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Abstract

In this article, a new heat transfer model for solar receivers with metal foam is developed for
design optimization. The proposed model facilitates analysis of heat transfer processes in terms of
forced convection, natural convection, heat conduction and radiation, accurately predicting the
energy efficiency and percentage contribution of each form of heat loss. The results show good
agreement between the predicted results and the experimental data. Specifically, sensitivity
analysis is performed to predict the energy efficiency of solar receivers under different operating
conditions. To explore the influence of inlet temperature, a series of simulations under high inlet
temperature are carried out, resulting in poorer energy performance and heavier radiant heat loss.
Non-radiant heat loss, however, accounts for less than 1.1% of the total energy loss in all cases.
The results reveal that reduction of radiant loss is conducive to energy efficiency improvement.
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Nomenclature

4, surface area of phase 1 (m?) Af area of the Ni-foam (m?)
4 area of quartz glass at the surface area heat transfer coefficient of
£ wavelength of visible light (m?) & the Ni-foam (m?)
area of the inner cylinder wall of
A, A, shadow area of the concentrator(m?)

the front part of the Ni-foam (m?)

average heat capacity of air inlet ~ C pc1 average specific heat capacity of the air

c
“ and outlet (J-kg'K") in cold end in phase 1(J-kg'K-!)
average specific heat capacity of . . .
. . average specific heat capacity of the air
Cp,h 1 the air in hot end in phase sz )
’ in phase 2(J-kg'K-!)

1(Jkg 'K

average specific heat capacity of
the air in phase 3(J-kg'K)
radiation shape factor between
foam and glass
radiation shape factor between
surface of inner cylinder and glass

convective heat transfer

average specific heat capacity of the air
in phase 4 (J-kg'K-!)
radiation shape factor between foam and
the wall of the inner cylinder
instantaneous solar radiation density
(W/m?)

convective heat transfer coefficients of

qi coefficients of the inner surface of /A
the quartz glass (W/(m?K))

convective heat transfer

the outer surface of the quartz glass
(W/(m?K))

héf coefficient of the Ni-foam I, energy entering the solar receiver (J)
(W/(m?K))
heat transfer coefficient for phase
k, m mass flow rate (kg/s)

1 (W/(m2K))

energy absorbed by the receiver
2 Y T,, average of temperature 75 and 7,(C)

()
T, ambient temperature(C) T 7 temperature of the Ni-foam (‘C)
T o temperatl%re.:bzit tll_l el::/ ?jgt;ength of T, temperature of inlet ('C)
visible lig
AT maximum between (7, —7}) and
T, temperature of outlet (C) ax
(T, 4 Tl ) (C)
minimum between (I, —T) and , ,
AT T temperature of the inner cylinder wall of
min w

. the front part of the Ni-foam (C)
( T4 - Tl ) (C)

absorbance at the wavelength of v absorbance of quartz glass under long

visible light & wave



L ) - emissivity of quartz glass under long
&y emissivity of the Ni-foam &
wave

emissivity of the inner cylinder . )
Y Y specular reflection efficiency of the

&y wall of the front part of the n.
. concentrator
Ni-foam

. , blackbody radiation intensity( 5.67x108

Py reflectivity of the Ni-foam o
W/(m?K#))
. transmittivity at the wavelength o specific heat absorbed by the air in phase
o of visible light ! 1.(W)

1. Introduction

Fossil fuel scarcity and the ever-worsening global warming nurture research and development

of the renewable energy, among which solar energy is commonly recognized as one of the most

promising candidates [1]. As one of the massive utilizing directions, the Concentrated Solar Power

(CSP) system transfers solar energy into thermal energy, and finally into mechanical power

(integration of the CSP system and Brayton micro-turbines is one example [2, 3]). Solar receiver,

one of the key components in CSP, works as a special energy exchanger to convert solar

irradiation energy into thermal energy [4]. The thermal load of solar receivers could be

significantly high, i.e. 1 MW is the central receiver system funded by the Ministry of Sciences and

Technology of the People’s Republic of China, set in Beijing in 2009 [5]. In the PEGASE

