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Abstract: The performance of a patented water pumping model with steam-air power was presented, which operates automatically
by direct contact cooling method. The main objective was to study feasibility of a pumping model for underground water. In this
model, a heater installed within the heat tank represented sources of waste heat as energy mnput for finding appropriate conditions of
the 10 L pump model The system operation had five stages: heating, pumping, vapor flow, coolmg, and water suction. The overall
water heads of 3, 4.5, 6 and 7.5 m were tested. At the same time, 1t was found that the pump with 50% air volume 1s sufficient for
pumping water to a desired level In the experiment, the temperatures in the heating and pumping stages were 100-103 °C and 80—
90 °C. respectively. The pressure in the pumping stage was 12—18 kPa. and the pressure in the suction stage was about —80 kPa.
sufficient for the best performance. It could pump 170 L of water at a 2 m suction head, 120 L at a 3.5 m suction head, 100 Lata 5 m
suction head, and 65 L at a 6.5 m suction head m 2 h. A mathematical model for larger pumps was also presented, which operates

nearly the same as the present system. Economic analysis of the 10 L pump was also included.

Key words: direct contact cooling; driving tank; steam-air power; liquid piston; waste heat

1 Introduction

The industrial sector is a largs sector that consumes
a huge amount of fossil-based electrical energy. In

addition to illumination. it 1s used for operating machines,

equipment and also pumps. Pumps are necessary in
industry since they are used to pump water in cooling
processes, cleaning machmes and the manufacturing
process in some industries. In manufacturing processes,
heat is released to the environment even if it still has
some potential. If the heat is harnessed and reapplied into
pumping tasks, world energy consumption would be
reduced and the effects of global warming may become
lower.

The thermal water pump was invented by SAVERY
in 1690 [1]. which used steam for its operation.
Nowadays, pumps can be operated by thermal energy
from renewable energy such as solar energy. The
researches that have been performed on the heat pump,
including thermodynamics by PYTILINSKI [2] and
BAHADORI [3]. showed the principles of solar water
pumping by

thermodynamic or direct-conversion
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methods. JENNESS and JAMES [1] considered the
important characteristics of the solar-powered SAVERY
water pump. HIRANO et al [4] studied the heat pipe to
drive the thermal pump. SUDHAKAR et al [5] used
solar water pumps for irrigation. RAO and RAO [6]
developed and tested two types of solar water pump
systems for irrigation. Their system was cooled by air
and water. Pentane used as the working fluid was more
expensive, Their system was comprised of a solar
collector, flash and water tanks. It was cooled by air at
night. This pump had disadvantages in the first round
and limitations based on the pumped-water tank cost.
The water-cooled one was superior to the air-cooled one.
In the same year. SHELDON et al [7] studied the water
pump system using heat energy to generate volume
change of a fluid controlled by a check valve. The
oscillations of the vapor-liquid in the column were the
main pumping method. PICKEN et al [8] studied the
development of a water piston solar-powered steam
pump. They utilized the 2 m’ solar collector (SC)
comprising an evacuated tube integrated with a heat pipe.
The 110 °C boiling steam was produced to pump water
from a deep well. Their pump efficiency was around
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0.05% with the pumping rate of 10-20 L/h. The lifting

heads were  2-8 m. SUMATHY [9-10] did a research

on a thermal water pump with a 1 m” solar collector (SC).

It had 0.12%-0.14% overall efficiency, 6-10 m
discharge heads and 12-23 cycle/d. The 15 kg water
mass was raised in each pumping cycle. WONG and
SUMATHY [11-13] presented the performance of the
solar water pump by using n-pentane and ethyl ether as
the working fluids with a thermodynamic analysis to

determine the optimal conditions of the solar water pump.

When considering in terms of efficiency and economy. it
was found that ethyl ether was the best working fluid. It
had been predicted that the high efficiency would
WONG and SUMATHY [14]
discussed further about research related to the solar water
pump. In 2009, there were more confabulations about the

increase to 0.42%.

heat from solar radiation driving heat engines for
pumping by DELGADO-TORRES [15]
LIENGIJINDATHAWORN et al [16] presented an
experiment on the theory of a water pump using thermal
energy (a pulsating steam water pump). The system used
an electric heater to supply thermal energy for producing
a steam working fluid at low temperature (90—120 °C).
From the experiment. it was found that the pump
efficiency was about 0.005%—0.03%, the amount of
water pumping was 1-8 Licyele and the discharge head
was 1 to 2.5 m. However, the system did not operate
automatically.  Cooling time was still  long
ROONPRASANG et al [17-18] initially constructed the
solar water heater coupled with a liquid piston solar
pump (LPSP). The system mainly used a 1.58 m’ SC.
The pump could operate when solar energy inputs were
about 580. 600 and 630 W/m’ for the 1. 1.5 and 2 m
discharge heads, respectively. The average solar collector
water temperature was between 75 and 78 °C. The mean
pump efficiency was around 0.0014%-0.0019% while
the LPSP powered by a heater had 0.011% efficiency.
SUTTHIVIRODE et al [19] found that an LPSP powered
by the sun had 0.0017% efficiency. More energy loss
occurred at the SC because not all of the energy was used
to produce the steam power. With the aid of air addition.
the SC with low temperature could produce pressure
sufficient for water pumping, KOITO et al [20] studied
the characteristics of the top-heat-type long heat
transport loop. The system consisted of the heat. the
cooling and the reservoir sections, valve, and pipe
connections. In this work, the heat source was outside the
heated section. The heat was transported by use of fluid
and a heat exchanger.

