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Abstract

A novel loop heat pipe (LHP) solar water heating system for typical apartment buildings in Beijing
was designed to enable effective collection of solar heat, distance transport, and efficient
conversion of solar heat into hot water. Taking consideration of the heat balances occurring in
various parts of the loop, such as the solar absorber, heat pipe loop, heat exchanger and storage
tank, a computer model was developed to investigate the thermal performance of the system. With
the specified system structure, the efficiency of the solar system was found to be a function of its
operational characteristics - working temperature of the loop heat pipe, water flow rate across the
heat exchanger, and external parameters, including ambient temperature, temperature of water
across the exchanger and solar radiation. The relationship between the efficiency of the system and
these parameters was established, analysed and discussed in detail. The study suggested that the
loop heat pipe should be operated at around 72 °C and the water across the heat exchanger should
be maintained at 5.1 I/min. Any variation in system structure, i.e., glazing cover and height
difference between the absorber and heat exchanger, would lead to different system performance.
The glazing covers could be made using either borosilicate or polycarbonate, but borosilicate is to
be preferred as it performs better and achieves higher efficiency at higher temperature operation.
The height difference between the absorber and heat exchanger in the design was 1.9 m which is an
adequate distance causing no constraint to heat pipe heat transfer. These simulation results were
validated with the primary testing results.

Keywords: Loop; Heat Pipe; Solar Radiation; Heat Exchanger; Hot Water; Heating
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Nomenclature

A — heat transfer (absorbing) area, m?;

Ausorber — Solar absorber area, m?;

Agc e — effective heat transfer area of outer circular glazing covers, m?;
C, — specific heat capacity, ki/kgK;

d — symbol of derivative;

D — diameter, m;

D, — diameter of vapour channel in heat pipes, m;
g — gravitational acceleration, 9.81 m/s?;

h — convective heat transfer coefficient, W/m*K;
hs — latent heat of vaporisation, ki/kg;

H — height, m;

H; — frictional resistance pressure head, m;

H, — local resistance pressure head, m;

| - solar radiation, W/m?;

L — length, m;

N — number of heat absorbing pipes;

Nu — Nusselt number;

Pr — Prandtl number;

AP, — pressure drop from absorber to heat exchanger, Pa;
Q — heat flux, W,

R — thermal resistance, K/W;

Re — Reynold number;



t — temperature, °C;

tnko — iNitial water tank temperature, °C;

T —time, s;

AT —time for one circulation of water across heat exchanger channels, s;
v — velocity, m/s;

V — volume flow rate, m%/s;

V — volume, m*;

W — width, m;

o — absorptivity;

ao — factor relating to solar collector character parameters;
y — absolute roughness, m;

& — thickness, m;

€ — emissivity;

¢ — frictional resistance coefficient;

n — efficiency;

Mo — original efficiency relating to solar collector character parameters;
A — thermal conductivity, W/mK;

o — Stefan Boltzman constant, 5.67*10° W/m*K*;

T — transmittance;

u — dynamic viscosity, Pas;

& — local resistance coefficient;

p — density, kg/m?;

pv — vapour density, kg/m®;

@ — void fraction;



Subscripts

ab — absorber;

amb — ambient;

¢ — coating materials applied to the absorbers;
COP — Coefficient of Performance;

gc — glazing cover;

he — heat exchanger;

hp — heat pipe;

i — inner layer or inlet;

i, air —still air within the inner chambers;

If — liquid film over the heat exchanger surface;
loop —heat pipe loop;

losses — heat dispersed to the ambient from the absorber;
mean — mean temperature of water flow;

0 — outer layer or outlet;

p — pores in wicks;

pump — circulation pump;

rad — radiative heat transfer within vacuum space between two circular glazing covers;
sw— surface wall;

tank — water storage tank;

vh — vapour header;

vl — vapour line;

w — water flow;

whb — wall board in south facade of building;



wf — working fluid,;
wi — wicks;

wp — water pipe between the heat exchanger and storage tank;

1. Introduction

Over past decades, solar water heating systems have become common practice in housing stock
worldwide [1, 2, 3, 4]. Most solar water heaters for buildings are flat-plate types or conventional
heat pipe arrays which are usually installed on roofs for layout convenience. This type of
installation requires long runs of piping delivering water from the roof heaters to the working
points and receiving water from the water mains. The cost of the system is therefore high and most
importantly, the installation detracts the aesthetic view of the building, particularly those

multi-storey buildings with numerous users, as well as the whole city (or district) landscape.

In recent years, several building facades based solar heaters have appeared on the market and been
used in practical projects [5]. These devices are positioned on walls or balconies, avoiding the
requirement for roof space and shortening the distance of pipe runs, and therefore increasing the
building’s aesthetic view. However, these devices still require the transportation of water from
inside of the building to the outside, which may subject to the hazard of pipe freezing during winter

operation.

