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High output temperature and photothermal conversion effectiveness were achieved 
with the absorber platform structure. A novel solar receiver was manufactured to 
integrate pre-heating and thermal conversion, aiming to enhance heat utilization 
and output temperature. This work is based on the engineering design and experi-
mental testing of a solar cavity-receiver containing a porous copper foam that can 
volumetrically absorb high-flux radiation and heat up, through convection with 
air-flow. The air outlet temperature, outer wall temperature, thermal performance, 
and efficiency were experimentally determined by pore density, air mass-flow rate 
and solar irradiance. Additionally, the temperature growth of unit incident power, 
the unit volume efficiency growth rate, and output temperature were employed to 
evaluate the thermal conversion characteristics of the endothermic body (copper 
foam). The results indicated that the air outlet temperatures can reach 500 C with 
lower input power. Furthermore, it was found that under a pore density of 30 pores 
per inch and a flow rate of 60 Lpm, the photothermal conversion efficiency of the 
absorber with copper foam reached as high as 87.61%, which is 35.04% signifi-
cantly higher than that of an absorber without copper foam. The manageable solar 
receiver design proved to deliver a high-temperature air-flow (approximately 500 
C) with a reasonably high thermal efficiency (over 85%). 
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Introduction 

Currently, the global concern over energy shortage has heightened due to the escalat-

ing GHG emissions and the depletion of fossil resources. To mitigate these pressing global 

issues, there is an urgent need to explore and exploit renewable energy resources (such as wind 

[1], solar [2], tidal, nuclear [3], and etc.). Due to its universality, harmlessness, and abundant 

availability, solar energy holds excellent promise for the renewable energy system [4]. 

_____________ 
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Moreover, the concept of distributed solar energy (photothermal conversion) [5-7] has emerged 

as a new approach to offer significant support for the future trajectory of renewable energy 

development according to the regional climate characteristics. However, the efficiency of pho-

tothermal conversion is limited by the heat absorber’s efficiency. Therefore, the development 

of heat transfer absorbers that enhance thermal efficiency has become a critical strategy to fa-

cilitate energy conversion efficiency. 

To aforementioned problem, various strategies are exploited to optimize the perfor-

mance of absorbers (e.g., metamaterial absorber [8], metamaterial perfect absorber [9], porous 

material [10], etc.). Metal foams (MF), with characteristics such as high strength, high porosity, 

excellent insulation properties, and large specific surface area, are considered ideal candidates 

for improving energy efficiency in current research. The MF were found widespread applica-

tions in various fields, such as manufacturing, environmental protection, aerospace, petrochem-

icals, especially in filtration and environmental protection domains. The thermal utilization per-

formance of solar collectors can be tremendously improved by enhancing the absorbed heat via 

applying MF [11]. Moreover, the experimental studies have shown that the parabolic trough 

collector performance of a porous plate solar trough collector with alternative porous disc re-

ceiver is superior to other receiver configurations [12]. Compared with traditional tubular re-

ceivers, the thermal gradient between the receiver wall and the fluid, as well as between the 

receiver cross-section, is reduced in the porous disk-enhanced receiver. This is advantageous 

for improving the heat collection performance of trough collectors. However, the dish solar 

concentrator is widely used in the medium to high temperature collection process due to its 

strong focusing and heat collection characteristics. Dong [13] developed an efficient and com-

pact structural technology scheme and built a solar thermal conversion experimental platform 

combined with a newly designed photothermal conversion device. The high temperature heat 

conversion process in the absorber was numerically simulated using FLUENT software, and 

the experimental results demonstrated that the photothermal conversion efficiency of the ab-

sorber can reach up to 88.63%. Based on the absorber’s characteristics, a novel type of zirco-

nium diboride (ZrB2) foam absorber [14] was developed and compared against a silicon carbide 

(SiC) honeycomb absorber, revealing MF with small pore size and low porosity had higher 

thermal absorption efficiency. Furthermore, to solve the issue of unequal energy flow distribu-

tion within the cavity-type absorber in the conventional Stirling power generation system [15], 

Meng et al. [16] adopted a light propagation approach, which led to the development and com-

parison of novel free-form reflection mirror surfaces and triangular cavity receivers [17], both 

of which could effectively alleviate this problem. This solar volumetric receiver is designed to 

lay the groundwork for industrial application of high temperature heat utilization around the 

clock. In heat transfer and energy storage applications, Yu [18] used Monte-Carlo method to 

simulate the thermal radiation characteristics of a 2-D porous medium and analyzed the effect 

of inlet flow rate on the radiative heat loss. Jiang [19] carried out an experimental study on the 

designed foam metal heat absorber, and after measurements, it was concluded that the outlet 

temperature of the absorber was 463 °C and the thermal efficiency of the experimental system 

reached 81.5%. Xu et al. [20] chose the optimal volume convection heat transfer coefficient 

model and applied the steady state heat transfer model of porous media to the porous media 

tower receiver, combined with the porosity of the material, particle diameter, etc., the analysis 

yielded that the temperature of the solid matrix of the porous media with a porosity of 0.15 is 

