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Thermal Analysis of a Forced Flow
Diffusion Absorption Refrigeration
System for Fishing-Boat Exhaust
Waste Heat Utilization

Shuai Du*

Institute of Refrigeration and Cryogenics, Shanghai Jiao Tong University, Shanghai, China

Ammonia water absorption refrigeration systems are effective in utilizing fishing-boat
exhaust waste heat for cryopreservation. However, the liquid level control and the use
of a solution pump characterized by small flowrate and high-pressure head result in poor
reliability in the traditional system. Besides, the system must necessarily be designed anti-
swaying and anti-corrosion. This paper proposes a forced flow diffusion absorption
refrigeration system, in which an inherently leak-free canned motor pump and an
ejector are employed to provide the driving forces of the gas and liquid loops. The
approximate single pressure operation allows for a simple passive liquid sealing control
without throttling valves. The system adopts an integrated cooling strategy which allows
the system to operate under swaying conditions, and the external seawater cooled heat
exchanger avoids internal corrosion and leakage. The thermal analysis shows the system is
valid to be operated under wide operating conditions, and the coupled gas and solution
circulation ratios determined the performance of the novel system. There is an optimal
ammonia mass fraction difference in the gas loop to obtain the optimal COP. The COP
reaches 0.4 when the temperatures at the outlets of the generator, evaporator, absorber,
and condenser are 160, —15, 35, and 35°C, respectively. The novel system provides a
reliable absorption refrigeration system design for fishing-boat applications.

Keywords: exhaust waste heat utilization, absorption refrigeration, diffusion, thermal analysis, ammonia-water-
helium

INTRODUCTION

Waste heat reuse is quite important to improve primary energy efficiency and thus the CO, emission
can be reduced effectively (Oluleye et al., 2017). The waste heat from diesel engines on fishing boats
accounts for about 60% of the energy input, and it is removed in the form of exhaust and engine
coolant. Meanwhile, cryopreservation on fishing boats is commonly achieved by compression
refrigeration systems powered by diesel generators, which consume a significant amount of fuel.
In actual fact, the exhaust may reach 400°C and even higher, and it can be utilized to power an
absorption refrigeration system for cryopreservation. LiBr-H,O and NH;-H,O are normally
employed as the working pairs in absorption systems, but only the latter is applicable for
freezing applications (Du et al., 2017). However, there are three main drawbacks to be solved
when modularized NH;-H,O absorption refrigeration systems with cooling capacities between 10
and 50 kW are to be applied on fishing boats. First, the reliability of the system is poor due to the
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liquid level control through throttling valves and sensors for
preventing vapor short circuit between the generator and the
absorber and flooding in the generator. This trouble is caused by
the large internal operating pressure difference. Second, the
solution pump, characterized as high pressure head
(>1000 kPa) and low flowrate (<1m>h™), is less efficient and
vulnerable to leaking, and normally, a reciprocation piston/
diaphragm pump (Garimella et al., 2016; Jiménez-Garcia and
Rivera, 2019) or a multistage centrifugal pump (Yuan et al., 2018)
is employed. Moreover, the solution pump is one of the most
serious components threatening the normal operation of an
ammonia-water absorption system (Lazzarin et al., 1996), and
thus a reliable solution pump is important for the system. Third,
the traditional design of falling film absorbers is not suitable for
swaying conditions, and the internal cooling by seawater
increases the risk of leakage. The three main drawbacks limit
the application of the absorption refrigeration system on fishing
boats, and it is of great significance to propose a reliable
ammonia-water absorption refrigeration system. The author
developed an ammonia-water absorption refrigeration
prototype for diesel exhaust waste utilization (Du et al., 2017);
however, the first and second drawbacks mentioned above
limited our further experiment and application on fishing-
boats even though the anti-swaying design of absorber was done.

As for the first and second drawbacks mentioned above,
engineers generally focused on the development of reliable
pumps, valves, and control units which incompletely solve the
drawbacks and increases the cost of the system, while researchers
generally  ignored these problems, intentionally or
unintentionally. It is necessary to solve the drawbacks from
the perspective of thermodynamic system
Diffusion absorption systems using equilibrium gas provided
inspiration to solve the drawbacks. The partial pressure effect
of the equilibrium gas in the evaporator can make the liquid
ammonia obtain a lower partial pressure under the condition of
constant total pressure so that the evaporation process can be
accomplished without a throttling valve. The solution is
circulated by a bubble pump based on the principle of
thermosiphon (Aman et al, 2018), and both the gas and
liquid loops are achieved by gravity. In this case, the liquid
level control is passive and the system reliability can be
improved. However, the cooling capacity of the diffusion
absorption system is small, usually lower than 400W
(Rodriguez-Munoz and Belman-Flores, 2014), restricted by the
circulating flow rates of the gas and liquid. Since the gas and
liquid flow naturally, the cooling capacity is very difficult to be
expanded and the system would be bulky even though such a
system could be implemented. Jakob et al. (2007) developed a
water-cooled diffusion absorption prototype for air-conditioning
with a cooling capacity of 2.5 kW, and the size is 0.6 X 0.6 X 2.2 m.
Then, Yousfi et al. (2017) developed a hot water-driven diffusion
absorption prototype with a cooling capacity of 5 kW, and the size
is the same as the previous one. However, the developed
prototypes were applicable for air-conditioning applications,
and the cooling capacity would be significantly reduced if the
prototypes were operated under freezing conditions. To increase
the cooling capacity of the diffusion absorption system, parallel

innovation.

