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Heat pump is an effective way to use the low temperature geothermal water with
temperature lower than 50 °C for building heating. Compared to the conventional
vapour compression heat pump, the compression-absorption heat pump (CAHP)
can obtain higher heat sink temperature with lower compression ratio. Besides,
the temperature glide in the generator and absorber of CAHP can be fitted to the
heat source and heat sink, which achieves better coefficient of performance. Two
models, respectively, for the generator and whole system using ammonia-water
(NH;-water) as the working fluid are proposed, and the effects of different concen-
tration of strong solution, cycle ratios, heat source temperature and spray density
on the generator are investigated. The objective is to analyse the performance of
CAHP system driven by low temperature geothermal water. The results show that
the maximum of overall heat transfer coefficient of the vertical out-tube falling film
generator can be obtained with the optimum spray density of around 0.16 kg/ms
and there is an optimum concentration of around 65% for the CAHP system. When
the low heat source temperature between 30 °C and 40 °C, the high heat sink tem-
perature can reach to 65-70 °C.

Key words: geothermal water, CAHP, vertical out-tube falling film, generator,
NH;-water

Introduction

With the drastic increase of fossil energy consumption for residents heating, the en-
vironment deteriorated rapidly all around the world. Because of the renewable capacity and
cleanness, geothermal energy is one of the most promising renewable energy resources [1-4].
In China, a large amount of geothermal energy lower than 50 °C in the form of low-grade
energy cannot be used for residents heating due to difficulties of transforming the energy into
useful high-grade energy. Heat pump is an efficient way to upgrade low temperature geother-
mal water up to a more feasible high temperature for residents heating and reduce the fossil
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energy consumption and CO, emission [5-7]. Compared to conventional vapour compression
heat pumps, the CAHP cycle provides a number of attractive advantages [8, 9]. The CAHP can
obtain a higher heat sink temperature with a lower compression ratio [10, 11] and the genera-
tor and absorber temperature glide can be fitted to gliding temperatures of the heat source and
heat sink, which leading to a higher COP. Besides, the CAHP can be operated efficiently with
low-temperature water [12].

The heat transfer coefficient of the generator has great influence on COP of the CAHP.
Rameshkumar ez al. [13, 14] studied a heat transfer model of aqua ammonia GAXAC system
and the results showed that the COP increased sharply as heat transfer in the generator increased.
Absorption/compression cycles were carried out in 1950 and research activities have increased
rapidly since 1980, the design of the heat exchangers and compressors, and the choice of working
fluids are evaluated [15]. Chun and Seban [16] conducted falling film generation heat transfer
experiments of water on the outside surface of vertical tube and published important experimental
data. So far, the experimental data have been used by many investigators to validate the theoretical
simulations of falling film heat transfer. Compression heat pump with solution circuit (CHSC)
has two major advantages: the heating capacity is easily varied by a large factor by adjusting the
composition of the mixture and the approximation of the Lorenz process allows for substantially
high COP values in cases with gliding temperatures [17]. The area distributed to the solution heat
exchanger (SHE) and the concentration of NH;-water have impact on COP of CAHP, and the
falling-film tubes should be designed to be as long as possible in order to increase the COP [18,
19]. But the application of vertical falling-film heat exchangers in CAHP generator is still very
infrequent. So, it is necessary to develop a new simulation model to optimize heat transfer of the
vertical falling-film generator. The advantages of vertical falling-film heat transfer are widely
recognized, but as for the low temperature heat source is very limited.

In this paper, a CAHP system applied vertical falling-film generator to utilize low
temperature geothermal water for building heating is developed. Models for the vertical out-
tube falling film generator and the whole system using NH;-water as the working fluid are es-
tablished. With respect to working fluids, the
NH;-water mixture is the most interesting one
because of its excellent properties and large

experience handling in industrial applications.
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NH;-water mixture is chosen as the working pair for the CAHP. The compressor increases the
pressure of ammonia desorbed from the generator to a high level and then the ammonia enter the
absorber. In the absorber, the ammonia gases are absorbed by the weak solution while the ab-
sorption heat is released to the heat sink. After that the rich solution preheats the weak solution
in the SHE and passes through the expansion valve and then enters the generator again.