1585 K, which is 250 K higher than that of the porous material with a porosity of 0.35. A porous 

medium with a large particle size (0.125 mm) was used to the receiver. The temperature is 

reaches the highest up to 1762 K at the receiving surface. In comparison, Wang [21] simulated 
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the heat transfer of a bilayer SiC absorber with different structural parameters using COMSOL 

MUTIPHSICS software. It was concluded that the highest simulated temperature of 1712 K 

can be reached at the outlet of the material with a thickness ratio of 0.2 and its porosity increased 

from 0.6 to 0.8. To further investigate the heat transfer enhancement capabilities of MF, Dixit 

and Ghosh [22] have conducted experiments that involve placing copper foam between inter-

layer plates under constant temperature conditions and have studied the relevant data to improve 

the heat transfer performance of MF on the surface in question. Cao [23] et al. designed an 

absorber structure utilizing porous copper foam, rotating and nanofluid materials, which in-

creased the heat collection performance of the collector from 77.6% to 88.1%. Similarly, this 

performance increase can be achieved by controlling the flow rate and inlet temperature [10]. 

Specifically, the area benign coefficient of the MF material used for heat absorber is superior 

to that of finned heat exchanger. Yang et al. [24] conducted energy storage experiments with 

three composites, nanoparticle/paraffin, metal foam/paraffin, and nanoparticle/metal 
foam/paraffin, respectively, in place of the pure paraffin phase change material. The thermal 

storage performance was enhanced to 123.27%, 740.39%, and 847.15% of the original, respec-

tively. Meanwhile, the melting time and solidification time of the PCM were shortened. On this 

basis, Wang [25] et al. experimented by mixing copper metal foam with paraffin wax in differ-

ent ratios, which resulted in an increase in the heat storage rate and the integrated heat transfer 

coefficient from 21.81-25.08 J/s, and 1.26-4.16 W/mK, respectively. It was also found that the 

heat transfer mechanism was dominated by natural convection in the lower percentage of com-

posites, while heat conduction played a major role in the higher percentage. Tian [26] et al. 
focused on the effect of metal foam on the enhancement of heat transfer in PCM, and it was 

measured that both MF with smaller porosity and larger pore density could further increase the 

heat transfer rate. Combining MF with one or more PCM has been shown to further enhance 

the heat transfer performance of the receiver, which is important for evaluating the heat transfer 

characteristics and investigating the natural convection effect under different physical condi-

tions. Furthermore, it is of significant importance to study flow and heat transfer characteristics 

of MF with varying skeleton structures and porosities [27-29]. For example, copper foam heat 

exchangers have been utilized in the core flow fields of heat exchanger tubes to effectively 

improve power generation efficiency of thermoelectric generators by enhancing overall heat 

transfer capacity [28]. In order to analyze the flow characteristics inside the metal foam, Hu  

et al. [29] developed three equivalent alternative models for pressure drop and flow numerical 

simulations and compared them with the experimental data of copper foam. The pressure pre-

diction accuracy of the honeycomb equivalent model with 20 PPI was obtained to be higher 

than the other models, with an overall average error of only 4.27%. Experimental results re-

vealed that the outlet velocity displays a negative correlation with porosity on both sides of the 

MF, and a positive correlation with inlet velocity. Shen et al. [30] proposed a radiator filled 

with metal foam and used numerical studies to design models of different shapes such as tetra-

hedral decahedron, triangular prism and equivalent tetrahedron to analyze the thermal perfor-

mance of homogeneous metal foam radiator and graded metal foam radiator. It is found that the 

combined heat transfer performance can be improved by PPI graded metal foam in any direction 

along the x-axis and y-axis. The solid-liquid phase transition of a copper coconut oil latent heat 

thermal energy storage (LHTES) unit was simulated by the finite element method for the effect 

of anisotropic foam metal on the thermal energy storage of phase change materials by Ghalam-

baz et al [31]. Localized properties were designed in the vertical direction. The results show 

that the LHTES unit with anisotropic angle of copper foam saves about 15% (tilting angle of –

45°) and 20% (tilting angle of 0°) of charging time. In addition, the melting heat transfer of 
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PCM embedded in heterogeneous foam metals is under investigation. It is obtained that the 

heterogeneous angle shortens the melting time by 24% when the heterogeneous parameter is 

0.2. The charging time of the heterogeneous foam metal is shortened by 11% compared with 

the normal foam metal [32]. 