Loop heat pipes (LHPS) are two-phase heat-transfer devices separating the vapour and liquid flows
and eliminating the entrainment effect between them, which is one of the major limits for heat pipe
heat transfer. They are therefore able to transfer large amounts of heat for distances up to several
metres, or to several tens of metres in a horizontal (vertical) position through the effect of capillary
pumping or gravity [6, 7]. Due to this feature the loop heat pipes are ideally suited for use in
building hot water systems, which allow solar heat to be collected from an outer facade area,
transported to a heat exchanger at the inside of the building, and further transferred to the water
flowing across the exchanger. This will prevent long distance running of the water from the inside

of the building to outside, and thus protect water pipes from freezing during winter operation. It
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should be emphased that the liquid within the loop is an anti-freezing fluid, i.e., water/glycol
mixture, which is separated from the water to be heated, and therefore has no effect on the quality
of water for living and causes no harm to users. This type of liquid possesses unique characteristics
[7, 8], namely high latent heat, and adequate boiling temperature as well as good compatibleility
with heat pipe materials (cooper and aluminium) and is, therefore, an ideal choice for heat pipe

operation.

In this paper, a prototype loop heat pipe system for a Beijing apartment building hot water supply
was designed. By adopting the heat balance and thermal resistance network method, a computer
model was developed to simulate the heat transfer processes across various parts of the system.
Simulation results obtained from running the model were used to estimate the system’s efficiency
(m) and determine the relationship between the efficiency (n) and various parameters relating to
the system structure and operating conditions. For validation, the simulation results were

compared with the testing results.

2. System description

The schematic of the proposed system is shown in Figure 1. The system, filled with an
anti-freezing working fluid, is composed of wicked heat absorbing pipe arrays, vapour and liquid
headers, vapour and liquid transporting lines, as well as a flat-plate heat exchanger coupled with a
water storage tank by water tubing. The absorbing pipes are attached with fins and, outside of the
pipes, are fitted with the double skin, evacuated glass covers. The glass-attained pipes are tightly
arranged in parallel with a very small gap in between and attached vertically to the south facing
wall of the building, which could be made of reinforced polystyrene. This installation allowed
maximum solar absorption by the pipes and minimum heat losses occurred from the pipes to the
surroundings. It should be addressed that the liquid within the heat pipe was a mixture of water and glycol
[9]. However, since small amount of glycol (< 5% of total volume of the heat pipe loop) was added into the
system, its influence to system heat transfer was minor. In this theoretical analysis, liquid within the pipe

was treated as pure water, while the existence of glycol was ignored.



In operation, the received solar heat converts the liquid adhered on the wick of the pipes into
vapour, which flows upwards along the inner space of the pipes and enters the top-side vapour
header, owing to the buoyancy of vapour. The vapour is further transported to the heat exchanger
inside the building via the vapour transporting line. Within the exchanger, the vapour is condensed
into liquid of the same temperature, transferring heat to the water flowing across the channels
adjacent to the vapour channels. At the outlet of the exchanger, a steam trap is assembled to stop
penetration of vapour through the pipe. Thus, only the condensed liquid can flow across and enter
the liquid transporting line. Via the line, the liquid enters the liquid header located right below the
vapour header, due to the gravity caused by the height difference between the exchanger and the
header. This amount of liquid is then evenly distributed to individual pipes through a dedicated
liquid feeder fitted at the upper part of the pipes, as shown in Figure 2. The feeder is a cylinder
structure with round-distributed mini-holes with 1 mm of diameter at the bottom, which would
allow the liquid to be dipped into the wick voids equally. The speed of liquid feeding can be
controlled by adjusting the height level of the liquid within the feeder in order to achieve a balance
between liquid evaporation and supply, which could be ‘tasted’ through a specially designed
sensor installed on position. Thus, the liquid adhered within the wick can be evaporated instantly
with little accumulation or not at the bottom of the pipes, which helps maximise heat transfer

occurring in the pipes.

This loop heat pipe system removes the need to transport water for a long distance, i.e., from inside
to outside, and then back to inside of the building. Instead, the water, raised by a pump, simply
circulates around the exchanger channels to obtain heat from the vapour and back into the
water-storage right beside the exchanger. The heated water will then be delivered to working

points when needed.

The absorber area could be suitably sized to meet hot water demand for the targeted house,
depending upon the system’s solar efficiency and number of occupants served. For a typical
3-member family flat in Beijing (China), the initial size of the absorber is chosen as 3 m? and its

average solar efficiency is assumed to be 60%. This would allow sufficient heat to be obtained



from the sun to raise about 198 litres of water, including shower (97.2 litres), laundry (25.65
litres), cooking (75 litres), from its initial temperature (around 10 °C) to working temperature (40
°C) during the day-time period [10]. This amount of water will then be used in the afternoon and
evening when people are back home. Other components of the system were also sized accordingly.
It should be stressed that all above figures are primarily set and will be subject to further adjusting
and variation, depending upon the results of simulation. Two types of glass tubes, borosilicate and
polycarbonate, were considered and their thermal and physical properties were presented in Table
1 [11, 12]. The heat absorbing pipes are made of copper and their thermal and geometrical
parameters were given in Table 2 [13, 14, 15]. Other system components including vapour/liquid
headers and lines, as well as water pipes between heat exchanger and storage, were also specified,
as shown in Table 3. Finally, Table 4 presented the technical specifications of the heat exchanger

selected [14, 16].

