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Abstract: This study reports the numerical analyses of a CO
transcritical cycle on solar assisted heat pumpemaeating
system in which evacuated tube U-pipe solar calleist utilized
as an evaporator. This simulation model can preaferating
characteristics for moderate meteorological coodgiof North
Dakota. The main purpose of this work is to simuldte overall
performance of the heat pump cycle by varying casgor
speed. From the analysis the coefficient of perforce (COP)
value is predicted from 1.5 — 2.8 with three diffetr average
solar insolation. The results showed that the perémce of the
system significantly influenced by the compresspeesl and
solar irradiation. This study also calculated thetantaneous
collector efficiency and found in the range of 585%.
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1. Introduction

A direct expansion solar assisted heat pump (DX-BAH
system employs solar collector as an evaporator. A
refrigerant that passes through the solar colleetpands
directly by the useful heat gain from the solariatidn

and undergoes a phase transition phenomena frasnd lig
to the vapor state. This useful heat gain by tifiggerant

can be improved by maintaining the evaporator
temperature slightly higher than the ambient coowlit

Evacuated Tube U-pipe
Solar Collector

Compressor

Thermostatic

Expansion Valv Flow meter

Heat Exchanger

Higher the temperature difference between the eeapo
and the surroundings result in higher heat losskscting

in lower efficiency of the system. Hence, it isfprable

to maintain the evaporator (collector) temperatatréow

or closer to ambient temperature in order to minartieat
losses from the collector. However, it is preferred
operate the evaporator in the temperature range of
0° — 1C°C higher than the surroundings, because of the
fact that, higher temperature effects higher hedn @L].
Moreover, proper selection of the solar collect@an c
further minimize the heat losses. Selective surface
coatings along with the vacuum insulation betwelss t
two concentric tubes are some of the distinct desig
aspects of the evacuated tube solar collector ftateplate
solar collector. Thus evacuated tube collector poés
higher useful heat gain along with minimal heatéss[2].
Hence, these types of collectors are currently kyideed

in the solar adverse regions for residential stharmal
applications. However, glass evacuated tubes cannot
sustain high pressure system. Therefore, U-piperted
evacuated tubes are used to deal with a high peessu
thermodynamic cycle in the solar heat pump systems.

The refrigerant characteristics also have a grapact on

the performance of DX-SAHP system. However, many
conventional refrigerants raise concern on their
detrimental effects on the environmental issues.

Pressure Transducer

O Thermocouple

Water |  Storage
loop Tank
v

Fig. 1: Schematic diagram of a solar assisted dergansion (DX-SAHP) Water heating system.



Nomenclature

A Area
C specific heat capacity (kJ/kg-K)
Chin minimum heat capacity rate (kW/s-K)
G bond conductance, W/(m.K)
d diameter, m
F collector efficiency factor
E fin efficiency
| solar radiation (W/f)
I heat transfer coefficient, W/(m.K)
k specific enthalpy (kJ/kg)
U overall loss coefficient (W/AK)
UL top loss coefficient (W/RiK)
Ut edge loss coefficient (WAK)
U,EA convective heat transfer coefficient, (W)
. mass flow rate (kg/s)
Ln compressor speed (rpm)
pressure (kPa)
P_ heat transfer rate (kW)
Q temperature (K)
T swept volume of compressor{m
V’_S compressor power (KW)
W.em  circumferential distance between U-tubes, m
W constant
m

Greek Letters

& absorptance of the collector
T transmittance of the collector
£ counter-flow NTU effectiveness
n efficiency, %

a conductivity of fin W/(m.K)

& thickness of fin, m

o density (kg/ M)

Subscripts

a ambient

coll collector

dis discharge

suc suction

s isentropic

f fluid

i inlet

o) outlet

ref refrigerant

g glass

w water

u useful energy

v volumetric

CO, (R744) is the natural refrigerant which imposes
negligible impact on the environment. The heatspant
properties of CQ are favorable especially near to its
critical point compared to other conventionally dise
working fluids. Although C@ has a lower critical point,
the use of such refrigerant in the evacuated tulmpe
solar collector has recently been researched inbtite
transcritical and supercritical cycles [3, 4]. Aiaque
property of CQ over other refrigerants is that it
experiences only a very small change in saturation
temperature with a given change in saturation press
Thus the efficiency of COdirect expansion heat pump
system does not affect much with the large chamge i
pressure [5]. Figure 1 shows a schematic diagrathef
system used in the present study that comprisesvaf
main circulation loops: COloop and water loop. In this
paper, CQ is proposed as a working fluid to study the
performance of DX-SAHP water heater in a transmiti
cycle. To validate the developed model, the sinedglat
results have been compared with the experimenta da
reported in the literature. Details of the devetbpeodel
are discussed in the following section.