(Production of Electricity by Gas Turbine and Solar Energy) project, the CNRS/PROMES

laboratory developed a 4 MW pressurized air solar receiver based on compact heat exchanger

technology [6]. ETH Zurich and Paul Scherrer Institute conducted a field test on a 42 meters long

full-scale solar receiver prototype installed on a 9 m-aperture solar trough concentrator. The

efficiency of the receiver ranged from 29% to 45% with solar power input of 280 kW [7-9]. The

results indicate high correlation between solar receivers’ energy efficiency & total pressure loss

and the system’s efficiency and cost [10-12]. The collected thermal energy was transferred to



other components in the system by circulating medium. To enhance heat transfer performance and

reduce the dimension of the solar receiver, porous medium could be introduced as the collector

medium. Metal foam is prevailing due to its high porosity (>95%), large specific surface area

(>5000 m™"), high mechanical strength and low cost [13, 14]. The design optimization of the solar

receiver is, however, still challenging due to the complexity of porous medium. Mendes et al. [15]

proposed a simplified two-parameter model for effective thermal conductivity of open-cell porous

foams. It was reported that the simplified model could predict the effective thermal conductivity

of all the investigated structures in case of correct application of thermal conductivity ratio in each

phase. By modeling differing virtual isotropic structures and performing 3-D direct numerical

simulations, Kumar and Topin [16] generated a database of 2000 values about effective thermal

conductivity. They studied the database to find the relationship between geometrical parameters

and the effective thermal conductivity and built two models to predict the effective thermal

conductivity, achieving excellent agreement between numerical and experimental data. The

porous medium used in solar receivers has also been investigated. Buck et al. [17] conducted a

performance test and retrofitted a receiver with new secondary concentrator. Several

configurations of solar-hybrid gas turbine cycles in the low-medium power range were examined

in terms of performance and cost. Albanakis et al. [18] tested different materials of porous

medium and evaluated the receiver performance under varying operating conditions,

demonstrating that Nickel foam bears better thermal property than the other foams. Michailidis et

al. [19] employed the Ni-foam as porous medium in solar receivers and identified that the

efficiency of the receiver depended on the geometrical parameters of the metal foam.

As experimental investigations cost high and last short, numerical simulation also plays an



important role in design and optimization phase. He et al. [20] established a coupled heat transfer

model based on the Monte Carlo Ray Trace (MCRT) and Finite Volume Method (FVM) to predict

the thermal behaviour in a parabolic trough solar receiver system. The average relative error was

identified less than 2% by comparing the predicted outlet temperature with that of the

experimental results. Wu et al. [21] presented a coupled heat transfer model to calculate the

unsteady heat conduction of porous medium in solar receivers, which was proved as an efficient

tool for receiver performance prediction. Chen et al. [22] examined the effect of various

combinations of porosities and pore-sizes of porous medium on heat transfer performance.

Hischier et al. [23] proposed a theoretical receiver model and conducted numerical calculation on

a solar receiver used in a power generation system with combined Brayton-Rankine cycles [24].

Parametrical studies on temperature distribution and thermal efficiency have also been performed.

The optimum predicted configuration was set and corresponding experimental investigations

conducted [23]. After repeated design and test [25], a complete receiver with an output power of

35 kW was constructed and tested [26]. In addition, Lim et al. [27] designed a model for a

tube-typed receiver by studying heat transfer characteristics and pressure drop characteristics

based on discussion of the model and the optimum design. Weigal [28] also established a receiver

model to analyze the measured efficiency value of solar receivers, which was lower than the

designed one. Mortazavi [29] developed multi-scale modeling techniques to explore the thermal

management efficiency of rechargeable batteries by employing paraffin composite structures.

It can be revealed from the above studies that modeling of heat transfer in solar receivers is

important for development and optimization of the component as well as the energy system. To

the best knowledge of the authors, few research has been reported to explore the heat transfer



process in solar receivers with porous medium taking forced convection, natural convection, heat
conduction and radiation into account. Currently, a new heat transfer model for solar receivers
with porous medium has been developed for design optimization, which has been validated by
experimental data. Corresponding sensitivity analysis has also been carried out, providing
reference for solar receiver design improvement. It is expected that the proposed model will be
highly conducive to accurate prediction of the efficiency of heat exchanger under differing

operating conditions.