3. Mathematical analysis of the thermal process and computer model set-up

Heat transfer occurring in the LHP system involves three major processes, i.e., conversion of solar
radiation into heat received by the absorbers, transporting of the absorbed heat from the absorbers
to the heat exchanger via evaporation and condensation of the heat pipe working fluid, as well as
transferring the heat from exchanger to the passing water. These processes are inter-linked and

will finally achieve a balance under the steady state operation, and could be illustrated as follows:

3.1 Conversion of solar radiation into heat received by the absorber

The solar energy entering the inner chamber of the pipe arrays across the double skinned and
evacuated glasses and absorbed by the coating materials attached on the absorbers, Qc, could be

expressed as follows [17]:

Qc = TgcoTgei%cAgeerr] = TgeoTgei®AgeoNgeol 1)

This part of the heat is partly absorbed by the finned pipes and the remainder is dispersed to the
atmosphere due to temperature difference between the absorber surface and ambient air, which is

illustrated in Figure 3.



For an absorber surface with temperature of tap 5w, the heat dispersion could be written as [18]

— tab,sw_tamb (2)
Qlosses R R R Ro-i+Ri i
ambtRgcotRradtRgcitRiair
1 1 1
Ramp = 3)

hamp Agc,o Ngc,o

Sgco 1 1
Rgco = £ (4)
’ Agco Agco Ngeo
€ - tz 1 1 1
gc,o i
R — gc,l (5)

rad — 2 2 A +A,0i
U(tgc,o +tgc,i)(tgc,o+tgai) 29607796t Ngei
2

Sgci 1 1
Ryci = [ (6)
’ AgeiAgeiNgei

1 1 1 (7)

Rigir = —
Lair
hi,air Agc,i Ngc,i

The heat absorbed by the absorbing surface is

Qap = Qc — Quosses (8)

3.2 Transporting of the absorbed heat from the absorbers to the heat exchanger
The absorbed heat (Qap) should be immediately taken away from the absorbers by using the heat
pipe loop. This could be achieved by liquid evaporation in absorbing section and vapour

condensation in the heat exchanger surface. This part of heat could be written as [13, 17, 18]

tab,sw_the,sw (9)

Qroop =
O0P " Rpp sw+Rwi+Ry1+Rif+Rpe sw



This process involves several thermal resistances, as indicated in Figure 4. These resistances are
the key factors impacting on magnitude of heat transfer and could be illustrated separately as

follows.

Absorbing pipe wall resistance:

_ 0 Onpo/Dnp) 1 (10)

R =
hp,sw Zﬂthlhp th

Saturated wicks resistance:

R.. = In (Dpp,i/Dv) 1
wi 2TLywiiwi th

(11)
Where A was the effective thermal conductivity of the wicks which has taken into account

porosity of wicks [18].

Vapour flow resistance:

tloopXAPy]

pvX pwfwith%g

Ry = (12)

The vapour will flow across three regions in sequence, i.e., absorbing piping, transporting piping

and heat exchanger channels. The volume flow rate of the vapour could be expressed as

Vip = —220 (13)

pwexheg

In operation, the vapour will not fully possess the loop space and therefore, a parameter called

vapour void fraction is defined as follows [18]:

_ TXVWf

" n(D/2)2L (14)

The vapour will withstand several pressure drops when flowing across these different regions of

the loop, which could be expressed as follows [18]:

For the heat absorbing pipes:
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VX pwe 1 (15)

AP, =
VLRP ™ g0, (Dy/2)* Npp

Since the heat absorbing pipes are parallel arranged, the full vapour flow will be divided into
numerous vapour streams that will be equally distributed into the individual pipes, the pressure
losses across the absorbing pipes are therefore adversely affected by the number of the heat

absorbing pipes.