Recently, CHUNG et al [21] developed a new solar
water heater system (SWHS) that used a solar bubble
pump instead of an electric pump. The system consisted
of a 2.61 m’ heat pipe evacuated tube solar collector
(HEC) with 45° inclination. The bubble pump could

operate at a collector temperature of around 90-100 °C
and a vapor gage pressure of 80—90 kPa. The results
showed that the proposed system achieved 10% higher
system characteristic efficiency than the conventional
systems using electric pumps. Moreover, the former was
a zero-carbon system. Other methods to produce hot
water using solar energy could be found elsewhere
[22-24]. More related works were discussed extensively
in Refs. [25-63].

However, the pump operated by solar energy has a
limitation of unstable climate that affects the rates of
incident rays and the operating time because the
appropriate light infensities are in the interval of
9.00 am—3.00 pm typically.

In this work, the authors aimed to develop a new
pumping system that could use waste heat as a heat input
of the system. The 10 L pump was tested to determine
the significant parameters that affected system
performance. Economic analysis of the 10 L pump was
also included. In addition, a simple simulation was done
for the larger driving tank that had only three stages:
heating, cooling. and water suction stages. The effects of
pump and suction head size were investigated.

2 Experimental setup

As shown in Fig. 1. the heat tank (HT) of 20 cmx
30 em»5 emwas made from 0.2 em stainless steel and
was covered by aeroflex insulation (thermal conductivity
of 0.040 W/(mK)). It contained 3 L of water to produce
sufficient vapor at 100 °C for the driving tank (DT). For
safety, it was installed lower than the DT in order to
ensure that it had adequate water every time. The DT
cylinder (pump or condenser in this system) was made
from stamless steel sheet with 0.2 em thickness, 20 cm
diameter and 30 cm length. The HT and DT were
connected by a 1/2 inch copper tube and were covered by
5 em insulation. The storage tank (ST) was a cylinder
with 0.2 cm thickness, 50 cm diameter and 110 cm
length but without insulation. It was opened to the
outside air and used to store water pumped from the DT,
The overhead tank (OT) was a cylindrical tank of 40 em
height and 30 em diameter with an air vent (AV) above
and no insulation. It had a control valve (CV) installed
mside (the CV was key to make the system work
automatically as shown in Fig. 2) in order to maintain
1 L of water at 30°C supplied to the DT for producing
vacuum pressure, The floating ball in Fig. 2 then could
move down to close a water tube when the OT water
flowed to the DT. It would reopen the water tube by a
buoyaney foree when the pressure in the DT became to
be one atmosphere. The water in the OT was refilled
automatically by water from the ST or supply tank (SPT)
through the floating valve. The WT was a well tank
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that stored water being pumped i the experiment. The
OV was a one-way valve used to control the direction of
fluid flow.

In the heat tank, the thermostat was set at 103 °C to
produce vapor at 100 °C in order to ensure water boiling.
All the time. a constant energy rate was supplied to a
heater to produce thermal energy for the HT water. The
pump had a constant 1 m discharge head. Three thousand
watts heaters within the HT represented the source of
waste heat as energy input for finding the suitable
conditions in the experiment. In the experiment. suction
head sizes varied: 2, 3.5, 5 and 6.5 m. All experimental
data were recorded for 2 h at the School of Energy
Environment and Materials, King Mongkut's University
of Technology Thonburi. All preliminary data were
recorded for every 1 s per measured data.

The vapor gage pressure inside the DT represented

the pressure difference between the DT and the OT when
the OT pressure was equal to one atmosphere. The
pressure transducer (Cole Parmer) has £0.25% accuracy.
Seven sets of K-type thermocouples for temperature
measurement were connected to a hybrid recorder
(Yokogawa) with =0.5% accuracy. HT and DT
temperature values were measured by 2 points (one for
air and one for water), OT temperature by 1 point and
ambient temperature by 1 point. A kilowatt hour meter
was used to measure the electrical energy input of the
electric heater with £2.5% accuracy. The measurement
potnts are shown in Fig. 3.
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Fig. 3 Locations of temperature and pressure measurement in
10 L pump (1-Pressure of DT; 2-Steam temperature m DT:
3—Water temperature in DT 4-Steam temperature in HT:
3—Water temperature in HT: 6—Water temperature in OT:
T—Water temperature in ST; 8—Ambient temperature)

3 System operation

3.1 Five stages

The operation of the present 10 L pump mainly
consists of five stages: heating. pumping, vapor flow,
cooling and suction as shown in Fig. 4.