2. Establishment of heat transfer analyzing model

2.1. Configuration of solar receiver

Fig. 1 presents a pressurized volumetric solar receiver in current CSP system, Fig. 1(a) a
cross-sectional view of the receiver, and Fig. 1(b) a 3D view of the model. The advantage of the
pressurized volumetric solar receiver lies in its high outlet air temperature and high thermal
efficiency, although cooling of the light-incident glass and the flow balance in the heat absorbing
core were two challenging problems in the process. The light-incident glass is made of quartz
glass that can endure the maximum temperature of 1200 °C, yet when the concentrated solar
directly focused on the glass, mechanical failure of cooling may occur. As a solution, the inlet air
with relatively low temperature flowed through the glass as coolant, both extending the receiver’s
service life and reducing the probability of mechanical failure. Therefore, a large SOmm-diameter
inlet tube was adopted, into which the pressurized air was injected and then separated into three
20mm-diameter branches. Welded on the back-side flange of the pressure cavity, the three smaller
tubes were equally distributed in circumferential direction. Then, the air flowed through the gap

between the internal and external cavities to the front region of the chamber and impinged onto the



quartz glass.

The main part of the receiver is 400 mm in diameter and 360 mm in height. The concentrated

solar radiation (CSR) passed through the quartz glass and heated the absorbing core, which was

made of Nickel foam that could endure the maximum temperature of 1453 “C. To increase the

absorbing capacity, a 65mm-thick Nickel foam with the PPI (Pores per Inch) value of 75 and pore

diameter of 0.34 mm was selected. Normally, smaller pore diameter entails larger heat transfer

area and higher mean heat transfer coefficient. At last, to minimize heat loss, the receiver was

surrounded by Aluminum silicate whose heat conductivity coefficient reached 0.06 W/(m-C).



(@ Heat absorbing core
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Figure 1 (a) Cross-section view of the receiver. (b) 3D view of the pressurized volumetric

solar receiver.

2.2. Energy balance equation

A simplified model (Fig. 2) was established to calculate the steady-state heat transfer
efficiency by analyzing heat loss. It is assumed that the solar radiation transmitted through the
quartz glass window into the solar receiver’s cavity is entirely irradiated on the surface of the
metal foam, which is a uniform medium, and the air constitutes ideal gas. The heat transfer

process is analyzed from the following five steps.
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Figure 2 Simplified heat transfer model.
Initially, in the process of 7, — T, the cooling air flows into the inlet and is heated by the

foam through the wall of inner cylinder. Therefore, the enthalpy balance is expressed as:

B1=Cpe1- - (T1—T) =Cppr-m-(T4—T,) (1)
AT —AT
(I) | — }ki 1‘11 max min
Ln Al
AT'min

@)

®, represents the specific heat absorbed by the air, C

ey and C,, . the average

specific heat capacity of the air between cold and hot ends, 1 mass flow rate, 7, and T, outlet

and inlet temperature, kl heat transfer coefficient, A1 the surface area of phase 1, AT max tHE

maximum temperature difference between (I’ —7;) and (7, —T7)),and AT the minimum

min
temperature difference.

Then, in the process of Tl—>T2 , the heated air transfers heat through the wall of inner

cylinder. The wall is both heated up by metal foam radiation and reflection of the metal foam solar
radiation. Thus, the following relations can be established.

(Ty—Ty) — (T —T1)

I Ty—T1
n|l——
Tw=T1

Cpz 1 (T2 —T1) = hy4z




(3)
Cpz - (T — T1) = ewF pu{erApo(Ts + 273)* — (T, + 273)*] + prgncAGY (4)

where C 2 stands for the average specific heat capacity of the air in the second process,

g,, T, and A, the emissivity, temperature and area of inner cylinder wall in the front part of

w? w
the foam, p,, &, T , and A , the emissivity, temperature and area of the Ni-foam, F 4 the

radiation shape factor between the foam and the wall of inner cylinder, and o the blackbody
radiation intensity valued 5.67 x 1078 W/(m?-C).

In the succeeding process of 71, — T, the air flows through the outflow channel and flushes
the inner surface of the quartz glass towards the window center, exchanging heat with the glass
surface. Aside from the internal convective heat transfer on the inner wall of the glass, the natural
convection on the outer wall, the radiation from incident sunlight, the reflected radiation from the

foam, and the radiation from the inner cylinder surface are also dealt with in the proposed model.

