C 10 m/s 11 ml/s
5 150°C 10 m/s 22ml/s
6 150°C 5m/s 22 ml/s

The results in Figure 6 clearly show that the system was not
operating at a stable condition.The oscillation in the return line
shows the periodic increase of heat in return flow (flow in the
return pipe). This is due to periodic flow of vapor through the
return line instead of flowing through the vapor line to exit the
evaporator segment. The oscillations also correspond with
overheating the heat pipe (evaporator runs dry). The result
shows that the rate of vapor generated in the evaporator is much
higher than the rate of condensation in the condenser segment of
the heat pipe. At this point another factor comes into the picture:
Water cooling flow which is the flow of the cooling agent
(water) in the cooling circuit located in the condenser.

Inflow:100°C & Velocity 8.8 m/s- Cooling water flow: 11ml/s
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Fig 6: Result of system operation at 100 °C and 8.8 m/s velocity of
waste heat and water cooling flow 11 ml/s.

Therefore at the second attempt the rate of water cooling was
changed to new operating set of parameters presented in table 1
as case 2. Theresult of such changeis shown in Figure 7. It can
be observed that the oscillation in the return line persists even
with the decrease in the temperature of the heat pipe. Decreasing
the operating temperature of the heat pipe postulates the sonic
chock in the vapor line (the vapor velocity reaches 0.3 of sonic
flow). Consequently, the heat pipe reaches its extraction limit
and any increase of heat over that limit will cause the vapor
pressureto build up in the evaporator segment and flows through
thereturnline. Uniform and smooth periodic oscillations on both
thereturn lineand the vapor linewill be evident. Thusthe system
at 100°C (low grade energy) is not stable.

Inflow: 100°C& Velocity 8.8 m/s Water flow:22 ml/s
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Fig 7: Result of system operation at 100°C and 8.8 m/s velocity of
waste heat and water cooling flow 22ml/s.
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At this point where the water cooling rate and vel ocity could
not force the system into an operational stage the inflow
temperature needs to be increased. The same set of experiments
was conducted with 120 °C inflow hot air temperature (Case 3
intable 1). Asone can seein Figure 8 the same sort of instability
was observed. This leads the experiment to incresse the
minimum temperature of inflow hot air to150°C.

Inflow: 120°C & Velosity 9.2m/s wanter flow:11ml/s
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Fig 8: Result of system operation at 120°C and 9.2m/s velocity of
waste heat and water cooling flow 11mi/s.

The set up was changed to 150°C and the test was re-done
with case 4 parameters configuration. The result, Figure 9,
shows stability in the system; thus the minimum operational
temperature with the velocity of 10m/s would be 150°C.

Inflow:150°C & Velocity 10 m/s- Cooling water flow: 11ml/s
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Fig 9: Result of system operation at 150°C and 10m/s velocity of
waste heat and water cooling flow 11mi/s.

Even with increasing the rate of cooling water (case 5 in
table 1) which will result in the operation of the heat pipe at a
lower temperature, the system still showed complete stability.
Figure 10 shows the results for operating parameters of case 5.
Itiswell established that the minimum temperature of waste heat
that the system can stay stable and functional is determined to
be 150°C. However the minimum velocity of the incoming hot
air also plays an important role. Thus to determine the last
boundary of a stable operation, the last factor affecting heat

extraction which isthe velocity of theincoming hot air flow was
decreased to 5m/s.

Inflow:150°C & Velocity 10 m/s- Cooling water flow: 22ml/s
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Fig 10: Result of system operation at 150°C and 10m/s velocity of
waste heat and water cooling flow 22mi/s.

The last set up before starting the heat extraction is
demonstrated by case 6 and shown in table 1. As it can be
observed from the behavior of the system shown in figure 11,
the stable operation of the system ceased with decreasing of
incoming hot air velocity. This is due to the decrease in heat
fluxes to the evaporator and maintaining the same conditions at
the condenser segment. This causes a reduction in the heat pipe
operating temperature which in role postulates the sonic
limitation in the vapor line. This situation emphasizes the
important of the cooling cycle characteristics in the condenser
segment. Therefore with the 22 mi/sand 11 mi/sflow rate in the
cooling cycle the minimum operational temperature and velocity
combination would be 150°C and incoming air flow of 10nvs.

Inflow:150°C & Velocity 5 m/s- Cooling water flow: 22ml/s
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Fig 11: Result of system operation at 150°C and 5m/s velocity of
waste heat and water cooling flow 22ml/s.

The amount of heat extracted from the condenser (Q),

which is the useful heat supplied by the heat pipe system, is
simply quantified by measuring the temperature of the
condenser cooling fluid (water) at both inlet and outlet ports.

Q= meA(Tout _Tin) 1)
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Qn = (2)
Ae

Where Aee isthe effective area of the evaporator segment. This

is the area of the evaporator exposed to the hot flow of air
assuming that the evaporator wall thicknessis small with respect

to the diameter of the heat pipe. Whereas Cp is the water heat
T,.+T
capacity at the average temperature (Tavg =-—ot___1n)and
constant pressure.
The results were tabulated and presented in Tables (2):

The change in the hot air velocity is due to the decrease of
the air density with increasing air flow temperature. The results
presented in table 2 show that the heat extracted rate is almost
directly proportional to the temperature of the hot flow.

Table 2: high incoming air flow velocity and 20 g/srate of water
cooling flow.