Currently, scholars used simulations to predict the thermal performance and photother-

mal conversion of porous media and metal foam absorbers [33-36]. The distinction is made be-

tween the blending of copper foam and other PCM to achieve the enhancement of the thermal 

storage properties of phase change materials at low and medium temperatures. In this experi-

mental study, the experimental study of utilizing metal foam absorbers with different pore densi-

ties for photothermal conversion is insufficient, and the thermal efficiency of the absorber needs 

to be further improved. Therefore, we propose a novel copper foam bulk absorber to improve the 

thermal efficiency. Specifically, the absorber extends the flow trajectory of the working fluid and 

achieves a more adequate preheating effect on the air in the absorber channel. In addition, a com-

parative analysis was conducted between the copper foam absorber and a cavity absorber with 

pore densities of 10 PPI, 20 PPI, and 30 PPI, respectively. This work is an experimental validation 

of previous model predictions and thermal radiation characterization studies of copper foam. The 

results demonstrate a significant correlation between the photothermal efficiency of the absorber 

and the pore density of the MF. Notably, the performance of the unit volume absorber shows an 

increasing trend with higher pore density. These results contribute to the ongoing efforts of the 

scientific community in developing more effective and efficient heat transfer systems. 

Construction of the experimental platform 

In this study, the specular reflection principle of the disk concentrator is utilized to 

reflect the sunlight to the focal point of the paraboloid, and then a new designed cavity heat 

absorber is assembled at the height from the focal point of the disk concentrator. Combined 

with air compressor, gas flow meter, piping, temperature data logger and other auxiliary equip-

ment, a complete light and heat conversion system is formed. The inner cavity of the absorber 

can be filled with copper foam with different pore densities as the carrier of heat radiation, and 

combined with the high temperature radiation collected by the disk-type concentrator to com-

plete the process of radiation heat transfer. Then the two symmetrical inlets at the top of the 

heat absorber are fed with air at a certain flow rate, and the gas passes through the copper foam 

in the inner cavity of the heat absorber to form a forced convection heat transfer process, thus 

realizing the heat transfer of energy. 

The boundary conditions of this experiment include the temperature of the object sur-

face and the air inlet temperature. According to the variation of irradiance, the temperature 

range of the receiving surface of the heat absorber is measured experimentally to be 450~500 °C. 

It is assumed that the temperature of air at the inlet of the heat absorber is equal to the ambient 

temperature, which is 25 ±3 °C. The velocity of the fluid was synergistically controlled by the 

flow valve of the air compressor and the switch of the gas flow meter, with flow rates of 20 

Lpm, 30 Lpm, 40 Lpm, 50 Lpm, and 60 Lpm, respectively, whereas the effective emissivity of 

the copper foam material was 0.95, and the reflectivity was 0.05. In the process of radiative 

heat transfer, the irradiance range of the experiment, as measured with the BSRN3000 radiation 

monitoring system, was 570~650 W/m2. 

Design of heat absorber 

Figure 1(a) is the design of a preheated monolithic absorber structure with separate 

inner and outer shells. The fig. 1(b) illustrates the detailed structural dimensions of the 
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detachable heat absorber. The copper foam (10 PPI, 20 PPI, and 30 PPI) serves as volumetric 

solar absorber with similar porosity (95%) and size (100 × 10 mm). The micro-structures of the 

three MF variants are depicted in fig. 1(c). 

 

The physical parameters of the air and copper foam materials used during the experi-

ments are shown in tab. 1. 

Experimental platform for photothermal conversion 

In this work, a 2-D manual rotating platform was employed to conduct the photother-

mal conversion experiment of MF heat absorber, fig. 2. The air-flow was introduced into the 

thermal conversion system via a constant pressure air compressor (550 W-8 L). Moreover, the 

flow rate was measured by a Gas Flowmeter (LZB-10). The working fluid (gas) enters the ab-

sorber from the bottom on both sides, and undergoes thermal conversion within the MF section 

of the absorber. The outlet temperature was measured using a high temperature resistant GG-

K-30 temperature sensor and recorded via a TP700 data recorder. 

Table 1. Physical parameters of working fluid and copper foam 

Name 
Density 
 [kgm–3] 

Specific heat capacity 
Cp [Jkg–1K–1] 

Thermal conductivity 
 [Wm–1K–1] 

Porosity [%] 

Air (25 °C ) 1.165 1.005 0.0257 – 

Cooper foam 200 100~400 0.2~0.3 95 

Figure 1. (a) 3-D structure of volumetric receiver, 

(b) vertical section marked with the main dimensions, and 
(c) micro-structure of three kinds of metal foam (10 PPI, 20 PPI, and 30 PPI) 
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Measuring instruments and errors 

The environment was conducted at an ambient temperature of 25 ±3 °C, with the air 

compressor operating at a full-scale flow rate is 60 Lpm and a working pressure of 0.7 MPa. 