(Tg - TZ) - (Tg - T3)

l Ty—T,
nl-2—=
Ty—T3

Cpz -1~ (T3—T2) = Aghy;

(5)
al,+a,F,[p,t 0, +¢& 4,0 -T)+a,F, ¢, 4,0, ~T.)

wg“w

(T, -1)-(T, -T3)

' 4 4
=¢,A,0(T} =T, )+ Ah, (T, ~T,)+ A,h, T
Ln(=5—2)
T,-T,

(6)

where C 3 signifies the average specific heat capacity of the air in the third process, « 2

7., T i Ag the absorbance, transmissivity, temperature and area of the quartz glass at the

wavelength of visible light, < ' ' the absorbance and emissivity of the quartz glass under

g’gg

the long wave, F P the radiation shape factor between the foam and glass, F " the radiation

W

shape factor between the surface of inner cylinder and glass, 7, the ambient temperature, and

h 20> h g the convective heat transfer coefficients of the outer and inner surface of the quartz



glass.
In the fourth process of 7;— T, the air flows into the metal foam and transfers the heat

energy after flushing the inner surface of the glass,
Cpa+ 1+ (T4 —T3) = Agphsf(Tf —T34) (7

in which C p4 Means the average specific heat capacity of the air in this process, Asf and

h

.+ the surface area and convective heat transfer coefficient of the metal foam, T,, the average

value of temperature between I, and 7. The last process of 7, — 7, is identical with the

first one 7, —T,. The specific surface area of the metal foam A, is determined by the formula

used in literature [14],

3zd

=77 n- —((1-
ASf_(O.59dp)2 [1—exp(=((1-¢)/0.04))] (8)

where d ; denotes the thickness of the metal foam, which can be measured directly and

calculated by the following formula,

d _
& 1822 : ©)
d 3z 1—exp(—((1—¢)/0.04))

Radiant loss, convective loss and heat dissipative loss are the major heat loss forms of the

entire receiver. Radiant loss concerns the loss of radiation from the quartz glass window and the
chamber. Most of the convective loss is generated by the natural convection on the outer surface
of the quartz glass window, while heat dissipative loss by the conduction through the insulations.
Therefore, heat loss can be expressed as:

Qloss N Q glass ,emission + leass,reﬂec tan ce + Q foam emission + Q foam,reflec tan ce

+ Qwall emission + Qconvection + Qconduction (1 0)

Since the thermal conductivity of the quartz glass is 1.46 w/(m*K), the thermal loss is small
enough to be ignored. Other forms of heat loss can be calculated as follows,

Qs emssion = €4 A, 0T, =T )
Q gt seftectance = Pl (12)

Q amenission = T F 6 A, 0(T =T,) (13)
Q.foam,"eﬂectance = Tlgng'D f ]b (14)

Ot emission = T Frog &, A, 0 (T, =T,) (15)



Qconvection = Ag hgo (Tg - Ta) (1 6)
Finally, the efficiency of the receiver is expressed as,
J -
nreceiver = : QIOSS (1 7)
1,

To calculate the efficiency of the receiver, parameters in the formulas should be determined,

of which the most critical ones are 7’ o T o and T we

2.3. Heat transfer calculation

To examine the heat transfer process and calculate the efficiency of the receiver, the essential
parameters in the above formulas should be obtained.

The radiant performance parameters of the quartz glass at visible and long wavelengths are
obtained [30]. Due to the large porosity of mental foam, the effective emissivity is taken as 0.95.
Being made of stainless steel, the surface of inner cylinder has emissivity of about 0.8 in the case

of heavy oxidation. Relevant radiant performance parameters are summarized in Table 1.

Table 1 Radiant performance parameters.

emissivity reflectivity transmissivity
Visible wave 0.013 0.136 0.851
Quartz glass
Long wave 0.326 0.125 0.549
Mental foam 0.95 0.05 /
The surface of inner cylinder 0.8 0.2 0

Geometrical parameters, including the surface area of each component and the radiation
shape factors, are also required. The area values are easy to be determined. As calculation of shape
factors is complex, the geometrical structure between the metal foam surface and the flat window

are simplified into two coaxial parallel discs; therefore, the radiation shape factors of the structure,

F

1 » Can be expressed as,

1+ R3

r T 1 2 172
Ri=pR=1,S= 145 Fio=5S =[S —4("2/r)] } (18)

in which 7; and 7, represent the radius of the first and second disc, and L the distance



between the discs. Similarly, the shape factors F fiv and ng can be determined. The calculated

geometric parameters are summarized in Table 2.

Table 2 Results of geometric parameters.