2. Mathematical Modeling

A transcritical CQ heat pump cycle has been modeled by
utilizing U-pipe evacuated tube solar collector @s
evaporator. The thermal performance of the system i
predicted based on the following general assumgtia)
steady state heat transfer process while in operatb)
compression process is considered as adiabatimdiut
isentropic; (c) pressure drop in connecting pipes a
negligible; (d) isenthalpic expansion process is
considered. Above assumptions are taken into
consideration for describing the governing equatiof
the various components of the heat pump system. The

system comprises of four basic system componeunts$) s
as evaporator/solar collector, compressor, gasecthelat
exchanger, and expansion valve.

2.1 Solar collector/evaporator model:

U-pipe evacuated tube solar collector has been fmed
modeling the evaporator component. The useful gnerg
gain by the solar collector is given by,
Qu = AcoHFr[f{Tgag} - UL{Tf - Trz}] 1)
where the overall heat loss coefficiddt: is defined as
U =U+U, (2)

Edge loss coefficienls is assumed to be negligible but
the top loss coefficientt: is a function of both
convective and radiative heat losses [6]. The ctile

efficiency factor,F "can be expressed by Hottel-Whilliar
Bliss equation as:

1
F'= U,
1 + ﬁ (3)
W Cy IS S 1
l’UL [d+MW —d)] ¢, h}mi

The standard fin eﬁiciencf can be expressed as
_ tanh [m(W —d) .,-'2]

4
@ —dy, )
where m is defined as
1
m = I ULU 5)
15 (1+7%/c,)



The pressure drop inside the collector tubes arat he
transfer coefficients are determined based on géined
equations reported in the literature [4, 7-9]. As a
transcritical cycle deals with both the two-phase ¢he
supercritical vapor zone, the working fluid génters the
collector tubes as two-phase mixtures and leaves th
collector outlet as superheated vapor. The heatsfiea
coefficient in two-phase is determined using
correlation of Jung et al. [7] and pressure dropréslicted
by Lockhart-Martinelli equation [8]. In the singfghase
vapor flow heat transfer coefficient is calculatesing the
Gnielinski relation [9] and pressure drop is deieed by
the usual Darcy-Weisback equation. The temperatfire
the CQ fluid inside the U-tube is determined by Zhang et
al. [4] using a finite volume approach.

the

The thermal resistance in the selectively coategipd,
and fin is considered to be negligible and hence it
assumed to be at the same temperature. The camvecti
coefficient of air can be predicted based on thadwi
velocity.

h, =57+ 38V (6)
whereV is the wind velocity in m/s.
The efficiency of the collector is expressed as
Q.
Neolt = A_:I (7)

The energy absorbed by the refrigerant can also be
described by the enthalpy changes between the anlet
outlet of the collector and the mass flow rate.

Qs =1, (hy — hy) (8)

2.2 Compressor model:

Mass flow rate of the refrigerant through the coesgor
is expressed as
)

. N
M, = psucnvp;ﬁ

where compressor speddl is measured in rpm. The
volumetric efficiency, M. of the semi-hermetic
compressor can be determined [10] as
7, = 0.9207 — 0.0756 (P‘*”)+ 0.0013(%) (10)
'F;'HC 'F;'!JC
The isentropic efficiency of the compressor can be
expressed by egn. (11) and calculated by employing

pressure ratios of semi-hermetic compressor of €if).
[10]

hz, — hy
= 11
T R —h. (11)
By Pare \
e = —0.26 + 0.7952 (E)— 0.2803 (E)
E!u.f 'EEHI.'
(12)

3 &
Ey; Ey;

+0.0414 —3) —0.0022 (—f‘)
(Esur Esm:

and finally the compressor work can be calculated a
o _ . (hg —hy) (13)
Woom = mr?_‘—

2.3 Gas cooler/Heat exchanger model:

The heat exchanger modeled in this system is ceresid
to have concentric-tubes with refrigerant flowimgaugh
the inner tube and water flowing through the annula
space between tubes in counter flow direction. Assg
negligible heat losses to the ambient, the eneedgnoe

for the heat exchanger based on™ law of
thermodynamics can be written as
Q= m:—'[hr,i - hr',n} = Thw[ﬁ'mn - h1-.;£} (14)
(15)

Q= mrcﬂ,r{rr,i - Tr',n} = Thwc?::,w Twe — Th',i}

The heat transfer rate can also be determined ftam
effectiveness-NTU method for the counter-flow heat
exchanger as

Q= ECminl:T.,_!—T.“_-_!:I (16)
where effectiveness of counter-flow is
1 — gENTU(1-R)]
€= — (17)
1 — e NTU(1-R]
The number of transfer units is defined as
A
NTU = (18)
Cmi mit
where the overall heat transfer conductarddd is
defined as
d
In{ ™°
A 1 ( / tie) 1 (19)

“\hoa. T 2naDky, T HLA,
The water side heat transfer coefficient is deteeatiby
Nusselt relationship given by Petukhov and Roizet] [
and the supercritical GOheat transfer coefficient is
determined by using Pitla et al. [12].