For the vapour header and vapour transporting line,

8ty fL
APy yhorvi = m (16)
For the heat exchanger channels (vapour region):

4 VWfXow 1
A a7
vlhe 80, (Dhe,i/2) (%_1)

The total vapour pressure drop across the loop is

AP, = APVl,hp + APVl,Vh + APV],V] + APVl,he (18)

The condensed liquid film will be evenly distributed across the exchanger surfaces at the heat pipe

fluid side and its associated flow resistance is:

__ In(Dpei/(Dhei—281p)) 1
Rir = 2mlyfhi (%_1) (19)

Heat exchanger wall resistance:

_ In (Dheo/Dhei) 1 (20)

R =
he,sw 2TtLheAhe (%_1)
2

As the vapour and liquid transporting lines are fully insulated, there will be very little heat losses

across the piping surfaces and therefore, the heat losses through the transporting lines to

surroundings could be ignored.
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It should be addressed that prior to calculating heat pipe heat transfer, the limit of heat transport
capacity of the loop pipe system should be examined. The limit of heat transport capacity means
the maximum heat transfer the system can take, which would occur at the condition that the
system’s driving force, i.e., gravity or capillary, matches with the overall flow resistance [17, 19].
Running an established computer programme yields the limit of the heat transport capacity of the
system when the height difference between the absorber and heat exchanger is 1.9 m, i.e., 1806
W/m?, which is larger than the maximum available solar energy striking on the south-facing
facade at Beijing, i.e., 855 W/m? [20]. Therefore, the loop heat pipe system has sufficient

capability to transport the heat from solar irradiance with no restriction from its own structure.

3.3 Transferring the heat from heat exchanger to the passing water

The heat transferred to the exchanger surface will be taken away by the passing water, thus
resulting in an increase of water temperature, which is shown in Figure 5. A long period of
operation, such as 8-hour day-time, would result in a continuous rise of water temperature and

allow the required household water temperature to be achieved.

For an inlet water temperature t;, a temperature rise (t,-t;) is expected after the water passes across
the exchanger. The heat transfer between the exchanger surface and the passing water could be

expressed as [18]:

(ti+t0)
AneX|thesw— .
Qhe = ( 1 : ) 7 CprPw(to —t) = Qloop (1)
hw

Where V,, is the water volume rate maintained by the pump and h,, is the water convective heat

transfer coefficient and could be illustrated as follows:

For the water flowing across a single heat exchanger channel,

h,, = Aw (22)

Dhe,o
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As water will flow across the exchanger channels at relatively low speed, the flow could be treated

as laminar. In this case, the Nusselt number, Nu, could be written as follow:

1

11 1 0.14
Nu=1.86Re§Pr§(%)3( L ) (23)

he Hhe,sw

Of which, Reynolds number (Re) and Prandtl number (Pr) could be expressed as follows:

w*D *Pw
Re = \% he,0 24
€ Hw ( )
Pr = Sphw (25)
Aw
(Wpnesw)™* is the factor in relation to the exchanger plate temperature and could be treated as 1.05

at heating operation status [18].

It should be understood that when the water receives the thermal energy from the sun through the
LHP system, it, in the meantime, also consumes a certain amount of electrical energy due to
operation of the circulation pump. This part of electrical energy will be used to overcome the flow
resistance across the water cycle between the water storage and heat exchanger, including
frictional resistance and local fitting resistance, and keep an adequate water circulation rate. The

hot water pump power could be calculated as follows [18]:

In this system, frictional resistance losses refer to pressure losses across the straight connection
pipe lines between the heat exchanger and water storage tank. The friction factor associated with

the losses could be determined and calculated using the following equations:

If Re <2000, (=22 (26)
Re
If Re > 2000, { = ! - 27)
[1.14—210g10(%)]
_ L vy 2
He = X050 (28)
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Local resistance losses refer to the pressure drops occurred at the local fittings assembled in the
system, including 2 valves, 6 sudden expansions/contractions and 2 bends. The local resistance
factor, & for each fitting could be obtained from ref. [21]. Thus the total local resistance

pressure losses could be expressed as:

H = N§2 (29)

The power consumption occurred in the water cycle could be expressed as:
Vuwp, 8(Hst+H))

_ Vwpy 30

qump Npump ( )

The coefficient of performance (COP) of the system could be defined as the ratio of collected heat

and pump power, as follows [22]:

COp = e (31)

Qpump

3.4 Computer modelling set-up
The three heat transfer processes will finally achieve a balance when the system operates at the
steady state condition and each section of the system remains a certain temperature. The algorithm

used for the modelling set-up is indicated as follows:

1) Given a LHP system structure, the parameters related to the system configuration could be
obtained, which are shown in Table 1, Table 2, Table 3 and Table 4;

2) Given the operating temperature of the heat pipe system, the thermodynamic parameters of
the working fluids could be obtained;

3) Assuming the external conditions (solar radiation and ambient temperature) and inlet water
temperature and water flow rate across the changer channels;

4) Assuming an absorber temperature ta 5w, heat analysis is carried out as follows:
e Heat balance of the glazing cover could be analysed, which will result in the

determination of the glazing surface temperature;
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e Heat balance of the absorber pipes (evaporator) could be analysed using Equations (1)
to (8), which will result in determination of the absorber heat gain, Qap.
e Heat balance of heat pipes and heat exchanger pair could be analysed using Equations
(9) to (25), which will result in determination of the heat gain of the water passing
through the heat exchanger, Qne, and outlet hot water temperature, t,.
5) If (Qap — Qne)/Qap > 0.5% (error allowance), then increase tu s by 0.1 °C, and return to
step 4 for re-calculation.
6) If (Qab — Qne)/Qap <— 0.5% (error allowance), then decrease ta sw by 0.1 °C, and return to
step 4 for re-calculation.
7) 1f —0.5% <(Qap — Qne)/ Qap < 0.5%, heat balance in the whole system is achieved.
8) Energy consumed by pump, Quump, could be analysed using Equations (26) to (30).
9) System performance COP can be obtained by using Equation (31).
10) Program stops.