Fishing Boat Absorption Refrigeration

bubble pumps (Schmid et al., 2019) or a small leak-proof pump
(Wang, 2012) can be employed to increase the circulated flow rate
of the solution. Besides, a magnetic connecting propeller can be
implemented to improve the circulated flow rate of gas (Schmid
and Spindler, 2016). However, the cooling capacity is still small
and how to enlarge the cooling capacity effectively is worthy of
research.

As for the third drawback, mainly the anti-swaying design of
the absorber, flowing restricted channels which can reduce free
vapor-liquid surface can be applied such as plate channels
(Cerezo et al, 2009; Triché et al., 2017), hollow fiber tubes
(Chen et al., 2006), small diameter tube bundle units (Chen
et al., 2021) and micro-channel units (Chandrasekaran et al.,
2020). Additionally, adiabatic absorbers (Ventas et al., 2012;
Liang et al., 2021) with solution spraying or sprinkling can be
efficient for swaying conditions when the absorber is designed to
be vertical and slender, and the potential heat capacity of the
circulated solution is necessary to be large, i.e., a large precooling
degree or a large circulated amount of the solution. An
appropriate strategy should be applied based on the system
design.

Several ammonia-based absorption refrigeration systems
have been proposed for fishing-boat exhaust waste heat
utilization. Salmi et al. (2017) investigated the feasibility of
LiBr-H,O and NH;-H,O absorption refrigeration systems
using the waste heat of a ship as an energy source in terms of
thermodynamics. Palomba et al. (2017) theoretically studied
the performance of adsorption and NH;-H,O absorption
refrigeration systems for application on low emission
fishing vessels. Ouadha and El-Gotni (2013) integrated an
ammonia-water absorption refrigeration system with a
marine diesel engine and investigated the feasibility on the
basis of thermodynamics. Fernandez-Seara et al. (1998)
proposed an exhaust heat recovery system to power an
onboard NH;-H,O absorption refrigeration plant in
trawler chiller fishing vessels. Chen et al. (2010) proposed
and theoretically analyzed an aqueous ammonia absorption
refrigeration system driven by fishing boat diesel exhaust heat
with the structure of a horizontal tube absorber and packing
distillation column. Tédboas et al. (2014) analyzed ammonia-
water and ammonia-salt mixture absorption cycles for
refrigeration purposes in fishing ships. Ezgi and Bayrak
(2020) carried out an experimental analysis of a
laboratory-scale diesel engine exhaust-heat driven NH;-
H,0 absorption refrigeration system as a model for naval
surface ship applications. However, these studies were mainly
focused on the feasibility of an ammonia absorption
refrigeration system applied to ship waste heat recovery,
and the requirements of an onboard ammonia-based
absorption refrigeration system were not taken into full
consideration, as well as the reliability of the system.

Therefore, to solve the three drawbacks mentioned above
when an ammonia-water absorption refrigeration system is to
be applied on fishing boats, we propose a novel forced flow
diffusion absorption refrigeration system for 10-50 kW freezing
applications in this paper. A thermal analysis is conducted to
investigate the feasibility and features of the proposed system.
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FIGURE 1 | Schematic of the traditional ammonia-water absorption FIGURE 2 | The P-T-x diagram of the traditional single-stage ammonia-
refrigeration system. water absorption refrigeration system.

SYSTEM DESCRIPTION

Before proposing the novel system, the principle of the
traditional single-stage ammonia-water absorption system is
briefly explained for basic understanding. As shown in
Figure 1, the traditional system is considered to be
composed of a solution loop and a refrigerant loop.
Specifically, the solution loop consists of a generator (GEN),
a rectifier (REC), an absorber (ABS), a solution heat exchanger
(SHE), a solution throttling valve (STV), and a solution pump.
Due to the thermodynamic characteristics of the ammonia-
water solution under different temperature, pressure, and mass
fraction conditions, the absorption in ABS and desorption in
GEN achieves the suction and discharge of the refrigerant of
ammonia, which is just like a mechanical compressor. The
solution rich in ammonia is called the strong solution while
that poor in ammonia is called the weak solution. The
discharged vapor in GEN is impure due to the small partial
pressure difference between ammonia and water, and the
vapor is purified in REC. The rectification heat is removed
by the circulated strong solution from ABS. SHE is used for
solution heat recovery, and STV is used to regulate the flow
rate of the weak solution and the liquid level in GEN to avoid a
vapor short circuit between GEN and ABS and flooding in
GEN. The refrigerant loop consists of a condenser (CON), a
refrigerant heat exchanger (RHE), a refrigerant throttling valve
(RTV), and an evaporator (EVA), just the same as those in a
mechanical compression refrigeration system; the suction and
discharge of the refrigerant achieved by the solution loop can
be regarded as a part of the refrigerant loop. The heat is
provided in GEN, and the cooling effect is produced in
EVA. The heat output is achieved in CON and ABS, and
both CON and ABS are needed to be cooled internally.

The temperature-pressure-mass fraction (P-T-x) diagram of
the traditional single-stage ammonia-water absorption
refrigeration system is shown in Figure 2. It can be found that

the system is operated between the condensation pressure and the
evaporation pressure, and the pressure difference is large due to
the thermodynamic characteristics of ammonia under freezing
operating conditions, usually larger than 1000 kPa. The solution
pump has to deliver the solution with a large pressure head, and
the streams between the high-pressure devices and the low-
pressure devices have to be regulated by throttling valves. The
vapor phase pressures of ammonia in EVA and ABS are identical
because pure ammonia is evaporated and absorbed. It should be
noted that the vertical coordinate indicates the partial pressure of
ammonia in both gas and liquid phases, and thus there is a
saturated pressure difference of the solution in and out of GEN, as
well as that in and out of ABS.