1) Heating: During this stage. water in the HT is
heated by a heater (Fig. 4(a)). The produced steam flows
to the DT. The heating stage continues until the pressure
in the DT is high enough to move water from the DT to
the ST.

2) Pumping: When the steam pressure head in the
DT is slightly more than the discharge head of the system.
the DT water then is lifted upward through the discharge
tube and 1s stored in the ST Fig. 4(a).

3) Vapor flow: After that (Fig. 4(c)), the DT steam
can flow continuously to the ST.

4) Cooling: The pressure in the DT is now equal to
one atmosphere. The 1 L of water in the OT at ambient
temperature will flow to the DT by gravitational force.
This process will cool the DT for a while.
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5) Water suction: The mixing of the OT water and
the DT steam creates a vacuum (Fig. 4(e)). Fmally, the
CV closes temporarily due to the blockage of a floating
ball within the OT (Fig. 2). The 50% water and 50% air
are then suctioned from the WT to the DT until the latter
1s full as shown in Fig. 5. The CV of the OT then opens
again by buoyancy force. A pumping cycle is now
complete and is ready for the subsequent cycle. The
makeup water of the OT could also be obtained from the
ST or SPT by siphoning if necessary.
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Fig. 4 Five-stage operation of water
pumping system with 10 L capacity:
(a) Heating: (b) Pumping: (c) Vapor
flow; (d) Cooling; (e) Suction

3.2 P-V diagram of pumping process

For a clear understanding of the operation of a
thermal water pump, the schematic of a pumping process
1s described. The change in pressure and volume in the
DT (Fig. 6) of the water pumping system is presented in
Fig. 7.

1) 1-2 Pumping: When the steam from the HT
flows into the DT, this causes the expansion of steam
within the DT. In this period, the system pumps the water
inside the DT to be stored m the ST.
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2) 2-3 Vapor flow: The water inside the DT
decreases continuously by steam foree until the level of
the water 1s lower than the inlet of the discharge duct. As
a result, the steam is released to the surroundmgs due to
buoyaney effect and higher pressure. At the same time,
the DT is filled with steam.

3) 34 Water suction: The steam in the DT is
continuously released until the steam pressure nside the
DT is equal to atmospheric pressure: hence, the water
nside the OT flows into the DT by gravitational force.
The mixing of steam and cooler water generate

condensation and vacuum pressure in the DT. The steam
volume suddenly decreases and suctions water from a
well below to the DT.

4) 4-5 Balance pressure: The pressure inside the DT
increases to one atmosphere.

5) 5-1 Heating: When the DT is fully filled by
suction water from the WT, the steam produced from the
HT flows into the DT again and the pressure i the DT
continuously increases until the pressure in the DT is
higher than the discharge head. Then. the system is ready
for the next step.

4 Theoretical analysis

4.1 Heating stage
With a lumped mathematical model [17-19] being
assumed, heating of HT water can be caleulated by

Q:?”\"xcp.“'x%+%ss (1)

where Q 1s the thermal energy rate from heat source, my,
is the mass of water and steam in the HT. ¢y is the
specific heat of the water, and Tyr is HT water
temperature.

The corresponding pressure in the HT is caleulated
from the perfect gas law with error £1.6% [65]:

PV=mRT )

where P 15 gas pressure, ¥ is the volume of the tank
occupied by the gas, m is the mass of the gas. R is the gas
constant, and T is the temperature. Vapor pressure
depends only on temperature. Gas mixture consists of air
and water vapor.

The temperature that provides sufficient pressure to
pump the water is around 100 °C. Pumping pressure of
system is given by [64]

descha.rge :(wagx‘hdischarge)"'aml (3)

where oy 15 the water density, g i1s the acceleration of
eravity, Rgischae 15 the discharge head of the system. and
Pam 1s the atmospheric pressure.

4.2 Water pumping and vapor flow stages

Water, air and steam flow to the ST are according to
Bernoulli’s equation [17-19]:
Bor %
T:hdﬁc‘lﬂge +(1+P‘fd)2—‘; (—1)
where Ppr is the DT gage pressure, y is the specific
weight, vy is the discharge fluid velocity, ky is the loss
cocfficient for the discharge. Agichage 1s the discharge
head of the system, and g is the acceleration of gravity,
assuming that fluid velocity at the DT water surface is
zero and 1s unchanged along the discharge tube.



