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ABSTRACT

The heat collection evaporator was modeled based on equilibrium homogeneous theory, and the Runge-Kutta cal-
culation method was used to analyze and solve the flow in the heat collection evaporator. The influence of environmen-
tal factors such as solar irradiance, ambient temperature and wind speed on the variation of refrigerant pressure in two
kinds of heat collecting evaporator was analyzed under the set working conditions. The results show that the solar en-
ergy irradiance has a great influence on the pressure drop in the tube of serpentine heat collecting evaporator, and the
maximum pressure drop of the refrigerant in the tube is 16.3%, minimum pressure drop is 7.8%. However, it has little
influence on the pressure drop of the tube sheet evaporator. The maximum pressure drop in the refrigerant tube of the
tube sheet evaporator is 4.8%, minimum pressure drop is 1.8%. When the irradiance reaches 800 W/m?, the refrigerant
in the serpentine-tube evaporator has been completely vaporized at 6 m, it’s completely vaporized at 3 m.

Keywords: Direct Expansion Solar Heat Pump; Heat Collecting Evaporator; Equilibrium Homogeneous Theory; Pres-

sure Drop

ARTICLE INFO

Received: 27 September 2022
Accepted: 1 November 2022
Auvailable online: 17 November 2022

COPYRIGHT

Copyright © 2022 Jinzhou Yan, et al.
EnPress Publisher LLC. This work is li-
censed under the Creative Commons At-
tribution-NonCommercial 4.0 International
License (CC BY-NC 4.0).
https://creativecommons.org/licenses/by-nc/
4.0/

1. Introduction

Direct expansion solar heat pump technology has the advantages
of high efficiency, energy saving and no pollution, and is widely used in
many fields such as construction, chemical industry and environmental
protection. Studies show that the average COP performance of direct
expansion solar heat pump is significantly higher than that of traditional
air source heat pump system, especially in winter!], The heat collecting
evaporator is used as a direct expansion solar heat pump, and the per-
formance of energy absorption components directly affects the perfor-
mance of direct expansion solar heat pump system.

In terms of the research on heat collection evaporator, the research
abroad started earlier. Chaturvedi et al.!! carried out theoretical analysis
on different types of solar heat collection evaporator. According to the
two-phase flow homogeneous flow theory, the heat collection the flow
of refrigerant in evaporator tube is modeled, and the glass cover
plate, bare plate heat collector evaporator and six different refrigerants
are used to heat direct expandable solar heat pump system respectively
performance impact.

Domestic scholars Chen et al.®) analyzed the relationship between
the thickness of the air interlayer and the natural convection heat trans-
fer coefficient, and then determined the optimal distance of the air in-
terlayer of the flat-type heat collecting evaporator. Zhang et al.’®’ made
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a detailed analysis of fluid flow in flat-plate heat
collection evaporator through experimental analysis
and theoretical research. Aiming at the research of
refrigerant pressure drop in collecting tube of evap-
orator, Liu et al.l'! used two methods to study the
refrigerant pressure drop in the collector tube of
heat collecting evaporator. The phase flow theory
establishes the mathematical model of solar heat
collection evaporator, puts forward some assump-
tions to simplify the flow in the heat collection tube,
theoretically analyzes the pressure drop in the heat
collection evaporator, and explores the heat collec-
tion. Effects of structural parameters such as evap-
orator area, type and arrangement on performance
of direct expansion solar heat pump system. Yang et
al.l®! carried out experimental research and theoret-
ical calculation on the performance of various solar
heat collection evaporators, and finally analyzed the
relationship between the fluid temperature at the
collector inlet and the heat collection efficiency.
Zhao et al.”! established a two-phase flow model of
solar heat collection evaporator by using the equi-
librium homogeneous theory, and verified the relia-
bility of the model through experiments. Kong et
al.l'% established the distributed parameter homo-
geneous flow model of solar heat collector evapo-
rator and condenser and the centralized parameter
model of compressor and expansion valve accord-
ing to the performance of different working medium,
and compiled the performance simulation program
of direct expansion solar heat pump water heater
system to study direct expansion solar heat pump
water heater. It is found that the calculated values of
the theoretical model are in good agreement with
the experimental results in the literature, which ver-
ifies the mathematics. Reliability of the model. Liu
et al.l'! used Fluent software to analyze the heat
transfer characteristics of different flow channel
units of solar heat pump heat collector evaporator,
and made a theoretical analysis on the optimization
method of heat collector evaporator. Analysis and
practical application.