4. Results and discussions

Results obtained from the simulations are used to calculate the efficiency of the system, n, which
is defined as the ratio of heat taken away from heat exchanger by the water, and the solar radiation
striking on the solar absorber [13, 18]. The efficiency should be a parameter in relation to external
conditions, i.e., solar radiation, ambient temperature and temperature of water across the
exchanger, its own operating characteristics, i.e., heat pipe operating temperature, water flow rate
across the exchanger, as well as its structure parameters, i.e., materials for double glazing covers,
height difference between heat exchanger and absorber. The relations between the efficiency and

above parameters are illustrated as below:

4.1 Efficiency .vs. external parameters

Under certain system structure/configuration (with borosilicate glazing as the covers) with
thermal/geometric data shown in Table 1, 2, 3 and 4, and a fixed heat pipe operating temperature of
60 °C (by pre-set vacuum) and water flow rate across the exchanger channels of 8.3 I/min, the solar
efficiency of the system, n, would vary solely with the external parameters, i.e., solar radiation I,

ambient temperature tamp, as well as the mean temperature of water across the exchanger channels
15



tmean. These parameters are usually grouped into a specially-defined parameter, termed,

(tmean-tamp)/1. In that case, n may be expressed as the function of (tmean-tamp)/l, as follows:

N=MNota (—tmean;tamb) (32)

The data for solar radiation, ambient temperature and initial inlet water temperature were
summarised in Table 5, which took the monthly average values of Beijing as the index [23].
Running the above computer model yielded the results of outlet water temperature, which was

then used to develop the relationship between efficiency and (tmean-tamn)/.

The results of the simulation were presented in Table 6 as well. These data could also be plotted in
an excel chart and relation between n and (tmean-tamb)/I could be presented in a linear equation, as
shown in Figure 6. It was found that under certain level of solar radiation and ambient temperature,
higher water temperature will result in lower system efficiency. Having fixed up water and
ambient temperature, the efficiency will increase with the solar radiation increasing. Under certain
solar radiation and water temperature, the efficiency will increase when the ambient temperature

increases.

4.2 Impact of heat pipe operating temperature

It should be understood that the vacuum level during the manufacturing process controls the
boiling (saturation) point of the working fluid. In the meantime, the solar radiation striking on the
surface of the absorber, the ambient temperature and the temperature and flow rate of the water,

the combined effect of these five parameters would result in the heat pipe operating temperature.

Remaining system physical (structure) condition, external condition and water flow rate same as in
Section 4.1, but leaving the vacuum inside the heat pipe changes accordingly, causing the heat pipe
operating temperature free to change from 40 °C to 75 °C, the efficiency of the solar system was
investigated by running the established program and the results were shown in Figure 7. It was
found the efficiency kept trend of increase with the temperature increasing till 72 °C, but further

increase in heat pipe operating temperature would result in a rapid decline in system efficiency.
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The reason for this could be briefly illustrated as follows: high heat pipe operating temperature
would benefit heat transfer between the heat pipe working fluid and the passing water, while in the
mean time causing increased heat losses from the heat absorber to the surroundings. There would
be a balance point in existence that could allow the highest solar efficiency (63% for this case) to
be achieved and this balance point would represent a proper operating temperature, which is 72 °C

under this case study.

4.3 Impact of water flow rate

Theoretically, high water flow rate would lead to enhanced convective heat transfer between the
heat pipe condensing fluid on one side of the heat exchanging plate and water flow across the other
side and therefore, enhanced heat output in terms of solar energy conversion. However, high water
flow rate would also lead to increased pump power. In this case, the system heat output and COP
would be two parallel items used to justify the optimum water rate across the exchanger.
Remaining the solar system structure and operating parameters same as the above, variation of the
heat output and system COP against water flow rate across the exchanger were simulated and the
results are shown in Figure 8. It was found the system heat output increased gradually but its COP
decreased significantly when water flow rate increased. Therefore, there would be an appropriate
rate in existence that would remain both system heat output and COP high. A comparative analysis
indicated that the water flow rate across the heat exchanger should be around 5.1 I/min, which is

controllable through adjusting the motor speed and valves.