J. Cent. South Univ. (2014) 21: 3896-3910

135

3901

4.3 Cooling and water suction stages

The energy balance of the mixing of the DT air-
steam at 100 °C and cold water at 30 °C from the OT is
shown here. The overall steam will be condensed. The
cooler water is heated. Some cool water becomes
saturated vapor at the mixture temperature, Therefore,

the governing equation is expressed by [65]

iy (hg,lﬂt} - thmix) + (mw XCpw iy X Cpal

(100 =Ty ) = mg (B Tami — hg 30) + M X g e (5)

where m, 1s the steam mass in the DT at 100 °C. my, is
the pervious water mass remaining in the DT at 100 °C,
m, 1s the air mass in the DT at 100 °C, my is the water
mass at 30 °C bemg fed to the DT. m. 1s the vaporized
water mass. hg is the steam enthalpy. b is the water
enthalpy. hg, is the latent heat of vaporization. ¢pyis the
specific heat of the water. ¢y, 1s the specific heat of the
air, and Tox 15 the mixing temperature.
The suction pressure of the system is given by [64]

Rsu.cﬁm = Patm - (pw xXgx }"suctim) (6)

where g 1s the water density, g 1s the aceeleration of
Sravity. Agetion 15 the suction head of the system, and Py

1s the atmospherie pressure.

4.4 Pump efficiency

Mean efficiency of a pump with 10 L capacity is
defined as the ratio of total hydraulic work done of a
pump to total energy input during 2 h [17-19]:

n, = MWy 100% 7)
tot

n=f. By ®

when

N=flh) ©)

h= hdisc]mge +hytion (10)

where Eyy is the total electrical energy mput, N is the
total number of the pumping eyeles, and h is the overall
head of the pump. W} is the required pump hydraulic
work per cycle as expressed by

Wy =V, xpy,xgxh (11)
where 7, is the pumped water volume per cycle, g 1s the

water density, g is the aceeleration of gravity, and his the
overall head of the pump.

5 Results and discussion for 10 L pump
5.1 Effect of heat input in HT

These experiments were carried out with constant
2 m suction head and 1 m discharge head. Input power

was varied between 1000 and 3000 W by an electric
heater mside the HT. It was found that quantity of
pumped water inereased with mereasing input power.
The input power of 3000 W could provide max amount
of pumped water. Results are shown in Table 1.

Table 1 Quantity of pumped water, number of pumping cycle,
energy imput to an electric heater (suction head of 2 m and

discharge head of | m)

Electrical Energy Number of Pumped

powerW wput/MJ pumping/cycle water/L
1000 72 7 34
1500 10.8 17 80
2000 144 20 97
2500 18.0 30 145
3000 216 32 155

5.2 Variations in temperature and pressure of system

The pump can work automatically. The discharge
head was set up and remained constant at 1 m, but the
levels of suction heads were varied at 2, 3.5, 5, and 6.5 m.
In the experiments, 1 L/cycle of cooling water was used
for every set of conditions. The use of cooling water sped
up the cooling time satisfactorily. The amount of air was
50% inside the DT.

As shown in Fig. 8. the case of 2 m suction heads
shows variations of HT temperature according to Eq. (1).
DT temperature and pressure were varied according to
Eqgs. (2)—(4). DT temperature was lower than that of HT
because there were some heat losses to the outside
environment and pumped water. The final steam-air-cool
water mixing temperature decreased according to Eq. (5).
Suction pressure also decreased according to Eqs. (2) and
(5): it could be calculated by Eq. (6). It could achieve 34
pumping cyeles in 2 h. The deviation of the experimental
results at the suction head of 2 m s given in Table 2.

For suction heads of 3.5, 5 and 6.5 m. the numbers
of pumping cyeles were 23, 20 and 13, respectively. This
may be due to more friction losses in longer suetion
tubes.

Figure 9 shows a graph of the 6.5 m suction head. It
had a longer cycle period. Some cycles were not stable.
The deviation of the experimental results at the suetion
head of 6.5 m is shown in Table 3.

5.3 Effect of air volume on pumping pressure within
DT
Figure 10 shows the quantity of air relating to the
generated air-steam pumping pressure within the DT
when discharge head 1s 1 m. The supplementary air
volume that could provide sufficient pumping pressure is
around 5 L.
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Table 2 Deviation of pressure, average temperature inside HT.
average temperature in DT, average temperature in ST and

temperature of OT at suction head of 2 m

Ttem Ppp/kPa Tygp/°C Tpp°C Tsp°C Toyl°C
Max 1835 103.82 90.17 47.79 3025
Min -81.90 31.86 3181 2837 2882
Mean -5.53 9655 6215 4335 29.50

Standard deviation 19.52 1249 1098 530 037

5.4 Water temperature in ST

According to the corresponding experiment, the
final water temperature within the ST 1s approximately
43-48 °C (Fig. 11). Therefore, this water temperature is
suitably high enough for residential applications.