Parameter A, Ag AW F fa F i F wg
Value 0.1041m>  0.0491m?  0.1788m? 0.3171 0.4340 0.1340

The first and second processes are assumed as forced convection in pipe. The outer surface of
the glass for the third process is assumed as large-space natural convection, while the inner surface
as forced convection on a flat plate. Besides, the fourth process is accepted as convective heat

transfer in the metal foam. Therefore, the Nusselt number of the convective heat transfer in the

first process, that is, Vi u, , could be determined with the Gnielinski Formula [31] expressed below,

/ 8)(Re—1000) Pr,
_ (f/8)(Re ) r, [1+(1)2/3]ct
1+12.7f /8(Pr} 1) I
Tf’ +273 0.45 Tf+273

c = , =0.5~1.5 20
' (TW+273) T, +273 0

Nu, (19)

f=(1.82IgRe-1.64)" 1)

where [ is the tube length and [ the Darcy resistance coefficient. Similarly, the
convective heat transfer coefficient between the air and the surface of inner cylinder in the second
process, i.e., Nu2 , can be calculated with Gnielinski Formula as well.

In the third phase, the Nusselt number of the natural convection on the outer surface can be

computed as,
Nuy,, = C(Gr-Pr), (22)
in which the values of C, m and n depend on the Grashof number cited in reference [31]. The

Nusselt number of the forced convection on the inner surface of the quartz glass (Nuy,) is

calculated with the heat transfer correlation of the thin layer flow of isothermal plate as,
Nuy , =0.664 Re)? Pr'” (23)

The convective heat transfer coefficient between the air and the metal foam in the fourth

phase is determined by the Rukavuscass formula [32] listed below,

0.74Re™ P’ 1<Re<4
Nu, =40.52Re” Pr’*’ 4 <Re <10’ (24)
0.26Re™® Pr’,10° <Re <2x10’



Solutions of Tg , T , and T ,» depend on individual phases’ air temperature. In phase 1, 7}
and 7}, can be calculated through calibration calculation steps of the receiver since 7, 7T, , kl
and Al are known. Therefore, there are only five unknown temperature values: T2 , T3 s Té R

T Py T » » which can be simultaneously solved through Eqs.3-7 with iterative method. As all the

unknown parameters in Eqs. 11-16 have been determined, the heat loss and efficiency of the solar
receiver can be solved through Egs. 10 and 17.

3. Results and discussions

3.1. Model validation

The energy source of heat exchanger is mainly solar radiation, and the energy entering the
solar receiver can be calculated when the technical parameters of the concentrator are known,

I,=1,4G (25)

where [, represents the energy entering the solar receiver, 77, and A, the specular

reflection efficiency and shadow area of the concentrator, and GG the instantaneous solar radiation
density.
The net energy absorbed by the receiver can be calculated by the temperature difference

between the inlet and outlet of air flow,
QT N Cav ' m ) (TO - Tl) (26)

where (. is the energy absorbed by the receiver, and C_, the average heat capacity of air
inlet and outlet.

Therefore, the thermal efficiency of the solar receiver in the experiment can be obtained by

calculating the ratio between the heat absorbed by the receiver and the heat entering the receiver:

Qr mCaV(To - Ti)
Nreceiver =7, = 1AG (27

Eqgs. 27 is for calculating the experimental error of the receiver’s heat efficiency, which
reaches + 5.632% according to the measuring instrument accuracy and error calculation
formula of indirect measurement.

The existing solar receiver is located at Jianggan district, Hangzhou, Zhejiang province,

China, with longitude of 120.222°and latitude of 30.364°. As presented in Fig. 3, the experimental



system of the solar receiver is composed of five subsystems: gas source, dish-shaped solar

concentration part, solar receiver, pipeline system and data acquisition system. The air compressed

by air pump flows into the receiver through pipe, and then the heated pressurized air is exhausted

into the atmosphere. Data collection points are arranged in the pipe as well as the receiver, whose

working pressure is five times higher than the atmosphere pressure. To limit the flow temperature

variation between inlet and outlet (less than 600°C), the minimum air flow rate is set around 0.04

kg/s, the projected area of the solar concentrator around 44 m? and the optical efficiency 86.45%.