The schematic of the forced flow diffusion absorption
refrigeration system is shown in Figure 3.

The novel system can be considered to be composed of four
loops including the solution loop (1-2-15-3-4-4b-5-6-7-1), the
refrigerant loop (8-9-10-11-12-13-14-15-3-4-4b-5-6-7'-8), the
gas loop (16-17-11-12-13-14-16), and the recirculated solution
loop (3-4-4a-14-15-3). In diffusion absorption systems,
hydrogen (H,) and helium (He) are usually chosen to be the
equilibrium gases due to their extremely low critical temperatures
and their high diffusion coefficients in ammonia. Helium is
determined in this system because of the lower specific heat
capacity compared to hydrogen; moreover, helium is safer.
During normal operation, helium exists and circulates in the
gas loop which is composed of EVA, RHE, the gas heat exchanger
(GHE), the ejector, and the condenser-absorber (CON-ABS) unit.
The CON-ABS unit is the structure that the condenser coils are
assembled in ABS, and both the condenser coils and the packing
provide the mass transfer area for absorption. In Figure 3, the
solid, dashed, and dotted lines represent the liquid (pure liquid
ammonia, ammonia water solution), vapor (pure ammonia
vapor, ammonia water vapor), and gas (vapor mixture of
helium and ammonia) streams, respectively. In this paper, the
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FIGURE 4 | The P-T-x diagram of the forced flow diffusion absorption
system.

mass fraction of ammonia in the liquid is defined as the ratio of
the mass of ammonia in the liquid to the total mass of the liquid.
So does the definition of the mass fraction of ammonia in the gas.

The operation can be described as follows: the strong solution
at the outlet of the CON-ABS unit (15) is pumped to the seawater
cooled heat exchanger (SCHE) where it is cooled by seawater
(3-4). Then the strong solution is separated into two branches.
One branch with a higher flow rate flows to the motive nozzle of
the ejector (4-4a) and sucks the gas from EVA; before the suction,
the gas has gone through RHE and GHE (11-12-13) in turn for
preheating. Next, the ejector sprays the gas-liquid mixture into
the CON-ABS unit (14). The weak solution from GEN is
precooled in SHE (1-2) and fed to the CON-ABS unit, and
then it is mixed with the sprayed liquid and falls on the surface of
the condenser coils and the packing in the CON-ABS unit. The
falling solution absorbs ammonia from the gas on the surface of

the condenser coils while the ammonia vapor from REC is
condensed in the condenser coils (8-9) at the same time. The
absorption is further completed on the surface of the packing
which provides a large area for mass transfer, and the heat
released from the condensation and absorption processes
raises the temperature of the falling solution. Next, the gas,
with a low ammonia mass fraction, flows to EVA after it is
precooled in GHE (16-17). The other branch of the strong
solution with a lower flow rate flows to REC (4-4b-5) to
purify the generated vapor and then is fed to GEN after it is
preheated in SHE (5-6). The generated vapor (7°) flows to REC
where it is purified, and the reflux is mixed with the feed (7). The
purified vapor is condensed in CON and precooled in RHE
(9-10) by the circulated gas rich in ammonia. Then it
evaporates in EVA due to the partial pressure difference
between the liquid surface and gas phases. The circulated gas
rich in ammonia is sucked to the suction nozzle of the ejector. As
introduced above, the cycle is closed.

A pressure-temperature-mass fraction (P-T-x) diagram
(Figure 4) is drawn to explain the thermodynamic principle of
the forced flow diffusion absorption system. The state points
correspond to those in Figure 3.

As the same as that in Figure 2, the vertical axis indicates the
partial pressure of ammonia in both gas and liquid phases to
explain the variation of ammonia pressure in the system. When
the system is running, helium only exists in the gas loop thus the
processes in CON, REC, GEN, and SHE are the same as those in a
traditional single-stage ammonia-water absorption system.

Different from the traditional system, the pressure of
ammonia in EVA is not constant due to the equilibrium gas,
so does that in ABS. As shown in Figure 4, when the solid line
intersects the dotted line in EVA and ABS, the intersection point
indicates a vapor-liquid equilibrium state of ammonia including
points 11, 15, and 16. For example, due to the sufficient
absorption on the surface of the packing, the solution is in
phase equilibrium under the ammonia partial pressure at the
outlet of ABS (point 15) which is equal to that at point 16. It can
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be found from Figure 4 that the partial pressure of ammonia at
point 17 is the lowest and it rises at the outlet of EVA (11) due to
the evaporation of liquid ammonia. In the case of ignoring the
heat and mass transfer resistances, the ammonia in EVA is in
phase equilibrium at the evaporation temperature, which
gradually changes during the diffusion process. The gas with
high ammonia content at point 11 is injected into ABS by the
ejector, and then it turns into the gas with low ammonia content
after ammonia is absorbed in the CON-ABS unit. At the outlet of
the CON-ABS unit, the partial pressure of ammonia is coupled to
the mass fraction of the solution, so one of the two parameters can
be arbitrarily determined at the design stage of the system.