3.5 Effect of cooling water on mixing temperature
and DT suction pressure
Mixing temperature (Ty,) is the temperature of a
mixing between steam—water in the DT at 100 °C and
cooling water from the OT at 30 °C. Mixing temperature
will occur before the suction stage which can be
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Fig. 9 Water temperature in OT (To7). mean temperature in ST

(T57). mean temperature in HT (Ty7), mean temperature in DT
(Tpr), gage pressure in DT (Ppr) as a function of time for
suction head 65 m (10 L pump. present system): (a)
Temperature; (b) Pressure

Table 3 Deviation of pressure, average temperature inside HT.
average temperature in DT, average temperature in ST and
temperature of OT at suction head of 6.5 m

Ttem PypkPa Typ/°C Tpp°C Ts°C TopC
Max 2080 10412 10041 5801 2995
Min -8734 3202 3108 2868 2740
Mean ~1523 9447 6352 4906 2907

Standard deviation 2441 1071 1228 970 051
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Fig. 10 Effect of air volume within DT on pumping pressure
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explained by energy-balance Eq. (5). Condensation
within the DT could reduce inside pressure to a vacuum
(gage pressure of —80 kPa) that could suction water from
the WT into the DT until the pressure is equal to one
atmosphere (gage pressure of 0 kPa). Figure 12 shows
the effect of cooling water on the steam-water mixing
temperature and the DT suction pressure (absolute
pressure). In order to obtain the best performance. we
select 1 L cooling water for the DT in each cycle.
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Fig. 12 Effect of a cooling water on nuxing temperature and
DT suction pressure

5.6 Effect length of suction tube on head loss

Figure 13 shows the relationship between the
suction head and the head loss in the suction tube. It i3
found that the head loss will increase when the suction

head mereases. Equation (12) explains this relationship

as [64]

L 2
H, =f[7‘“""[;—g) (12)

where f is friction factor of suction tube, Lyge 15 length of
suction tube, D is suction tube inside diameter, v is
average fluid velocity, g is the acceleration of gravity.

Length of suction tube/m
Fig. 13 Effect of length of suction tube on head loss

5.7 Effect of overall head on mean pump efficiency
Figure 14 shows that when the overall head
mereased. mean pump efficiency also inereased.
Evaluated from the experiment, the mean efficiencies of
the water pump were equal to 0.036%, 0.035%, 0.037%
and 0.021% at the overall heads of 3. 4.5, 6 and 7.5 m,
respectively. An analysis of mean pump -efficiency
showed that mean pump efficiency was quite low
according to the Carnot efficiency equation [65]:
MCamot = 1_;—_]_
H

(13)

where 73=303.15 K (30 °C) and T=373.15 K (100 °C).

0.05
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';1 @
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2
2 0.03F
G
a8,
E po2f
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=]
5] .
= 001F o Experiment
— Fitted line
U 1 1 L L
3.0 4.5 6.0 75

Overall head/m
Fig. 14 Mean pump efficiency from experiment and fitted line

based on Eq. (14) as a function of overall head for 10 L pump
(R.oot-mean-square error 15 0.0382%)

The high temperature (Ty) was oo low: as a result.
the mean pump efficiency was low. However, this
research mainly was focused on only the amount of
pumping water. The amounts of water pumped for each
overall head were 170, 120, 100 and 65 L. The result of
the 6.5 m suction head was not satisfactory due to high
loss within the suction tube. This made the mean pump
efficiency decrease.

It was concluded that the overall head has more
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effect on the pump efficiency than the number of
pumping cycles. Based on Eqs. (7)-(11) and Fig. 15, the
pump efficiency in percentage can be empirically
expressed by

ng=4.53981x107(~4.4667Th+46.2) Vi (14)
when number of pumping cycle is

N=—4.4667h+46.2 (15)

40

Number of pumping cycle
[g~]
(=]

recyeled steel in pump construction could reduce cost
and alleviate environmental problems.

5.9 Comparison of 10 L and Savery pumps

Table 5 shows the present 10 L capacity pump
characteristics compared with a pump of the same type
mnvented by Savery [1]. Advantage and disadvantage of
both pumps were demonstrated.

5,10 Comparison of structures of 10 L and Savery
pumps
Table 6 shows the structure comparison of 10 L and
Savery pumps [1].

6 System operation of larger pump

The operation of a larger pump with 100-1000 L
capacity is additionally explained here in detail for those

o Experiment . B . .
_ Fittp;j 'an who desired to use this kind of pump in practical
0 conditions. The general operation of this system involved
| | 1 1 | . ) .
2 3 4 56 7 3 only three stages: heating, cooling and water suction, as

Overall head/m
Fig. 15 Number of pumping cycle N from experiment as a

function of overall head in 2 h for 10 L pump (Root-mean-

square error 1s 6.42%)

The optimum overall head of this system was
around 5 m. Moreover. the efficiency of the system was
less than 1% because of heat loss in the system. Heat
losses in the system were due to the following factors,
heat losses from the DT to the outside, heat losses from
steam to water inside the DT, and steam losses at the
vapor flow stage.