Data acquisition system is designed for collecting and storing data of temperature, pressure,

volume flow and direct solar radiant intensity transmitted through each measurement point in the

solar receiver. Temperature measurement points are set on the outer wall, front & rear cover and

the wall near the outlet (for correcting the outlet temperature error caused by thermal radiation). A

pressure measurement point is also arranged near the flow measurement point. A vortex flowmeter

is adopted to measure the volumetric flow of air, whose mass flow rate is obtained by virtue of the

temperature and pressure data near the flowmeter. The experiment was conducted on November 5

and 6, 2015. The amount of radiation was estimated based on the solar radiation model mentioned

in reference [33]. The direct solar radiation during daytime fluctuated considerately due to the

heavy cloud, thus only the data collected on November 6 were selected. Values of air mass flux,

efficiency and temperature of the outlet versus local time are shown in Fig. 4.
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Due to a sudden change of cloud cover and solar radiation intensity, the response lag of the
measuring system may lead to an error: the sudden instantaneous efficiency is greater than 1 (for

example, the efficiency measured at 12:47 to 12:52 is greater than 1). The efficiency measured at

Mass flow (kg/s)



the rest time fluctuates in the range of 30% to 85%. It can be observed that the data collected from

11:12 to 11:45 is relatively stable, thus is highlighted with yellow box in Fig. 4 for model

validation. The air mass flux in this region reaches around 0.043 kg/s (2 Nm3/min), and

corresponding energy efficiency 81.5%. The temperature values obtained in the experiment are

used to calculate thermal parameters according to Eqs. 18-24. The results are shown in Table 3.

Table 3 Summary of thermal parameters

parameter ik, /’lw h . h - h . A of

value 9.7 20.7 39 10 450 2023

As Egs. 3-7 are nonlinear, matrix operation is replaced by iteration for easy calculation. The

optimization algorithms used are quasi-Newton method and general global optimization method.

Table 4 displays the calculated temperature at each state.

Table 4 Temperature in each phase

T t
emperatur 7 7, T3 7, T Tw Tg
€
Value 77.0 90.9 97.0 495.8 300.5 257.6 233.1

Heat losses of the solar receiver could be calculated with Eqs.10-15. Conductive losses were
estimated according to the experimentally measured temperature of the outer surface of the
receiver, where several temperature sensors were arranged. The estimated value of the heat
dissipative loss provided by the experimental data was 2%. The total heat loss and energy
efficiency were solved according to Eqs. 8-9. Specifically, the measured energy efficiency was
81.5%, while the predicted one was around 82.3%, suggesting good agreement between the two.
Therefore, the proposed model is capable of accurately predicting the energy efficiency of the

system.

3.2. Heat loss analysis

The experimental data and model prediction were identical on the condition of several



assumptions and approximations, thus more parameters should be referenced for further

validation. Heat loss plays an important role in heat transfer experiments, which in turn increases

the uncertainty of the experimental data, intensifying the necessity of heat loss analysis. The

limitations of this simplified heat transfer model are summarized as follows. At first, obtained in

the simplified geometry that was slightly different from the currently adopted geometry, all the

equations used in the model are of empirical nature. Then, adoption of lumped temperature for

each solid part leads to ignorance of the temperature variation inside each single component. In

terms of radiation calculation, only the first-time reflection is considered. Besides, this model

merely concerns the important features of the system that may substantially influence the heat

transfer process. Moreover, it is assumed by this model that the air flows smoothly through the

metal foam in phase 4. In particular, for calculation simplification, arithmetic mean value of

temperature difference is utilized instead of instant temperature difference.

Despite the limitations, the heat loss results can still be used to analyze the performance of

the current receiver. As described above, heat loss mainly consists of radiant loss, convective loss

and conductive loss caused by heat dissipation. The share of each form of heat loss is illustrated in

Fig. 5. It can be observed that the loss induced by the reflection on the quartz glass window

constitutes the major part of heat losses, accounting for about 13.6% of the total energy loss; while

the conduction loss caused by heat dissipation takes up around 2%, and the rest five losses

(including radiant losses of the mental foam and the surface of the inner cylinder) around 1.4%.

The reflective property of the quartz glass material and shape of the quartz glass window are

two dominant influencing factors on the reflective loss of the quartz glass window, of which the

latter substantially influences the reflective efficiency. Generally, paraboloid-shaped or



cylindrical-typed quartz glass windows generate less reflective loss than the flat one. However, to

lower cost and structural complexity, the flat one was chosen as the shape of quartz glass window

in the experiment. High-quality quartz glass may reduce the reflectivity to about 7%. Hence, the

reflective loss could be reduced by means of material improvement in future design.
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Figure 5: Shares of heat losses in the solar receiver.

Heat insulation and temperature distribution on the outer surface of the receiver are two
dominant influencing factors on heat dissipation, of which the former is mainly influenced by
thermal insulation materials, leaving little room for improvement. Temperature distribution
depends on chamber structure and heat transfer structure, and improvement in the internal heat
transfer structure may effectively curtail heat dissipation.