The explanation above provides insight that how the novel
system solves the three drawbacks of the traditional system
applied on fishing boats. For the first drawback, the
approximate single pressure operation of the novel system
allows for a simple passive liquid level control without
throttling valve regulation; that is, it is not necessary to
control the liquid level in GEN to avoid the flooding in the
generator, as well as the vapor short circuit between the generator
and the absorber, and the vapor short circuit can be easily avoided
by liquid seal design. For the second drawback, the approximate
single pressure operation allows for the application of a canned
solution pump with a low pressure head which is high-efficiency
and inherently leak-free, and thus the problem of the solution
pump in the traditional system can be solved. For the third
drawback, the novel system adopts an integrated cooling strategy;
the condenser and the adiabatic absorber are assembled as one
unit, and the condensation heat and the absorption heat are
removed by a large amount of precooled solution which is
sprayed circularly; therefore, the surface area for heat and
mass transfer can be ensured even if the system is operated
under swaying conditions. Besides, this strategy uses one external
seawater cooled heat exchanger rather than two internal seawater
cooled heat exchangers (CON and ABS), and thus internal
corrosion can be avoided and the reliability of the system is
improved.

MODELING

It is necessary to establish the model of the system to investigate
its feasibility and features. Whether the system can be operated in
the designed way strongly depends on the entrainment
performance of the ejector; therefore, the ejector model is
carried out separately based on the integrated model of the
system.

System Modeling

It should be noticed that the total pressure in the ABS is higher
than that in EVA because the pressure difference between ABS
and EVA provides the driving force of the gas flow. However, the
pressure difference is very small compared with the total pressure
in EVA and ABS, and thus the effect of the pressure difference on
system performance is very small. Similarly, there is a pressure
difference between GEN and EVA, so is there between GEN and
ABS. For simplification, the differences are not shown in

Fishing Boat Absorption Refrigeration

Figure 4, but the pressure differences are considered in the
modeling.
The following assumptions are made to simplify the model.

1) The system operates in a steady state with no heat loss to the
environment.

2) The pressure in GEN and REC is uniform, so is that in EVA
and the CON-ABS unit. For simplification, the pressure drop
in the liquid channel of each heat exchanger is assumed to be
2000 Pa, and that in the gas channel of each heat exchanger is
500 Pa. These values are design-specific and are only used for
this case study.

3) The gases in the CON-ABS unit and EVA are only composed
of ammonia and helium. The ammonia in the gas at the
outlet of EVA is in phase equilibrium.

4) The solution at the outlet of GEN, the liquid ammonia at the
outlet of CON, and the ammonia vapor at the outlet of REC
are in phase equilibrium. At the outlet of ABS, the solution is
in phase equilibrium, corresponding to the partial pressure of
ammonia in the gas.

5) The gases in the gas loop are considered to be ideal gases.

6) The rectification efficiency is assumed to be 0.8, and the
ammonia mass fraction of the vapor at the outlet of REC
is 100%.

7) At the feed stage, the solution is in phase equilibrium with
the vapor.

8) The solution before and after the solution pump is assumed
as isenthalpic and the efficiency of the solution pump is
assumed to be 0.75.

9) The temperature approach is assumed as 5°C for liquid-
liquid heat exchange, 10°C for gas-liquid heat exchange, and
gas-gas heat exchange.

10) The temperature variation of the solution through SCHE is
assumed as 5°C.

The modeling is based on mass, specifies, and energy
conservation equations of each component, as shown in Eqs 1-3.

Zm=2m (1)
Y mixi =) mx, 2
Yomihi+ ) Q=) mohy+ Y Q, (3)

where m, x, h, and Q represent mass flowrate, mass fraction of
ammonia, enthalpy, and heat load, and the subscripts i and o
represent inlet and outlet, respectively.

The calculation is conducted based on per unit refrigerant
mass flowrate (mg = 1 kgs™'). By assuming the temperatures at
the outlets of CON and EVA (T, and T1,), the pressure at the
outlet of CON (Py) and the partial pressure of ammonia at the
outlet of EVA (P;;np,) can be obtained by phase equilibrium
equations.

Py = f(Ty) 4
PU,NH3 = f(Tll) (5)

The pressures in REC, GEN, EVA, and ABS are calculated by
Eqs 6-8.
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Prec = Peen = Py + APcox (6)
Prya = Py — APrug; (7)

Pyps = Peva + APgrg 4 (8)

Py3 = Pgya - APGHE,g - APRHE,g (9)

where AP is the pressure drop, and the subscripts g and [ denote
gas and liquid channels, respectively.

According to assumption (5), the mass fraction of ammonia in
the gas at the outlet of EVA is calculated by Eq. 10.

P1inm, Mg,
(PEVA - Pll,NH;)MHe + Py nu; M,

X1 = (10)
where M is the molecular weight.

As explained in section two that the partial pressure of
ammonia changes along the evaporation and absorption
processes, there is a mass fraction difference of ammonia in
the gas loop, (xj; —x7), which can be assumed first in the
calculation. Therefore, the partial pressure of ammonia at the
inlet of EVA (Pj7nn,) can be calculated by Eq. 11.

P xu; M,
(PEVA - P17,NH3)MHE + Pi7nu, Myn,

X7 =

an
Similarly, the partial pressure of ammonia in the gas at the gas
outlet of ABS (Pjgnn,) is calculated by Eq. 12.

P nu; Mnn,
(PABS - PlG,NHg)MHe + Pinus M,

X16 = X17 = (12)

Thus, the gas circulation ratio in the gas loop, defined as the
required mass flow rate of the gas entering ABS when per unit
mass flow rate of refrigerant is absorbed, is calculated by Eq. 13.

fg = (1= x16)/ (%13 = Xx16) = (1 = x17)/ (511 — X17) (13)

According to assumptions (3) and (4), the gas and liquid
temperatures at the outlet of ABS are the same (T}5 = Ty¢). The
mass fraction of the solution at the outlet of ABS can be calculated
by the phase equilibrium equation, as shown in Eq. 14.