Figure 14 also shows that the mean pump efficiency
decreases above a certain range of the overall heads due
to an increase in the energy input per cyele as well as the

heating time,

5.8 Economic analysis

We compared the present 10 L pumping system and
the system of von OPPEN and CHANDWALKER [66].
The estimated manufacturing cost of the present system
was around 10675 baht. The economic comparison
analysis is shown m Table 4. Due to free energy input.
low efficiency may not be a serious drawback. Using

shown in Fig. 16. Excluding the pumping and vapor flow
stages saved more energy than that of a 10 L pump.

1) Heating stage

As presented in Fig, 16(a). valves V2 and V3 are
opened while V1 and V4 are closed. The vapor gage
pressure inside the tank is equal to atmospheric pressure.
The water in the HT 1s heated and vaporized by the heat
source in order to displace the inside air. The vapor flows
downward through the connecting tube to the tank until
the vapor temperature inside the tank reaches 97 °C, then
the heat source 1s turned off, and the steam cools down.

2) Cooling stage

As presented in Fig. 16(b). valves V2 and V3 are
closed and valve V1 1s opened. After waiting for a while,
the steam 1s cooled and 5 L of cooling water from the OT
flows into the DT by gravitational force until the valve
V1 is closed by a floating ball (control valve: CV in
Fig. 2).

3) Water suction stage

As presented m Fig. 16(c). steam condenses mto a
liquid, creating a vacuum. and then the well water is
sucked through the OV which is immersed i the well.
Valve V4 is opened to the outside atmosphere, and valve
V2 is opened to release the pumped water. After outside
air displaces the water, one cycle of operation is

Table 4 Economic analysis of 10 L pump compared to system of von OPPEN and CHANDWALKER [66]

s Lifted  Suction Working Energy Operation  Working fluid Investment/ Electrical energy
/stem
Y wate L  head'm  flmd mput time temperature/°C Baht saving/kWh
von OPPEN and . ) -
2000 6 Synthetic Solar 6h/d 40 45000 0.0385
CHANDWALKER [66]
Present system
) 1020 2 Water ~ Waste heat 12 hd 20 10673 0.0634

10 L pump
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Table 5 Advantage and disadvantage of present 10 L and Savery pumps

Present 10 L system

Savery system

1. No heat loss during steam condensation

when cool water mixes with DT steam

2. Heat loss due to liqud piston

3. Heat loss due to steam loss at the ST during steam flow

4. No leak at a steam valve rod hole

3. Fast cooling tume. A condenser 1s cooled when the cool
water from the OT mixes with steam. This 1s a new cooling
techmque
6. Useful work 0.267 kI per cycle. Required energy input 720 kI
per cycle. Ambient temperature 30 °C

7. Fully automatic
8. Operating pressure: larger than one atmosphere
9. Working temperature: 100—103 °C
10. Pumped water: 5 L per cycle
11. Cycle period 1s 4 min

12. Waste heat or solar energy as expected heat input

1. Heat loss during steam condensation due to cooling by

ambient air
2. Heat loss due to liquid piston, which 1s a major loss

3. During boiler 1s closed by a valve, it must discharge some
steam to prevent explosion
4 Possible leak at a steam valve rod hole because

rod frequently moves

3. Slow cooling time corresponding to item 2

6. Ambient temperature 20 °C

7. Partially automatic, except water supply for boiler
8. Operating pressure: One atmosphere
9. Working temperature: 100 °C
10. Pumped water: 4.2 L per cycle
11.N/A

12. Solar energy as heat input

Table 6 Structure comparison of 10 L and Savery pumps

Present 10 L system

Savery system

1. HT and DT tanks made from stainless steel sheet in order to

tolerate vacuum that may occur in the system

2 HT tank 1s installed lower than DT tank m order to produce
vapor pressure continually because water can be supplied to the
lower tank by gravity
3. Floating-ball valve, check valves

4. With msulation for DT and HT, heat loss may be reduced

substantially
3. The system 1s small in size with an HT tank and a DT tank

6. No moving parts: Solid piston and turbme

7. Use of heater or other heat sources

1. Pressured tank made from alunminum sheet; 1t comprises two

semicircle pieces

2. When water amount 15 not adequate in the boiler, some water
could be suctioned nto the tank automatically by vacuum

pressure

3. Floating-ball valve, sinking ball valve, two floaters

4. No nsulation for boiler and condenser, so more heat loss may
occur. However, 1t 15 cooled by natural convection
5. Uses concentrated solar radiation 1 m™ disc for heating water

for vapor production

6. No moving parts: solid piston and turbine

7. Use of solar concentrator

completed.
Efficiency of a pump with large capacity in
percentage excluding some losses 1s expressed by [1]

V.xp, xgxh
(Ve % Py x hgy) +epp

1, (%) = x100% (16)
where ¥, 1s the pumped water volume per cyele, gy 1s the
water density at 30 °C. p, is the steam density at 100 °C,
g 1s the acceleration of gravity, h 1s the overall head of
the system. hg, is the latent heat of vaporization of water

at 100 °C and epr 1s the energy stored by the DT shell:

epr = (mx¢p)pr x(100-30) (17)
where (nxcp)pr is the heat capacity of the DT. 30 °C is
the mitial DT temperature.