4.4 Impact of absorber glazing covers

Under certain system operating conditions, i.e., weather and water parameters, the efficiency of
the solar system would depend upon its own structure, particularly type of the top glazing cover.
Ideally the glazing should allow maximum solar irradiance to be transmitted and also be able to
minimise heat losses from the absorber to ambient. Double-skinned polycarbonate and
borosilicate are potential materials for this use due to their higher solar transmittances and lower U

values.

17



Remaining the above system structure and operating conditions same, its efficiencies for two top
glazing covers operation were simulated and the results are illustrated in Figure 9. It indicates that
borosilicate cover is able to achieve higher efficiency than polycarbonate does at higher
temperature operation, i.e., tmean > tamn, While the polycarbonate is suitable for low water
temperature (tmean < tamp). The reason is that the borosilicate has higher solar transmittance which
helps receiving larger solar irradiance. However, its U value is larger that would increase heat
transfer between ambient and passing water, thus leading to lower efficiency under low

temperature operation.

The final choice for the top cover is borosilicate as it could retain thermal performance for long
periods of operation. Polycarbonate would experience faster degradation, in terms of the thermal
properties including absorptivity, emissivity and transmittance, which is unsuitable for long term

use in a solar system.

4.5 Impact of the height difference between solar absorber and heat exchanger

As the loop system is driven by gravity, the height difference between the top solar absorber and
heat exchanger plays a key role in terms of its heat transfer capacity (limit). In operation, gravity
should be larger than the flow resistance of the working fluid across the loop cycle, which is the
major condition enabling operation of the system. However, keeping increase on heat input would
lead to consistent increase of flow resistance, which would eventually reach the available gravity.
At this point the system would achieve its maximum heat transfer and no further heat could be
added up. This amount of heat is defined as the limit (or capacity) of the LHP heat transfer. The
variation of heat transfer capacity (limit) against height difference between solar absorber (top
level) and heat exchanger (centre level) was simulated using the previously established program
and the results are shown in Figure 10. As the maximum solar radiation of Beijing in south facing
orientation is 855 W/m?, whilst the heat transport capacity (limit) of the system at 0.4 m height
difference is 878 W/m?, the system should have sufficient capability transporting heat striking on
absorbing surface under the height difference between the absorber and the heat exchanger larger
than 0.4 m. For the current system with 1.9 m height difference, it should be no problem at all to

transfer the solar heat while causing no constraint from its structure.
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4.6 Validation of the simulation results using the primary testing results

A prototype system was constructed and tested in SRB (Sustainable Research Building) lab,
University of Nottingham. The photograph of the prototype and the associated testing rig is
presented in Figure 11. The absorbing pipes are enclosed by the double glazed, evacuated tubes,
attached to the polystyrene insulation board, and connected to the liquid/vapour headers. The
headers are linked to the heat exchanger located at the upper (0.5 m above) and left (2 m away)
side of the absorbing pipes using the insulated connection pipes, thus forming a heat pipe loop.
The connection pipes are about 2.5 meter long with incorporation of a number of bends, valves
and a steam trap. The exchanger is also linked to a water storage tank, which is located at 1 m
below the exchanger using a short pipe circuit incorporating the insulated pipelines, a pump, a
water flow meter and 2 valves, thus forming the water cycle to prepare the hot water for the
occupants’ use. At the end of vapour and liquid transporting lines, and the inlet and outlet of the
water pipes, as well as the side wall of the water tank (referred to Figure 12), T-type
thermocouple probes were installed to measure the temperatures of the fluids. A pressure
transducer with accuracy of 1% was also installed at the vapour transporting line to measure the
heat pipe operating pressure. All these measurement sensors were linked to a DT500 data logger

and a computer for data recording and analyses.

The testing ran for 8 hours (between 9:00 am to 5:00 pm) and the data were recorded every 1
second. The testing was carried out on a fixed solar radiation of 816 W/m? in accordance to the
maximum solar radiation at south direction in Beijing, China, an ambient temperature of 22 °C,
and an optimized water flow rate of 1.6 I/min. It should be noted that due to the limitation of
budget, the system were built smaller than the original design. The geometric and thermal

properties of the prototype testing system are detailed in Table 6.

Figure 12 shows the trend of variation of the circulation water temperature and loop heat pipe
operation temperature over the measurement duration. The loop het pipe operating temperature
rose rapidly at the start-up stage (about 20 minutes) and remained fairly constant afterwards. The

inlet/outlet and tank water temperatures grew constantly all the time whereas the ambient
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temperature remained about the same. It was found that there were large fluctuations in the heat
pipe operating temperature and water flow outlet temperature during the measurement which was
caused by setting of thermocouple probes. The probes were intruded into the narrow water (vapour)
flow tunnels, creating turbulence of water flow around the probes and eventually effecting on
stability of temperature measurement. To smooth the problem, some odd measurement data that
are obviously incorrect were removed from the database. In the meantime, an appropriate data
treatment was conducted: the average values of measurement data in 3 minutes intervals were
calculated and implemented into the database, thus forming a diagram (Fig. 12) which could show

the true trend of variation of temperature over the testing period.