X15 = f(T15>P15,NH3) (14)

where P15,NH3 = P16)NH3-
Based on assumption (4), the solution circulation ratio in the
solution loop is calculated by Eq. 15.

fo= (1 =x1)/ (53 = x1) (15)

where x3 = x5, and x; is calculated by phase equilibrium
equation at state point 1.
According to assumptions (6) and (7), the reflux ratio of REC
is calculated by Eq. 16.
r= (1 = x7)/ (%7 = x7) (16)
NreC
where #pp- denotes the rectification efficiency; x» and x;
represent the mass fractions of the vapor and liquid at
equilibrium, respectively.

Fishing Boat Absorption Refrigeration

If the feed is saturated or overcooled, the temperature at point
seven is assumed as the saturated temperature, while it is the
actual temperature if the feed is overheated.

For GEN and REC, the energy conservation equations are
shown in Eqs 17-18.

fshs + qaen = hs + (fs = 1)y + grec (17)
qrReC = hy —hs +r(hy —h;) = fs(hS - hy) (18)

where h and g represent enthalpy and heat load per unit mass
flow rate of refrigerant.
For SHE, the energy conservation equation is shown in Eq. 19.

fs(h6_h5):(fs_1)(hl_h2) (19)

For CON, the energy conservation equation is shown in
Eq. 20.

qcon = hs — ho (20)

For the ejector and the CON-ABS unit, the energy
conservation equation is shown in Eq. 21.

stfhaa + fohis + (fo = 1)hy + qoon = (fg = )i + (st + 1) fhs (21)

where sr is defined by Eq. 22.
ST = My,/my, (22)

For SCHE, the energy conservation equation is shown in
Eq. 23.

qcHE = (Sr + l)fs (h4 - hS) = mwcp,w (Tw,o - Tw,i) (23)

For EVA, the energy conservation equation is shown in Eq. 24.
Geva = fohn = = (fg = 1)hys (24)
For RHE, the energy conservation equation is shown in Eq. 25.
qrue = fg (i —hn) = (he = hyo) (25)

For GHE, the energy conservation equation is shown in
Eq. 26.

qeue = fg(his —hp) = (fg - 1) (h6 = h17) (26)

Except for the parameters which can be calculated by the
equations listed above, the other parameters of each state point
can be obtained by phase equilibrium equations and
thermodynamic equations of the ammonia-water mixture
(Ibrahim and Klein, 1993), as well as that of helium.

For different refrigerant flowrates, the cooling effect and
heat input of the system can be calculated by Eqs 27-28,
and the COP of the cooling system can be calculated by
Eq. 29.

Qeva = Mgqeva (27)
QN = MgqGen (28)
COP = Qgva/Qqen (29)
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FIGURE 5 | The schematic of the ejector and its internal pressure
variation.

Based on the assumptions and the equations from Eq. 1-29, a
routine is programmed to calculate the parameters of each
component. When T), Ty, Tys, Tis, and Ty, are assumed
according to the operating conditions and the assumptions,
the parameters can be calculated in the order of the equations.

Ejector Modeling
The ejector determines whether there is a sufficient gas
amount circulated, and its appropriate operation
depends on the properly designed geometric parameters
under the conditions of the fluids entering and leaving the
ejector. A preliminary model is carried out to investigate the
feasibility.

The following assumptions are made to simplify the model.

1) There is no external heat exchange.

2) It is assumed that there is no absorption in the ejector due to
the fast flow.

3) The involved fluids in the ejector are incompressible.

4) There is no flash evaporation of the motive liquid.

5) The mixing takes place at constant pressure in the mixer.

6) The properties and velocities of the fluids are uniform after
the mixer.

7) The effect of gravity is negligible.

8) The energy losses are expressed by the efficiencies of the
nozzle, mixer, and diffuser.

Figure 5 shows the schematic of the ejector and its internal
pressure variation.

For the motive nozzle, the energy conservation equation is
shown in Eq. 30.

Fishing Boat Absorption Refrigeration

1
YMN = \/Z(P‘la + §P4a"4a2 - PM)WMN/P4a (30)

where v, # and p represent velocity, efficiency, and density,
respectively. The subscripts, MN and M, represent the motive
nozzle and the mixer.

For the suction nozzle, the energy conservation equation is
shown in Eq. 31.

1
VsN = \jz(PIS + 5/913"132 - PM)WSN/PM (D
where The subscript SN represents the suction nozzle and p,, is
calculated by Eq. 32.

X Myn, + (1 - x11)Mpe
R(T,3 +273.15)

P13 = P13 (32)
where R is the gas constant.

For the mixer, the momentum conservation equation is shown
in Eq. 33.

(MagVan + MiaVsn)iy = (Myg + My3)vy (33)

For the diffuser, the energy conservation equation is shown in
Eq. 34.

Po = Py + 1Py (Vi = VD)2 (34)

where the subscript D represents the diffuser, and the
density of the mixture is calculated by Eq. 35 based on
assumption (3)

pur = (Mg + M) (maalp,, + mislp,y). (35)
The area of each cross-section is calculated by Eq. 36.
A=m/(pv) (36)
The entrainment ratio is calculated by Eq. 37.
U =m3/My, (37)
The power consumption of the pump is calculated by Eq. 38.
W), = my (Py = Pags)l(py11,) (38)

where 7, is the assumed efficiency of the pump.