Model establishment

Generator model Tube wall

sented in fig. 2. The generator is a single-pass
counter current vertical out-tube falling film
heat exchanger with the solution outside the Ammonia
smooth tubes and the geothermal water inside
the tubes. Take the liquid film flow direction

as x-direction and vertical direction as y-direc- T
tion. The following assumptions are made to -l
simplify the mathematical model: i
— heat transfer by conductivity in the direc- -

Film

The schematic of the generator is repre- NH,-water

______

vapour
pour|

tion of flow is negligible,

the ﬂuiq outs.ide the tubf: is regarded as Figure 2. Schematic diagram of a

Newtonian fluid and flow is unsteady, vertical out-tube falling film generator

mass transfer resistance is negligible,

fluid is ideally mixed in the direction perpendicular to the flow,

there is no interaction force between the liquid and vapour, and

there is no heat transfer between the liquid and vapour except evaporation heat.
The governing equations are given:

continuity equation:
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momentum equation:
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energy equation:
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mass conservation equation:
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The boundary conditions are given:
entrance boundary conditions:
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— no slip boundary condition:
Ulyeo="| 0 (10)
— non-filtration boundary conditions:
o5
FRIEL (11)
r|, =T, (12)

— boundary conditions of liquid-vapour interface:

oT D 0
290 A PP e (13)
| $ Oy
ou
—|,=0 (14)
oy
F(p,.T;.Cp)|,0=0 (15)
Table 1. 1 ts of th t: del
a .e nputs o e gf&nera or moae . ~ d5 ~ po aé:
Variable| Value | Variable Value m|,_s=|—pV+pU o | Y (16)
5 2 mm V. 0.1-0.5 [m*h '] S Wy
H S5m p 0.2-2 [MPa] The flow rate, solution concentration and
D 21 mm v 0 temperature can be calculated by the previous
D, 25mm | I"  |0.06-0.26 [kgm's ']|  mathematical model and the input parameters
¢ 55-10% | Ty 30-40 [°C] of the generator model are shown in tab. 1.

System model

The system analysis is carried out for heating applications with the following assumptions:
— the system is working under steady-state conditions,
— the processes in absorber and generator are considered adiabatic, and the process in the
expansion valve is isenthalpic,
— the weak solution at the exit of the generator and the strong solution at the exit of absorber
are saturated,
— the effect of pressure drops in various components on the system performance are assumed
to be negligible, and
— due to the large difference between the boiling points of water and ammonia, the concentra-
tion of the vapour is considered as 99.8%.
The correlations proposed by Xu [20] are used to calculate the thermodynamic prop-
erties of the saturated solution and vapour. Chemical equilibrium is assumed at the exit of each
component. The energy balance across the components is showed:
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— generator:
O, +1shs = nghg +nyh, (17)
ng =mgw(h9 _hIO) =mgwkgAgA7; (18)
Mg + 1ty = 1ty (19)
— compressor:
771’3
— absorber:
Q. +ish, = mghy +mh, (21)
rh3 = ms + ml (22)
Qa + maw (h12 - h’ll) = mawkaAaA]; (23)
— pump:
=) o
. . ,
— compression ratio:
g=12 (25)
y4

At each pressure ratio, according to a screw compressor cooled with an insoluble oil,
the isentropic efficiency data used [18, 19]:

7, =—0.143+0.55¢ -0.0867¢ for e =2~3.5 (26)
1, =-0.766+0.0131¢ for £=3.5~10 27)
COP = Q. (28)

W.+Ww,

Results and discussion

Figure 3 illustrates the effect of the value of the inlet spray density, /', on the overall
heat transfer coefficient, U,, of the generator. When the water temperature, 7y, and volume
flow, V,, are kept constant at 30 °C and 0.5 m*/h, respectively, the U, firstly increases and then
decreases with the increasing /. This phenomenon can be explained from the fact that larger
spray density bring higher velocity of film flow and high velocity will be beneficial to improve
the heat transfer of generator. However, the film will became thicker if spray density exceeds
the optimum value and results in the decrease of the heat transfer efficiency. Figure 4 shows
that when the heat source temperature increases, the U, increases linearly. Under the same
condition, when the temperature is blow 40 °C, the difference of U, at different spray densities
is small. According to figs. 3 and 4, the spray density and the geothermal temperature have
positive effects on heat transfer of generator which is benefit to the system performance and the
optimum value of spray density is around 0.16 kg/ms.

Figure 5 shows the cycle ratio changes along with spray densities. It can be seen from
fig. 5 that the cycle ratio increases with spray density increasing and it increases slowly when
the /"is in the range from 0.06 kg/ms to 0.2 kg/ms. It can be seen from fig. 6 that the heat source
temperature has significant impact on the concentration difference and cycle ratio. In the CAHP
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Figure 3. The U,-I" relation with different Figure 4. The changes of U, along with geothermal
strong solution concentration (geothermal water temperature at different spray densities
water temperature 7o= 30 °C, volume flow rate (geothermal water V,= 0.5 m*h, strong solution
V,= 0.5 mh) concentration ¢ = 65%)

system the cycle ratio has a large effect on COP [13, 14], which means the spray densities and
the heat source temperature also makes a different influence on COP. When the concentration is
65%, a high concentration difference about 10% can be obtained.