7 Results and discussion for larger pumps

7.1 Variations in temperature and pressure of 200 L
pump
In an experiment with the 200 L pump and a suction
head of 3 m, this system can pump around 200 L/cycle of

water within 105 min. The energy input is about 6.1-



3906

140

I. Cent. South Univ. (2014) 21: 3896-3910

(a) Overhead tank

- Supply tank

i\
LT Heat source
A Heat tank  input
TyYreyey
TyYPeYy '—Jt‘l
Driving tank V2
= Vapor
= Water
Well tank
(¢c)  Overhead tank
X V-_4._ ¥l Supply tank
1 |‘- @ V-3
T I ERER] =
T ARAA Heat tank
* LB | * Y
'] *' Ty * l_m
Driving tank V-2
T - Vapor
T < Water

Well tank

7.5 MIJ/cycle. However, in a practical condition, the
quantity of output water may not be sufficient. so
pumping water 2 times per day could be a better strategy.
Figure 17 shows the change i temperature and pressure
inside the DT. The first stage is heating within the DT.
Vapor 1s produced from the HT and flows mnto the DT
displacing the air inside to the outside environment. until
the temperature in the DT 1ises to about 97 °C and then
this stage is stopped. Then, the cooling stage begins by
opening the CV m order to let 5 L water coolant at a
temperature of 30 °C flow from the OT to mix with the
high-temperature vapor i the DT by gravity. Then,
vacuum occurs, and this provides the suction stage. The
experimental result shows that the mixing temperature s
about 32 °C and vacuum pressure is around —101.1 kPa
(gage) which are different from the simulation results by
9.3% and 5%, respectively. This validates the simulation
model used.

() Overhead tank

l |
KV-4 #"XV-l Supply tank
g V-3 '
AREA]
FYvYY Heat tank
IAREA]
rvYYY o
Driving tank V-2
< Vapor
< Water

Well tank
Fig. 16 Three-stage operation
of large pump: (a) Heating; (b)
Cooling; (c) Suction
20
] e e e Y T [ .
=i ;‘m. -20
L —fm Coaling stage
%.i 180 i - Suction| -60 E
5 l stage =
= bt
g ) 1-100 5
& |20 a
g Heating stage E
= T 1-140
Cooling|
ﬁU - L 4 o stage
Suction stage ]_‘ J_ 4-180
Mixing temperature
0 | | | -7
0:00 0:30 1:00 1:30 2:00

Time/h
Fig. 17 Mean temperature in DT (1) and gage pressure in DT

(Ppr) as a function of time for suction head 3 m (200 L pump
with one-cycle operation, experimental study)

7.2 Effect of mixing temperature on suction pressure
There is a mixing of cooling water and steam within
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the DT during the suction stage. The mixing temperature
can be explained by Eq. (5) when the DT sizes were %8
varied. Once the mixing temperature was known, the
suction pressure could be evaluated. Figure 18 shows
that the mixing temperature and suction pressure were g 9.7F
nearly unchanged. However, cooling water amounts were E
between 1 and 40 L for the DT sizes of 100 to 1000 L. s
respectively (Table 7). Given suction pressure, we could El
estimate suction head based on Eq. (6) as shown in =26
Fig. 19. Suction heads decreased with nereasing suction
pressure.
95 1 L L 1 1 1
60 2 56 58 60 62 64 66 68 7.0
. Suction pressure/kPa
+ — Mixing temperature : . .
5ol ® — Suction pressure Fig. 19 Effect of suction pressure on suction head
o 115
5 o Table 8 Effect of DT volume on large pump efficiency
= 40 F 2
2 0 .IJ—W/ S . Energy stored
£ 410 = . Mass of Heat capacity p
2 ia Volume by DT shell, o )
E30F 2 DT Shell.  of DT shell, ___ efficiency/
o ——, e~ a A of DT . oy, e ATV
15 mikg  (mxc,)/(IK™) (k.T-m_g) %o
20r
100 24.69 11.96 T771.64 1.06
10 . . . . 1y 200 39.20 18.98 6168.36 128
2
Rl Ml 00 5136 2487 538856 143
Fig. 18 Effect of DT volume on suction pressure and mixing 400 6222 30.13 489583 153
temperature of cooling stage accordmg to Eqs. (5)—(6) 500 7220 1496 4544.89 162
. 600 81.53 39.48 4276.90 1.70
Table 7 Effect of DT volume on cooling water volume and _
suction head according to Eqs. (3)—(6) He 9036 i e LIk
Volume of  Cooling water Suction Diameter of 800 98.77 47.83 3885.82 182
DT/L fed into DT/L head/m DT/m 900  106.84 51.73 3736.22 1.87
100 1 9.70 0.58 1000 11461 55.50 3607.28 192
200 3 9.67 0.73
300 9 967 0.83 water pumps in residences that uses the fireplace to
400 20 973 0.1 warm up room air, as shown in Fig. 20. The flue gas
) ) temperature is around 140-269 °C [67]. which can be
300 20 9.70 0.98 : . )
taken as the heat input to this thermal water pump as an
600 20 9.63 1.05 example of waste heat utilization. In addition. it also
700 30 9.70 1.10 helps keep the surrounding temperature of a residence
800 30 967 115 reasonably low. Moreover, it is an alternative method for
900 40 070 120 reducing global warming by decreasing use of fossil fuel.
) ) Another advantage of this system is that the pumped
1000 40 9.67 1.24