T hot T T \% q'oooli T T "
ar vapor(H condens hot air ng water evaporat condens Q Q
0(: P) 0C erin DC veloci mi/s or wall erout ¥s lezsm

ty m/s OC OC

250 | 574 33 12. 22 933 | 268 | 216 | 115

3 3 7

207. | 46.6 4.8 11 20 745 | 240 | 184 | 848
9 1 9

151 | 489 4 10 20 593 | 181 | 118 | 6.32

1

The higher the flow temperature the higher is the heat
extracted rate at the condenser associated with higher operating
temperature on the heat pipe side. Note that the cooling water
parameters at theinlet port of the condenser are almost the same
with a tolerated variance (which will slightly affect the
outcomes). The cooling water flow rate is about 20 g/s and the
inlet temperature is about 4 °C. To study the effect of the
condenser load on the system, the cooling water flow rate is
reduced to about 10.5 g/s and the same conditions on the hot
flow side were maintained. The results show an increase on the
heat pipe operating temperature ( 23 % at 250 °C, 17% at 200
°C, and 5.7% 150 °C) and a decrease on the rate of heat extracted
from the condenser ( 21% at 250°C, 13.8% at 200 °C, and 4%
at 150 °C). (Table (3))

Table 3: high incoming air flow velocity and 10.5 g/s of water
cooling flow rate.

T T Coolin T
T Heat | Water g Water
Waste Pipe in (ml/s) out '
Heat (°C | (°C | Velocit °Cc | Q | (Jsm?
() ) ) | y(ms) ) | () )
250. | 70. 39. 170
1 7 5 12.3 11.6 7 8 9137
200. | 54. 36. 136
8 6 51 111 10.5 2 7 7312
150. | 51. 32. 113
9 7 5.7 10 10.0 6 6 6078

The preceding results show that with increase of cooling
water flow rate the temperature of the heat pipe decreases and
the heat flow increases. With the increase in cooling water by
10ml/s the heat pipe temperature decreases by 13.3°C and the

heat flow rate increases by 454.3 J's. Thus hypothetically by
increasing the incoming cooling water flow rate by 3 units ( 30
ml/s) and consequently decreasing the heat pipe temperature by
3 units (3x13.3=39.9°C), the heat pipe could extract:
454.3x3(units) + 1708 = 3070.9 J's

Which means the heat pipe under experiment can extract
maximum 3 kW of heat with the waste heat of 250°C and hot air
velocity of 12.3 m/s.

The same calculation can be done for incoming air flow of
200°C and 150°C and different incoming air velocities. For a
waste heat temperature of 200 °C and hot air velocity of 11.1m/s,
amaximum of 1.9kW heat can be extracted. Whereas, for waste
heat of 150 °C and hot air velocity of 10 m/s, the maximum heat
that can be extracted would be approximately 1.5kW.

Also it has been noticed that the temperature of the
evaporator surface doesn’t affect much with the heating load at
the condenser side and it is mainly a function of the hot flow
characteristics. Since, the convection heat transfer coefficient at
the inner side of the evaporator is much higher that at the hot
flow side.

Table4: Resultsat low incoming air flow velocity and high rate of
water cooling flow.

T T Coolin | T
T Het | Water g Water
Waste Pipe in (mlls) Out ’
Heat (°C | (°C | Velocit °C | Q (Is.m?
) 1) ) y (m/s) ) W) |)

51. 22. 162
250 5 6.1 | 5 22 7 9 8715
200. 49, 22. 126
6 7 83 | 6.2 21 7 2 6750

For better understand of this case we reduced the heat
transfer coefficient at the outer side of the evaporator by
reducing the velocity of the hot air flow to 5m/s and 6 m/s. The
results are shown in table 4 and 5. The evaporator wall
temperature decreases by 3 °C with doubling the cooling load at
the condenser (10 g/sto 20 g/s).

Table5: Resultsat low incoming air flow velocity and low rate of
water cooling flow.

T T Coolin T

T Heat | Water g Water

Waste Pipe in (mI/s) Out Q"
v | (°C | (°C | Velocit (°C Q | (Usm?

(C) ) ) | y(mis) ) | (s )
247. | 57. 44, 154

2 7 7.2 5.6 10 1 6 8268
200. | 52. 119

9 7 6 6.2 9.5 36 3 6380

Figure (12) shows a comparison of the amount of the heat
extracted at different combination of hot air temperature, hot air
velocity and cooling water rate.

51



Musmar et al. / Int. J. of Thermal & Environmental Engineering, 12 (2016) 47-52

Heat extraction with condenser insulated
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Fig 12: Heat extracted at different conditions.

The results show that as the hot air velocity increases the
amount of heat extracted increases. Also, the increase on the
cooling load at the condenser increase the amount of heat
extracted and decreases the operating temperature of the
evaporator. The operating temperature of the evaporator limits
the amount of heat extracted from this system. The lower the
operating temperature the closer the system to sonic chock
limitation (i.e. the velocity of the working fluid inside the
evaporator is about 0.3 of the sonic velocity).

4, Conclusion

A new system for heat recovery from low grade energy has been
built and tested. A single heat pipe used in this research was able
to extract 2 kW of energy from waste heat of 250 °C. However
a heat pipe can extract 11.5 kW/m? heat fluxes. The maximum
energy extraction by such system from low grade energy can be
up to 3kW. Whilea heat piperegardless of its size can have heat
flux up to 16.5 kW/m? from waste heat flow at 250 °C and 12.3
m/s velocity. Also, the system can extract about 1 kW heat or
6.5 KW/m? heat flux at temperatures as low as 150 °C. This can
be useful in using series of heat pipes in a way that the waste
heat goes through stages of reduction of temperature while the
first series extracts the highest and the subsequent series operate
as if the initial temperature introduced to them was lower.
However, this system has limitations. The heat pipe under 150°C
is not functional properly (doesn’t have a steady state behavior)
and around that temperature is highly affected by the velocity of
the waste heat.
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