Figure 7 shows that for different geothermal water inlet temperatures, 7y, compression
ratio, ¢, decreasing as the concentration increases. The changes of concentration have great
influence on the compression ratio. The COP changes along with the variation of 7y shown in
fig. 8. Each curve shows the COP as a function of concentration, and at the same concentration,
COP is larger for higher heat source temperature. All of those curves shows that when the con-
centration is larger than 65%, the COP of the system is almost constant. That is because the heat
of dissolution for unit mass of ammonia in different conditions is subequal. If the compression
ratio increases, indicating that the work input to the compressor becomes lager, the system COP
decreased. It is worthy to note that as the heat sink temperature is 65 °C and the heat source
temperature is higher than 30 °C, the COP is always higher than 4.0.

The dependence of compression ratio on heat sink temperature, 7),, for different val-
ues of concentration is shown in fig. 9. The lower the concentration causes the higher the com-
pression ratio, which means more power input is needed for the system. The COP changes
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Figure 5. The f~I" relation with different Figure 6. The effect of geothermal water
strong solution concentration (geothermal temperature on concentration difference and
water temperature 7= 30 °C, volume flow cycle ratio (spray density I"= 0.13 kg/ms,
rate V,= 0.5 m*h) geothermal water V, = 0.5 m*/h, strong solution

concentration &= 65%)
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Figure 8. The changes of COP along with
concentration at different heat source
temperatures (heat sink temperature 7;,= 65 °C)

along with the heat sink temperature, 7),, shown in fig. 10. The COP changes sharply with the
heat sink temperature and higher concentration can get higher COP, but the influence is di-
minishing with the increase of concentration. When the concentration is greater than 70%, the
COP almost does not change with the concentration, indicating that there should be an optimal
concentration value for this system. According to the previous analysis, the optimal value of

solution concentration is around 65%.
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Figure 9. The changes of & along with heat sink
temperature at different concentrations (heat
source temperature 7,= 30 °C)
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Figure 10. The changes of COP along with heat
sink temperature at different concentrations
(heat source temperature 7,= 30 °C)

A specialized numerical model for the generator and a model for the CAHP system
using low temperature geothermal water have been studied. The following conclusions can be

drawn.

® The model indicates that the CAHP system is appropriate for utilizing low temperature geo-
thermal water, when the system operating with a high heat sink temperature between 65 °C
and 75 °C and a low heat source temperature from 30-40 °C.

e The spray density, the concentration and heat source temperature have the great effects on
the performance of the generator at the low temperature condition. The maximum over all
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heat transfer coefficient of the out-tube falling film generator can be obtained in an optimum
spray density of around 0.16 kg/ms. When the concentration is 65%, it can get a high con-
centration difference about 10%.

The COP increases with the concentration increases. There also exists an optimum concen-
tration value of around 65%.
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Nomenclature

A —heat transfer area, [mm] u, v — velocity of y-direction, [ms™]

A, —area of absorber, [m?] W. — power imput of compressor [kW]
A, —area of generator, [m?*] W, —power imput of pump [kW]

D; —inner diameter, [mm]

Greek symbols

D,, —mass transfer coefficient, [ms™]

D, — outside diameter, [mm] I —inlet spray density, [kgm's™']

f —cycle ratio, [-] 0 — film thickness, [mm]

H — generator height, [m] & —compression ratio, [—|

h  — enthalpy, [kJkg™'] A —coefficient of heat conductivity,

K, — specific heat at sonstant pressure of absorber, [Wm'K']
[kJkg K] ns — isentropic efficiency, [—]

K, — specific heat at sonstant pressure of n, — efficiency of the pump, [-]
generator, [kJkg K] ¢ —solution concentration, [%)]

k  —overall heat transfer koefficient, [Wm=K™] p  — density, [kgm]

m — mass-flow, [kgs™] .

p — pressure, [MPa] Subscripts

Q. —heat capacity of generator [kW] 1~12 — condition points of fig. 1

Q. — heat capacity of generator [kW] 0 — initial state

T —temperature, [K] a —absorber

U, —heat transfer coefficient of generator, g — generator
[Wm=2K™] w —water

V' —volume flow, [m*h™']
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