The calculating process is briefly described as follows:
first, the initial values of vgy and P4, are assumed in
turn. Then Py and vyy can be calculated by Eqs 30-32,
where vy, and v;; are set to empirical values, such as 2 m/s
for vy, and 10 m/s for v;;. Sequentially, vy and Pp are
calculated by Eqs 33-35 based on a reasonable value of
vp. A new value of Py, is assumed to perform the calculation
until the convergence criterion of Pp— Psps<lkPa is
satisfied.

It should be noted that the energy loss of mixing is
minimum when vgy is equal to vyy; therefore, a new vy
can be assumed wuntil the convergence criterion of
vsn — vmn<0.1 m/s is satisfied in the calculation. The
maximum entrainment ratio can be calculated when Py, is
equal to Pys.
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FIGURE 6 | The system COP, the gas and solution circulation ratios, and
the operating pressure difference of the ejector versus the mass fraction
difference of ammonia in the gas loop.

RESULTS AND DISCUSSION

Parameters and Performance Under Given

Operating Conditions

A set of operating conditions for freezing is given to carry out the
calculation: the mass flow rate of the refrigerant in CON is
0.03°Ckgs™', and the temperatures at the outlets of GEN,
CON, ABS, and EVA are 160, 35 35°C, and -15°C,
respectively. It should be noted that the mass fraction
difference of ammonia in the gas loop, (x;; — xi7), is closely
related to the system performance because it affects the gas and
solution circulation ratios. As xj; —xj7 increases, the gas
circulation ratio is reduced while the solution circulation ratio
is increased; as a result, both the cooling effect and the heat input
increase, indicating that the COP depends on the combined
effect. Therefore, there is an optimal x;; — x;7 to obtain the
optimal COP, and thus the optimal gas and solution
circulation ratios.

Figure 6 shows the system COP, the gas and solution
circulation ratios (f,, f;), and the operating pressure difference
of the ejector (P4, — Pags) versus the mass fraction difference of
ammonia (x;; — x17) in the gas loop.

It can be found that the gas circulation ratio decreases rapidly
and then flattens out while the solution circulation ratio increases
slowly but faster and faster with the increase of x;; — x7, and the
COP increases rapidly and then decreases slowly. This is because
the cooling effect consumption on the gas precooling is reduced
significantly due to the rapid reduction of the gas circulation
ratio; however, the larger x;; — x;7 results in a slow decrease of
the gas circulation ratio and a rapid increase of the solution
circulation ratio, which causes less increase of the cooling effect
but a greater increase of the heat input. As a result, there is an
optimal COP, and the optimal x1; — x;7 corresponds to a pair of
the optimal gas and solution circulation ratios. Besides, it can be
also found that Py, — Psps decreases as the gas circulation ratio
decreases, indicating that the pressure head of the pump can be

Fishing Boat Absorption Refrigeration

TABLE 1 | Calculated parameters of each state point of the proposed system.

Points m, kg P, kPa T,°C x, kg h, kJ
st kg™’ kg™’
1 0.1049 1360.6 160 0.1125 638.7
2 0.1049 1358.6 65.7 0.1125 211.8
3 4.3437 1470.7 35 0.3099 -5.7
4 4.3437 1468.7 30 0.3099 -28.5
4a 4.2088 1468.7 30 0.3099 -28.5
4b 0.1349 1468.7 30 0.3099 -28.5
5 0.1349 1362.6 60.7 0.3099 113
6 0.1349 1360.6 117.3 0.3099 444.9
7 0.1420 1360.6 117.3 0.2867 390.5
7' 0.0371 1360.6 117.3 0.8863 1795.5
8 0.03 1360.6 42.9 1 1492.2
9 0.03 1358.6 35 1 346.8
10 0.03 1356.6 -5 1 154.4
11 0.1391 1356.6 -15 0.4761 1389.9
12 0.1391 1356.1 -3.9 0.4761 1431.4
13 0.1391 1355.6 22.2 0.4761 1529.3
14 4.3480 1357.1 — — 21.3
15 4.3437 1357.1 35 0.3099 -5.7
16 0.1091 1357.1 35 0.3321 1595.9
17 0.1091 1356.6 6.1 0.3321 1471

TABLE 2 | The heat load of each component and the system COP.

Parameters Value Parameters Value
Heat load of EVA 28.2 kW Heat load of CON 34.3 kW
Heat load of REC 19.1 kW Heat load of SCHE 99 kW
Heat load of GEN 70.8 kW Heat load of ABS 64.7 KW
Heat load of SHE 44.8 KW Power consumption of the pump 734 W
Heat load of RHE 5.8 KW COP 0.4
Heat load of GHE 13.6 kW

reduced. With the optimal x;; — x;7, the parameters of each state
point are calculated and shown in Table 1.

The results indicate that the parameters of each point can be
determined. It can be found that the value of Py, — Pygs is just
111.6 kPa; even the pressure drop of the solution in SCHE reaches
80 kPa, the pressure head is lower than 200kPa and such a
reliable canned motor pump can easily be obtained on the
market. It should be noted the evaporation process in EVA is
not isothermal due to the increasing partial pressure of ammonia
along the flow direction; the evaporation temperature of
ammonia in EVA varies from -26.5 to —15°C, and the
arithmetic mean of -20.8°C is estimated as the average
evaporation temperature. The heat load of each component, as
well as the COP, is listed in Table 2.