Table 8 shows the prediction of mean pump
efficiency when the DT sizes were varied. According to
Eqs. (16)=(17), the mean pump efficiency increased with
the DT size because energy storage of the DT shell per
volume (¥;) decreased when the DT size increased.

7.3 Recommendation

The temperature of thermal energy input for the
thermal water pump in this work is over 100 °C. The
researchers have introduced the application of thermal

water temperature is suitably high enough for residential
applications such as bathing, dishwashers. and medical
use.

Fig. 20 Application of waste heat thermal pump in residences
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8 Conclusions

1) The 10 L pumping system could pump about
65-170 L of water in 2 h, and the efficiency increases
when suction increases for a certain range. After that, the
efficiency decreases because of more friction loss in the
suction tubes. The benefit of this system 1s the warm
water temperature in the ST of around 43—48 °C. This
system offered a new direct contact cooling technique
using the mixture of low water temperature and steam
within the DT in order to create a vacuum for the suction
stage. This system also has other advantages, such as
simple working principle, less component parts and easy
construction, no moving parts compared to the solid
piston pump, helps save energy by using free waste heat
to produce steam, and environmentally-friendly (used
water as a working fluid of the system).

2) We may use this pump to produce hot water in
winter more efficiently. when supply energy is from
wastes heat.

3) Economic analysis showed that the present 10 L
system is comparable to the system of von OPPEN and
CHANDWALKER. With the use of recycled material,
this kind of pumyp could be more economical.

4) The researcher presents a mathematical model
which is designed for the large DT suitable for practical
work. The efficiency of the system increases with size of
the DT.
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Nomenclature
Cpa Specific heat of the air (kJ -(kg-K}_l)
Cpw Specific heat of the water (kI(kgK) ™)

D Suction tube inside diameter (m)

Eot Total electric energy mput (kT)

ept Energy stored by the DT shell (k])

f Friction factor of suction tube (dimensionless)
g Acceleration of gravity (9.806 m/s’)

h Overall head (m)

hgisciarge  Discharge head (m)

he Water enthalpy (kT'kg)

hg Latent heat of vaporization (kJ'kg)

hg Vapor enthalpy (kI'’kg)

Psuction Suction head (m)

Lugpe

Loss coefficient for discharge (dimensionless)
Length of suction tube (m)

Mass of gas (kg)

Air mass (kg)

Mass of vapor (kg)

Mass of water (kg)

(m=cp)pr Heat capacity of the DT (kJ-°C &)

N Total number of pumping cyelein 2h

P Gas pressure (kPa)

P Atmospheric pressure (kPa)

Ppr Vapor gage pressure in the DT (kPa)

0 Thermal energy rate from heat source (kJ)

R Gas constant (N (kg K) ™)

t Time (s)

T Temperature (°C)

T, Ambient temperature (°C)

Tor Mean temperature in the DT (°C)

Tr Mean temperature in the HT (°C)

Tu High temperature (°C)

T Low temperature (°C)

Toix Mixing temperature (°C)

Tor Water temperature in the OT (°C)

Tst Mean temperature in the ST (°C)

v Volume of tank which oceupied by gas (m’)

Ve Volume of pumped water per cyele (m’)

v Average fluid velocity (m's ™)

vq Discharge fluid velocity (s ™)

W Required hydraulic work per cyele (kT)

¥ Specific weight (KN-m™)

O Steam density (kg'm ™)

Dw Water density (kg'm™)

p Mean pump efficiency (%)

Acronyms

AV Air vent outlet

cv Control valve

DT Driving tank

HT Heat tank

oT Overhead tank

ov One-way valve

SPT Supply tank

ST Storage tank

WT Well tank
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