The delivered heat energy to the water can alsdefiaed
as a function of enthalpy relation:

Qu = 1,.(hy — h3) (20)

2.4 System performance:

The COP of the heat pump system is expressed as
cop Heating Capacity Qg

~ Total energy input W,

(21)

3. System simulation

The thermodynamic transcritical cycle of the praabs
heat pump system was determined by the heat transfe
processes associated with the ,Glow through the solar
collector and the compression process by the casspre
The working fluid was assumed to be uniformly
distributed in the U-pipe of the collector tubas.order to
evaluate the transcritical cycle performance ohgi LG

in the solar-assisted heat pump system, a constant
compressor input is considered for the each simoumlat
cycle and henceforth determined the supercritiatine of
CGO, in the the following components in a steady state
operating conditions. The simulation procedure as
continued until the enthalpy change across the resipa
valve was minimized. It should be pointed out tG&d



has a comparatively low critical poinf={= 7.38 Mpa,

T. = 31.1°C). Supercritical C@near to its critical point
shows rapid variations in thermodynamic and trartspo
properties with a little change in temperature (ntee
pseudo-critical point). This could be effictivelxptained

to harness useful energy in the evaporator section.

This model evaluates the performance of solari@skis
heat pump cycle for water heating purposes wheonseg
to work during winter and spring conditions pertiainto
North Dakota region, USA. All the meteriologicaltda
used in the model are from Ref. [13]. The perforoeaaf
the transcritical cycle, such as COP, heat delivearg,
collector efficiency, and mass flow rate of £Qs
simulated for various compressor speeds ranging #00

— 1500 rpm. The base parameters used in the sionlat
model are listed in Table 1. Thermophysical fluid
properties, such as enthalpy, entropy, specifia, hexad
density are determined by using REFPROP 8.0 sadtwar
package.

A counter-flow heat exchanger of 15m length withen
tube having internal and exterternal diameter afndl 7
mm, respectively, and outer tube internal diameikr
16mm has been modelled in this study. The flow sae
inlet water temperature were assumed to be constant
0.05 kg/s and°C, respectively [15].

Table 1. Simulation parameters considered in tloidy4, 14]

Component Size Parameters Values
Solar collector: Evacuated-tube U-pipe
Outer glass tube Outer diameter 47 mm
Thickness 1.2 mm
Thermal conductivity  1.25 W/(mK)
Solar transmittance 0.90
Solar absorbtance 0.05
Thermal emittance 0.83
Absorber tube Outer diameter 37 mm
Thickness 1.2 mm
U-tube Outer diameter 8 mm
Thermal conductivity 400 W/(mK)
Collector tube length 1700 mm
Bond conductance 30 W/(mK)
Compressar Reciprocating-type,
hermatic compressor
Displacement volume 0.?0001972
m

4. Results and Discussions

In order to avoid two-phase properties at the jnlet
compressor was assumed to deal only with the vapor
phase to the discharge state of either vapor arstifical
state. Thus the solar collector will undergo a pairt
heating process in the two-phase region and agpdrin
the vapor region before the refrigerant enterin ithe
compressor inlet. A COP-h diagram is shown in Fig. 2
considering a typical spring weather day of Faryd
[16]. It is seen from the simulated state thataadcritical
operating condition is achieved throughout a stestdje
operating cycle. It is found that a heat sink datigely
low-temperature (<5 — 10C) plays an important role to
ensure efficient transcritical operation.

Figure 3 shows the validation in collector effiagnthe
ratio of the temperature difference of fluid andbgent to

the solar intensity. The average efficiency (52%gsw
compared with the experimental value [3] and wasfb

to agree well within an error difference of 13%.€eTh
predicted efficiency values are higher than watéveh
solar collector. The performance of the heat puggesn

is evaluated in terms of COP values and the heat
extraction rate at the heat exchanger for the sotansity
varying from 550 to 700 W/fmwith a compressor speed
ranged from 900 to 1500 rpm. Figure 4 shows the
variation in the system COP as well as rate of begtut
with change in compressor speed. Comparatively lowe
compressor speeds, 1000 to 1100 rpm, the systeid cou
attain a COP around 2 — 2.5 with a heat extraatide of

2.4 — 3.4 KW. However, when the compressor speetds w
increased beyond 1100 rpm, COP and heat outputeedu
since, required work input was much higher than the
effective raise in the working fluid temperature.
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5. Conclusion

Thermal performance of SA-DXHP water heater by gisin
CGO, as a refrigerant for the moderate weather comditio
of North Dakota has been simulated and is discugsed

this paper. The results were then optimized foryinar

compressor speed. Results revealed that by dewgeasi
compressor speed from 1500 to 900, the COP can be

improved by an average of 57%. The efficiencieshef
solar collector were also predicted (50-55%) andhéba

good agreement with the experimental values. Even
though U-pipe assisted evacuated tube solar heap pu

systems pertain higher initial cost, the environtaliy

friendly and economically cheap G®ave better prospect

in solar thermal applications.
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