The COP reaches 0.4 and thus the system is proved to be able
to work under the given operating conditions. It can be found that
the heat loads of RHE and GHE are considerable and affect the
cooling effect directly. If the temperature approach of GHE is
enlarged, the cooling effect will be reduced. In the extreme, the
cooling effect will be reduced to only 88kW and the
corresponding COP be just 0.12 if there is no heat recovery by
RHE and GHE. The COP of the traditional system is 0.51 under
the same operating conditions, and why the COP of the novel
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TABLE 3 | Parameters of the ejector.

Parameters Value Unit Parameters Value Unit
N 09 - VN 15.3 ms™’
Hen 0.9 — VSN 15.3 ms™’
i 08 - Vi 12.3 ms™’
p 0.8 b dMN 19.9 mm
Vo 10 ms™ dsn 57.7 mm
P13 1355.6 kPa du 68.2 mm
P 1355.1 kPa dp 75.5 mm
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FIGURE 7 | The COP, the gas and solution circulation ratios, and the
corresponding Pas — Pags Versus the temperature at the outlet of GEN.

system is lower in comparison is explained in The System
Performance and  Features Under Different Operating
Conditions. The parameters of the ejector are shown in Table 3.

Based on the assumptions, the velocities and the diameters of
the motive nozzle, suction nozzle, mixer and diffuser can be
calculated. It should be noted that the entrainment varies under
different operating conditions when the dimension of the ejector
is fixed. This may result in an unsatisfactory operation that
deviates from the expected performance. Therefore, a motive
nozzle with an adjustable diameter design is applicable in
practical applications.

The System Performance and Features
Under Different Operating Conditions

It is significant to give an insight into the system performance and
features under different operating conditions. At the design stage,
an optimal COP is expected; therefore, the optimal x;; — x5 is
used to calculate the system performance.

Figure 7 shows the variation of the COP, the gas and solution
circulation ratios, and the corresponding P4, — Paps versus the
temperature at the outlet of GEN (Tggy). It should be noted that
the gas and solution circulation ratios are the optimal ones
corresponding to the optimal x;; — x17, and the same below.
The COP of the traditional single-stage ammonia-water
absorption system is also calculated under the same
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FIGURE 8 | The COP, the gas and solution circulation ratios and the
corresponding Ps, — Pags Vversus the outlet temperatures of CON and ABS.

assumptions and operating conditions, and the average
evaporation temperature in EVA of the proposed system is
taken as the evaporation temperature.

As can be seen from Figure 7, the gas and solution circulation
ratios decrease rapidly and then tend to become stable with the
increase of Tggy; this is caused by the variations of the mass
fraction differences of ammonia in the gas and solution loops,
which increase rapidly and then become steady. Corresponding
to the variation of the gas circulation ratio P4, — Paps has a
consistent trend, and it is between 110 and 150 kPa under
different outlet temperatures of GEN, indicating that the
pressure head of the solution pump is easily achieved. It can
be found that the COP of the traditional single-stage system
increases rapidly and then decreases slowly because the solution
circulation ratio decreases rapidly and then tends to be stable
while the rectification heat increases significantly; as a result,
there is a maximum value of COP. Comparatively, the COP of the
proposed system increases rapidly and then flattens out. The
different trends can be explained as that the consumption of the
cooing effect for gas pre-cooling in the proposed system is
reduced due to the decrease of the optimal gas circulation
ratio as the Tggn increases. Therefore, the available cooling
effect also increases, and thus stabilizing the COP.

In addition, due to the partial pressure variation of ammonia
during the absorption and evaporation processes, the partial
pressure of ammonia after absorption is lower than that of a
traditional single-stage absorption system at the same average
evaporation temperature; the mass fraction of the solution after
absorption is lower and the solution circulation ratio is increased.
Besides, helium is involved in the gas circulation and its
temperature variation during the circulation consumes a
certain amount of the cooling effect. Because of the two
impacts, the COP of the proposed system is lower than that of
a traditional single-stage absorption system under the same
operating conditions. It should be noted that the average
evaporation temperature is taken in the calculation, and the
COP of the proposed system is 21-32% lower than that of the

Frontiers in Energy Research | www.frontiersin.org

October 2021 | Volume 9 | Article 761135


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Fishing Boat Absorption Refrigeration

160

T T T T T 12 T
0.6
T Jiso
—10
054 J 140
49
0.4+ ds - 130 §
o ] S
o 47~ 4120 %
© 0.3 ] s
16 H10 7
0.24 s
E - 100
H4
0.1
1; 4 90
0.0 T T T T T 2 - 80
28 24 20 16 -12 8 4
T, (°C)

FIGURE 9 | The variation of the COP, the gas and solution circulation
ratios, and the corresponding Pa, — Pags versus the average evaporation
temperature.

0.50 T T T T T T T T T 200 9 10
0.45 -
H4180  fg
0.40 -
0.354 110 = ] ¢~
) "n
& 2 o
Q 0.30 —=—COP a )
@) -4 140 o ° e
025 PP s 's4 4 8
4 my, &
0.20 1120
42
0.15
- 100
0.10 T T T T T -0
2 4 6 8 10
Temperature drop of solution through CHE (°C)
FIGURE 11 | The variation of the COP, the mass flow rate of the motive
solution, and the corresponding Pa, — Pags Vversus the temperature drop of
the solution through SCHE.