Using the moving average method, i.e., taking the average values of the measured parameters
within a certain time interval (12 minutes), the relation between solar efficiency and (tmean-tamn)/!
were obtained, as shown in Figure 13. A trend-line showing efficiency decreasing with
(tmean-tamb)/1 increasing was clearly presented, but certain level of scattering appeared on the
diagram, due to slow thermal response of the system. The testing efficiency was about 10% lower
than the theoretical efficiency due to various possible reasons, e.g., heat losses occurred in the
vapour/liquid transporting lines, less than expected heat transfer rate within the flat plate heat

exchanger, as well as some simplifications made in the model set-up.

It should be noted that due to limitation of lab condition, it is unlikely to imitate the actual
operation of the system under real climate condition. However, the efficiency figures generated
from the lab testing are able to be put into comparison with those derived from the computer
simulation. The difference between the theoretical and testing efficiencies was found under the
reasonable error limit. The comparison could be used to analyse the accuracy of the computer

program, as well as verify the effectiveness of the system

5. Conclusions
This paper introduced a novel loop heat pipe solar water heating system suitable for use in typical
Beijing apartment buildings, which comprises a facade integrated solar absorber, heat pipe loop,

heat exchanger and associated hot water tank and water cycle system. A computer model was
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developed and used to analyse performance and operating characteristics of the system. The major

findings could be outlined as below:

Solar efficiency of the system varies linearly with the defined parameter, (tmean-tamn)/l, Which
represents the combined effect of weather and water conditions. The system efficiency increases
with increasing of ambient temperature and solar radiation, but decreases with increasing of the

mean temperature of water flow.

The optimum heat pipe operating temperature is around 72 °C, which would allow the maximum

system solar efficiency to be achieved.

When water flow rate across the heat exchanger increases, the system heat output increases
gradually and its COP is decreased significantly. An appropriate water flow rate would maintain
both system heat output and COP high. A comparative analysis suggested that the water flow rate

should be around 5.1 I/min.

A borosilicate cover is able to achieve higher efficiency than polycarbonate does at higher water
temperature operation; whereas the polycarbonate is suitable for low water temperature. However,
the final choice of top cover material is borosilicate which has more durable thermal performance

and is suitable for long term operation of the solar system.

The loop heat pipe system is able to transfer received solar heat completely without constraint
from its heat transport limit, even at 0.4 metre height difference between the top of the absorber
and mid level of the exchanger. This system has 1.9 m of height difference which is sufficient to

conduct the required heat transfer.

A prototype was constructed and tested and the experimental results were compared with the
theoretical data. This comparison indicated that the system could operate effectively in lab
condition but its efficiency is slightly lower that the theoretically predicted data due to a number of

reasons, e.g., heat losses occurred in the vapour/liquid transporting lines, less than expected heat
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transfer rate within the flat plate heat exchanger, as well as some simplifications made in the model

set-up.
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Table 1. Solar optical, thermal and geometric parameters of glazing covers and wall board

Glazing covers - borosilicate

Transmittance tyc,o 0.93 Length Lgco (M) 1.48
Outer
Absorptivity ogeo 0.03 Thickness dgc o (M) 0.003
circular
Emissivity ggco 0.02 | Thermal conductivity Agco (W/m'K) 1.2
glazing cover
Diameter Dgco (M) | 0.058 Number Ngco 44
Transmittance tgc, 0.93 Length Lgci (M) 1.48
Inner circular Absorptivity ogcj 0.03 Thickness dgc,i (M) 0.003
glazing cover Emissivity ggc, 0.02 Thermal conductivity Agc; (W/mK) 1.2
Diameter Dy, (M) 0.047 Number Ngc.i 44
Glazing covers - polycarbonate
Transmittance Tyc,o 0.88 Length Lgco (M) 1.48
Outer
Absorptivity agc,o 0.06 Thickness dgco (M) 0.003
circular
Emissivity egco 0.82 | Thermal conductivity Ay (W/m'K) 0.2
glazing cover
Diameter Dy (M) 0.058 Number Ngco 44
Transmittance g, 0.88 Length Lgc,i (M) 1.48
Inner circular
Absorptivity o 0.06 Thickness dgc,i (M) 0.003
glazing
Emissivity gqc 0.82 | Thermal conductivity Ay (W/mK) 0.2
cover
Diameter Dy, (M) 0.047 Number Ngc,i 44
Wall board — EPS with steel sheet attached back
Length Ly, (M) 3.04 Width Wy, (M) 0.149
Thermal conductivity of EPS
Height Hys (M) 1.48 0.039
Awb (W/m'K)
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Table 2. Characteristics of the absorber panel and wicked heat pipes