The mobile phase of refrigerant in heat col-
lecting evaporator is complicated. The flow of re-
frigerant in the tube is gas-liquid mixture, so that its
pressure and dryness change in real time. Solar ra-
diation, ambient temperature and wind speed are

several factors that cause the variation of refrigerant
flow in the tube. In order to analyze the influence of
different factors on the performance of the heat col-
lector evaporator in detail, this paper modeled the
heat collector evaporator based on the equilibrium
homogeneous theory. The Runge-Kutta calculation
method is used to analyze and solve the flow in
evaporator.

2. Model of solar collector evapo-
rator

The flow of refrigerant in the tube follows the
continuity equation, momentum equation and ener-
gy equation. According to the above assumptions,
the steady-state equation of refrigerant flow in the
heat collection evaporator can be established.

Equation of continuity:

G = p,u = const
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In the above formula, pm is the average density
of refrigerant two-phase flow in the tube, kg/m*; u
is the flow velocity of refrigerant in the heat col-
lecting evaporator tube, m/s; p is the pressure in the
tube of refrigerant in the collecting tube of heat
evaporator, Pa; h is the enthalpy of refrigerant in the
heat collecting evaporator tube, J/kg; G is the mass
flow rate of refrigerant on the cross-sectional area
of unit collector tube of heat collecting evaporator,
kg/(m-s); Cs is the friction coefficient of refrigerant
flowing in the heat collecting evaporator tube; D; is
the inner diameter of the collecting tube of the heat
collecting evaporator, m; m, is the refrigerant in the
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set Mass flow in thermal evaporator tube, kg/s; X is
the dry amount of refrigerant Degree; py and ps in-
dicate that the refrigerant is saturated in gas and
liquid, respectively Density of kg/m*; W is the dis-
tance between collector tubes, m; F' is the efficien-
cy factor of heat collecting evaporator; S is solar
irradiance, W/m?; z() is the absorption rate of heat
collecting plate in heat collecting evaporator; Tsis
the temperature of refrigerant in the collector
tube, °C; Ta is the ambient temperature, °C.

3. Solving the simulation process

Runge-Kutta calculation method is widely
used in engineering, and its accuracy is very high,
using a single step algorithm, mainly used for nu-
merical calculation to solve differential equations.
Runge-Kutta calculation method has high precision
and some measures are taken to effectively control
the error, so its calculation principle is complicated.
The calculation method is built on the basis of
mathematical theory. The Lagrange mean value
theorem can be used to solve the differential equa-
tion for the first-order Runge-Kutta calculation
method. The simulation solution process of the flow
in the evaporator is shown in Figure 1.
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Figure 1. Flow simulation solution process in heat collecting
evaporator.

4. Analysis of simulation results

4.1 Influence of solar irradiance on pressure
and dryness

As shown in Figures 2 and 3, the solar energy
irradiance directly affects the length of the heat col-
lecting evaporator and the change of pressure in the
heat collecting evaporator. Under the initial design
condition, when the evaporation temperature, con-
densation temperature, ambient temperature and
wind speed are fixed, the initial state of refrigerant
is the same. By observing the change of irradiance,
it can be found that the initial pressure in the tube is
412.5 kPa when the solar irradiance is 100 W/m?,
and the pressure of refrigerant when it is completely
vaporized is 380.3 kPa. While the initial pressure in
the tube is 412.5 kPa when the solar irradiance is
800 W/m?. As the irradiance increases, the refriger-
ant in the tube absorbs heat. As the amount increas-
es, the tube length becomes shorter and the pressure
drop becomes smaller and smaller when the refrig-
erant is completely vaporized. When the solar irra-
diance is 100 W/m?, the maximum pressure drop of
the refrigerant in the tube is 16.3%. When the solar
irradiance is 800 W/m?, the minimum pressure drop
of the refrigerant in the tube is 7.8%. Compared
with the serpentine-tube evaporator, the maximum
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pressure drop in the refrigerant tube is 4.8%, while
the minimum pressure drop is 1.8%. As shown in
Figures 4 and 5, for the flow state, when the irra-
diance reaches 800 W/m?, the refrigerant in the
serpentine-tube heat collector evaporator has been
completely vaporized at 6 m, while the refrigerant
in the tube-plate heat collector evaporator, it’s com-
pletely vaporized at 3 m. When the irradiance is 100
W/m?, the refrigerant in the serpentine-tube heat
collection evaporator should reach 12.8 m that can
completely vaporize. While the refrigerant in
tube-plate heat collection evaporator is in 2.8 m to
vaporize completely. This is because that with the
increase of solar radiation, the heat absorption of
the refrigerant in the tube increases, and the refrig-
erant vaporization is accelerated, can be vaporized
in a shorter tube length, the refrigerant pressure
drop is reduced. Compared with the serpentine-tube
evaporator, the tube-plate evaporator evaporates
faster under the flow rate in a single tube, so the
refrigerant completely vaporizes under the shorter
tube length.
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Figure 2. Evaporation of serpentine tube heat collector by solar
irradiance.
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Figure 3. Evaporation of tube-plate heat collector by solar
irradiance.
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Figure 4. The dryness of refrigerant in serpentine tube heat
collector evaporator changes along the tube length.
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Figure 5. Tube plate heat collecting evaporator tube refrigerant
dryness varies along tube length.