180 T T T T T T T T T T 20
P4a_PABS 118
160 4 -—1
MN
— 16
= ]
A, 1404 =
=~ 114 '»
2 120 12 2
Q~ 4
— 10
100 4 1
-8
80 T T T T T T T T T T 6
0.0 0.2 0.4 0.6 0.8 1.0

Pressure drop in the gas channel of each heat exchanger (kPa)
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traditional single-stage system under the studied operating
conditions.

Figure 8 shows the variation of the COP, the gas and solution
circulation ratios, and the corresponding Py, — Paps versus the
outlet temperatures of CON and ABS (Taps and Tcon).

It can be found that the gas and solution circulation ratios
increase as Taps and Tcoy increase due to the reduction of the
mass fraction differences of ammonia in the gas and solution
loops. The COP almost linearly decreases with the increase of
Tags and Tcon, and the proposed system performs worse than
the traditional single-stage system, especially at higher Tps and
Tcon, due to the higher solution circulation ratio and the
considerable cooling effect consumption on the pre-cooling of
the helium circulated. The value of Py, — Pags is between 105 and
115 kPa, lower than that in Figure 7 due to the larger flowrate of
motive liquid.

Figure 9 shows the variation of the COP, the gas and solution
circulation ratios, and the corresponding Py, — Psps versus the
average evaporation temperature in EVA (Tgya).

It can be found that the gas and solution circulation ratios
decrease smoothly as Tgy, increases; therefore, the COP of the
proposed system increases almost linearly. The value of Py, —
Pyps is between 95 and 120 kPa, also a common pressure head to
be achieved.

Different pressure drops in the gas channel of each heat
exchanger require different pressure heads of the motive
solution to ensure the optimal gas circulation ratio. Figure 10
shows Py, — Pags and the velocity of the motive nozzle versus the
pressure drop in the gas channel of each heat exchanger.

It can be found that Py, — Pygs, as well as the velocity of the
motive nozzle, increases as the pressure drop in the gas channel of
each heat exchanger increases. However, the velocity of the
motive nozzle and Py, — Paps are still in reasonable ranges
when the pressure drop in the gas channel varies greatly. It is
indicated that the ejector can achieve the entrainment easily even
the pressure drop in the gas channel of each heat exchanger is
large, and the component for gas circulating can be assembled
without a height requirement.

The mass flow rate and the pressure head of the motive fluid
are coupled to achieve the entrainment, indicating that the
pressure head must necessarily be increased if the mass flow
rate of the motive fluid is reduced. Figure 11 shows the variation
of the COP, the mass flow rate of the motive solution, and the
corresponding P4, — Paps versus the temperature drop of the
solution through SCHE.

It can be found the COP decreases slightly with the increase of
the temperature drop of the solution through SCHE. Due to the
decreased mass flow rate of the motive solution, P4, — Pags is
necessary to be increased to achieve the entrainment, but
generally lower than 170kPa, which can be easily achieved by
a reliable canned motor pump.
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The System Control Under Different

Exhaust Conditions

Under different exhaust conditions which are caused by the
variations in the power output of diesel engines, the system
control is much easier compared to a traditional ammonia-
water absorption system. There are no throttling valves in the
system while the liquid level control is completely passive and the
liquid is only stored in the CON-ABS unit. The solution flow is
driven by the canned pump, and the gas flow is driven by ejection
which is essentially motivated by the canned pump. Therefore,
the system works once the canned pump is open, and thus the
system control is quite simple. When the exhaust conditions vary,
the temperature at the outlet of GEN varies and the performance
changes referring to the trend in Figure 7. If a practical system is
developed, the ejector is made under design conditions and it is
difficult to operate the ejector under the best working conditions
for optimal system performance even though the motive nozzle
can be adjusted; however, the system COP varies little according
to Figure 6. Compared to the COP around 0.5 of the traditional
system, the performance of the novel system is indeed lower.
However, the COP reduction is the price of being able to apply
ammonia-water absorption systems on fishing boats which
makes the novel system valuable.

CONCLUSION

In order to solve the drawbacks relating to reliability, anti-
swaying, and anti-corrosion of modularized ammonia-water
absorption refrigeration systems with a cooling capacity of
10kW-50kW applied on fishing-boats for frozen preservation,
this paper proposes a forced flow diffusion absorption
refrigeration system based on evaporative cooling and
adiabatic absorption. The uses of throttling valves and the
solution pump characterized as high head and low flowrate
are eliminated; as a result, the risks of operational failure and
leakage can be avoided. The system is composed of four loops;
among them, a reliable canned motor pump and an ejector
provide the driving forces of the liquid and gas loops. An
integral cooling strategy is adopted to remove the
condensation and absorption heat in one unit by the
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NOMENCLATURE

Fishing Boat Absorption Refrigeration

SCHE seawater cooled heat exchanger

SHE  solution heat exchanger
2
A area, m SN suction nozzle
ABS  absorber STV  solution throttling valve
CON  condenser sr ratio of mass flowrate
D diffuser T temperature, °C
EVA evaporator v velocity, m s~
f circulation ratio w power, W
GEN  generator x mass fraction of ammonia, kg kg™’
GHE gas heat exchanger o
; mass flowrate, kg ™ Greek letters

h enthalpy, kJ kg~

p density, kg m~
m

. n efficiency
M molecular weight, kg mol”
MN  motive nozzle pressure, kPa Subscripts
P g gas
heat load, kW i inlet

q heat load per unit mass flow rate of refrigerant, kW o outlet
r reflux ratio |y pump
REC  rectifier s solution
RHE  refrigerant heat exchanger t traditional
RTV  refrigerant throttling valve w water
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