Absorbers — copper fins

Transmittance Ttap 0.03 Thickness 34, (M) 0.0005
Absorptivity agp 0.95 Thermal conductivity Aqp (W/mK) 383.79
Emissivity €ap 0.1 Number Ngp 44
Area for one absorber A, (m?) 0.069 Absoprtivity (.Jf coating materials 0.98
(nickel) o,
Evaporation pipes — copper
Length of pipes Ly, (M) 1.32 Diameter of vapour channel D, (m) 0.014
Outer diameter of pipes Dnpo(m) | 0.0165 Inner diameter of pipes Dppi (M) 0.0155
Number Npp 44
Two layers mesh screen wicks - copper
Length Lyi (M) 1.32 Diameter of pores D, (m) 0.00003855
Thickness of one layer 8, (m) | 0.000375 Number of pores N, 9158
Table 3. Properties of vapor header, vapor line and water tube
Vapour header — stainless steel
Length Lyn (M) 2.982 Inner diameter Dy, (M) 0.086
Vapour line — cast iron
Length Ly (m) 5 Inner diameter Dy, (m) 0.048
Water pipes — cast iron
Length Lup (M) 5 Inner diameter Dy, (M) 0.02
Table 4. Specifications of heat exchanger configurations
Heat exchanger — stainless steel
Length Lye (M) 0.119 Plate thickness dpe (M) 0.00024
Width Wy, (M) 0.3176 Plate thermal conductivity Ane (W/mK) 16.28
Height Hye (M) 0.289 Number of plate Ny 140
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Table 5. Summary of external parameters and calculation results

Final
Inlet
i temp. Mean temp. of
Solar | Ambient of Outlet temp. Efficiency the water
Month | radiation | temp. temp. (tmean-tamn)/1 . in a 8-hour

L WMD) |t CC) | VAT | ¢ og) | tmean N Gay-time
flow t; (°C) .

CC) opegatlon
(G
1 354 -2.94 2.2 3.1 2.5 0.0155 58 42.7
2 351 0.1 0.6 1.6 1 0.0025 67 47.2
3 323 6.1 2.2 3.3 2.6 -0.0108 77 51.2

4 319 14.3 5 6.3 55 -0.0277 89 61

5 265 20.4 12.6 13.7 13 -0.028 90 59.2
6 240 25.2 18.8 19.7 19.2 -0.0251 89 60.1
7 229 26.4 23.2 24 23.5 -0.0127 80 58.5
8 251 25 24.8 25.6 25.1 0.0004 70 58.9
9 296 20.4 23.1 23.9 23.4 0.0102 63 59.2
10 304 13.7 18.7 19.5 19 0.0174 57 52.7
11 292 4.8 12.5 13.1 12.7 0.0272 50 41.1
12 298 -0.5 6.6 7.3 6.9 0.0247 51 40.8
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Table 6. Thermal and geometric parameters of the prototype system

Double glazing covers — borosilicate

Transmittance Tty 0.86 Length Lgc (M) 1.02
Absorptivity oge 0.06 Thickness dgc (M) 0.0055
Emissivity g 0.04 Thermal conductivity Ay (W/mM'K) 2.4
Outer diameter Dy, (M) 0.058 Number Ngc 14
Inner diameter Dy (M) 0.047
Absorbers — copper fins
Transmittance Tqp 0.03 Thickness 845 (M) 0.0005
Absorptivity oap 0.95 Thermal conductivity Agp (W/m'K) 383.79
Emissivity € 0.1 Number Ngp 14
Total heat tzz::zs)fer area Agp 0.716 Absoprtlwtz/n(i):kce(i;it; r:g materials 0.98
Gross area (m?) 0.942
Heat pipes — copper
Length of pipes Ly, (M) 1 Outer diameter of pipes Dpp o (M) 0.016
Number Npp 14 Diameter of vapour channel D, (m) 0.014
Inner d'ametg;)of PIPES Dwi | 0155 Volume of working fluid (1) 3.4
Two layers mesh screen wicks - copper
Length Ly (m) 1 Diameter of pores D, (m) 0.00003855
Number of pores N, 9158 Thickness of one layer dy; (M) 0.000375
Vapour header (liquid header) — copper
Length Ly (M) 0.982 Diameter Dy, (M) 0.04
Vapour line (liquid line) — copper
Length Ly (M) 2.5 Diameter Dy (m) 0.02
Heat exchanger — stainless steel
Length Lye (M) 0.119 Plate thickness dpe (M) 0.00024
Width W, (m) 0.3176 Plate thermal conductivity Ape (W/m'K) 16.28
Height Hye (M) 0.289 Number of plate Ny 20
Water pipes — copper
Length Lyp (M) 5 Diameter Dy, (m) 0.02
Water tank
Volume Viank (M®) 0.18
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