4.2 Influence of ambient temperature on
pressure and dryness

In the initial design condition, when solar irra-
diance, condensation temperature and wind speed
are constant, and the difference between ambient
temperature and evaporation temperature is 5 °C,
and the initial state of refrigerant is no longer the
same. Observe the ambient temperature (Ta), for the
serpentine-tube heat collection evaporator, it can be
found that when the ambient temperature is 0 °C,
the pressure in the tube is from the initial 242 kPa
to 157.3 kPa when the complete vaporization, with
pressure drop of 35%. When the ambient tempera-
ture is 25 °C, the pressure in the tube changes from
569 kPa initially to 540 kPa at complete vaporiza-
tion, with a pressure drop of 5% (see Figure 6).
When the ambient temperature increases, the evap-
oration temperature of the design parameter in-
creases, so the initial pressure of the refrigerant in
the tube increases. Therefore, it is necessary to
choose reasonable evaporation temperature and
ambient temperature when designing the
heat-collecting evaporator. For tube-plate heat col-
lection evaporator, the pressure drop is much
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smaller than that of serpentine-tube, and the average
pressure drop is less than 5%, which can be basi-
cally ignored (see Figure 7). For the flow state, the
state of the refrigerant inlet in the heat collecting
evaporator is different, and the pipe length of the
heat collecting evaporator is basically the same.
When the refrigerant completely vaporizes in each
working condition, at the same design condition,
the initial condition is the same and the total flow in
the tube is the same, but the flow in the single tube
of the tube is small. Under the simulation condition,
when the tube length is 1.7 m, it has almost com-
pletely vaporized (see Figure 9).
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Figure 6. Evaporation of serpentine tube by ambient tempera-
ture.
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Figure 7. Simulation results of influence of ambient temperature
on pressure in tube-plate collector evaporator.
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Figure 8. The dryness of the refrigerant in the serpentine tube
heat collecting evaporator changes along the tube length.
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Figure 9. The refrigerant dryness changes along the tube length
of the tube-plate heat collecting evaporator.
4.3 Influence of wind speed on pressure and
dryness

When the wind speed is different and other
external factors are the same, the initial state of the
refrigerant in either the serpentine-tube heat col-
lecting evaporator or the tube-plate heat collecting
evaporator is basically the same as the pressure
drop of the coolant changes very little. As the state
lines of the image are too dense, no image.

Its maximum pressure drop is no more than
2%, which is basically negligible. The refrigerant
import state is the same, with the increase of wind
speed, the dryness of the refrigerant in the tube in-
creases slowly. When the wind speed is less than 1
m/s, the length of the tube-plate heat collector
evaporator reaches 8.4 m, the refrigerant is com-
pletely vaporized, and then under the condition of
increasing wind speed, the length of the refrigerant
is basically 8 m. Wind speed has little influence on
the tube-plate heat-collecting evaporator. Under the
setting condition, when the pipe length reaches 1.8
m, it has completely vaporized.

5. Conclusion

The equilibrium homogeneous theory is used
to model the heat collection evaporator, and
Runge-Kutta mathematical method is used to ana-
lyze and solve the flow in the collector evaporator.
Under the set working conditions, we analyzed the
influence of environmental factors such as solar
irradiance, ambient temperature and wind speed on
the pressure change and flow state of the refrigerant
in the two heat collecting evaporators. The results
show that:

(1) The solar irradiance has a great influence
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on the pressure drop of the serpentine tube heat
collector, while little influence on the tube-plate
evaporator. When the irradiance reaches 800 W/m?,
the refrigerant in the serpentine-tube evaporator has
completely vaporized at 6 m, and the refrigerant in
the tube-plate evaporator is at 1.3 m;

(2) For the serpentine-tube heat collection
evaporator, when the solar irradiance is 100 W/m?,
the maximum pressure drop of the refrigerant in the
tube is 16.3%. When the solar irradiance is 800
W/m?, the minimum pressure drop of the refrigerant
in the tube is 7.8%.

(3) Compared with the serpentine-tube evapo-
rator, the maximum pressure drop in the tube of the
tube-plate evaporator is 4.8%, while the minimum
pressure drop is 1.8%;

(4) The influence of ambient temperature and
wind speed on the pressure drop and flow state of
the refrigerant in the heat collecting evaporator is
very little, and can be basically negligible.
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