The radiation-induced heat loss is mainly influenced by chamber temperature. As long wave
accounts for the major part of chamber radiation, and the quartz glass bears high reflectivity and
absorptivity for long wave radiation, the radiation from the chamber is limited. In this case, radiant

loss is controllable.



3.3. Model application

This simplified heat transfer model is highly conducive to solar receiver design as it is
capable of estimating energy efficiency and heat loss. Its application may cover: the initial design
before fabrication, fast performance prediction of different geometries for optimization, or the
performance prediction of a given geometry under available conditions that experiments cannot
reach. Heat loss analysis plays a key role in identifying major loss sources and presenting
directions and suggestions for potential improvement and optimization.

The proposed model has broad prospects in application. The flow temperature at the rear of
the solar receiver is crucial since it could be considered as the temperature of the hot end of a
cycle, which in turn defines the cycle efficiency. Therefore, a higher outlet temperature is desired.
One possible method is to enhance the inlet air temperature by adding a recuperator in front of the
solar receiver inlet. In the present experiment, however, heat regenerator is absent as the
experimental instruments and conditions are limited, the inlet air temperature is thus relatively
low. Therefore, the performance of the solar receiver with high inlet temperature could be well
predicted with this model.

The calculated values of air mass flux and incident solar radiation are identical with the
experimental ones. The inlet temperature used in the model was from experimental measurement,
whereas a rough estimation of outlet temperature was set as the initial value. The calculation was
converged after 100 interactions. Simulations were performed under five varying working
conditions, where inlet temperature ranged from 44 ‘C to 463 °C, and the results are listed in
Figs. 6-8. The result of Case 1 is exactly the same with that of the experiment, whereas no

experimental data is available for the other four cases with higher inlet air temperature.



Fig. 6 depicts variation of energy efficiency against the mean temperature (Tm). A
decreasing trend of energy efficiency is identified due to heat loss increment caused by high
operation temperature. Specifically, the energy efficiency is around 82.3% when the mean
experiment temperature reaches 250 C, yet the number reduced to 73.9% when the mean
temperature increased to 680.5 ‘C. The higher the mean temperature, the larger the absolute value
of the slope. It is anticipated that further increase in the mean temperature acetates decline of the
energy efficiency. The radiant loss, in contrast, is elevating with mean temperature increment (see
Fig. 7). Consisting of emissive loss of the quartz glass, metal foam, and inner cylinder surface,
radiant loss takes up around 0.9% of the total energy loss in the experiment (Case 1), and rocks to
8.6% at the highest operation temperature. It can be concluded that the energy efficiency could be
further improved in case of radiant loss reduction. Besides, the corresponding curve slope is
increasing as the radiation magnitude augments according to the power law. Non-radiant heat loss
mainly concerns the natural convection loss of the quartz glass. Fig. 8 uncovers that although
non-radiant heat loss is increasing with 7 , the growth speed is dropping off. Accounting for
merely less than 1.1% of the total energy loss in all the simulated cases, non-radiant heat loss

could be neglected in a wide range of inlet air temperature.
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Figure 6: Variation of energy efficiency against mean temperature.
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Figure 7: Variation of radiant loss against mean temperature.
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Figure 8: Variation of non-radiant loss against Tm.
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Conclusions

This work presents a heat transfer model for solar receiver with metal foam by virtue of
thermal computation and value comparison (with the available experimental data). Several
heat transfer processes, including forced convection, natural convection, heat conduction and
radiation, are analyzed. This model can be used for prediction of energy efficiency and
percentage contribution of each form of heat loss. The results reveal good agreement between
the predicted results and the experimental data. Further prediction of the performance of the
solar receiver was carried out in the conditions out of the range of the experiments. It is
concluded that inlet air temperature increment of the solar receiver may result in energy

performance degradation and increase of radiant heat loss. Yet non-radiant heat loss accounts



for less than 1.1% of the total energy loss in all the simulated cases, indicating that the energy

efficiency could be further improved in case of radiant loss reduction.
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Research Highlight

1. A novel model is developed to investigate the heat transfer process in a solar
receiver with porous medium,;

2. The forced and natural convection, heat conduction and radiation is considered in
the proposed model,

3. The proposed model can predict the energy efficiency efficiently and accurately;

4. The model can be further used to design and optimize the solar receiver.