Air-flow rate was measured by an air-flow meter with a range of 60 Lpm and an accuracy of 

1.5 Lpm, while temperature was monitored using a GG-K-30 temperature sensor (The accuracy 

is ±0.1 °C). In addition, the BSRN3000 radiation monitoring system measured the irradiance 

with an accuracy of 5 W/m2. The concentrator’s reflective efficiency was 0.92. Rotational align-

ment of the 2-D platform was manually adjusted based on sun position. The parameters of the 

experimental procedure are shown in tab. 2. 

 To ensure reliable and accurate results, the following measurement methods have 

been used as part of the extraction procedures: 

– All experimental procedures were repeated three times, and the resulting data were pre-

sented as the mean value of the four experiments, with errors represented by the standard 

Table 2. Parameters in the experiment 

Ambient 
temperature 

Working 
pressure of the 
air compressor 

Rated power of 
air compressor 

Air-flow rate 
range 

GG-K-30 
temperature 

sensor 
accuracy 

BSRN3000 
radiation 

monitoring system 
accuracy 

Radiation 
response time 

25 ±3 °C 0.7 MPa 550 W 20~60 Lpm ±0.1 °C 5 W/m2 5 seconds 

Figure 2. Platform structure diagram of photothermal conversion experiment (a), 
schematic of experimental process (b), BSRN3000 radiation monitoring system (c), 
and convective heat transfer inside the receiver (d) 
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deviation. The mean value was calculated by dividing the sum of the values by the number 

of values. 

– The laboratory ambient temperature is approximately 30 °C, and the humidity is approxi-

mately 20%. 

– It is assumed that porous foams with different porosity and PPI are homogeneous and iso-

tropic. 

– It is assumed that the device possesses excellent sealing during the experiment. 

During the experimental procedures, the maximum error for the temperature data log-

ger was recorded at 0.5 °C, with the lowest measured temperature Tmin, being 181.36 °C. The 

gas flowmeter’s error was determined by relative error, with a measurement range from 10-60 

Lpm and an accuracy of ±2.5%. Given that the minimum flow rate Qmin measured during the 

experiments was 20 Lpm, the maximum relative error can be calculated accordingly. The un-

certainty of the data obtained is assessed using the standard deviation, as outlined in: 
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where T is the temperature error, f – the flow rate error, max – the maximum error of the 

experimental system,  – the standard deviation, and xi and x̄ – the experimental test values and 

the mean value, respectively. 

Analysis of experimental results 

Collector thermal efficiency 

To investigate the heat transfer performance of MF, four groups including heat-ab-

sorbing bodies (copper foam with 10 PPI, 20 PPI, and 30 PPI) and a control group (free-porous 

metal absorber) were applied to above volumetric receiver in this work. The experimental tests 

were performed in August 2022 in Hohhot (40.82°N latitude, 111.65°E longitude), Inner Mon-

golia. All tests were conducted at the time between 12:00 to 15:00. Moreover, for obtaining the 

steady-state fluid conditions, the pressure regulating pump and flow meter were used to stabi-

lize flow. The outlet temperature of the working fluid from the different heat absorbers were 

recorded at various levels of irradiances and flow rates. The variation of outlet temperature with 

irradiance and flow rate is presented in fig. (3). 

In this work, the effect of different configurations of copper foams on the temperature 

difference and the thermal efficiency of disc collector at different flow rates (20~60 Lpm) was 

examined. Figures 3(a)-3(d) depicted the results of the difference of the inlet and outlet 
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temperatures in absorber alongside the solar irradiance normal to the aperture. It is indicated 
that the temperature difference is 433.2 °C at 20 Lpm, which is 180.7 °C higher than 60 Lpm 

at 30 PPI. According to convective heat transfer theory, the airflow through the porous medium 

material corresponds to external flow of fluid under turbulent conditions. The calculation of the 

average heat transfer coefficient of the material’s surface is based on the formula: 

( )
0.250.2

0.6 0.36 3 51 1

2 2

Pr
Nu 0.35 Re Pr ,  2,  10 Re 2 10 ,  

Pr

f

f f

w

s s Nu
h

s s d

  
=     =  

   
  

where Nu is the Nusselt number, s1/s2 – the ratio of transverse to longitudinal pore spacing, Pr 

– the Prandtl number, the subscripts f and w denote the fluid and solid wall surfaces, respec-

tively, and h [Wm-2K-1] – the surface heat transfer coefficient,  [Wm-1K-1] – the fluid thermal 

conductivity, and d [mm] – to the material pore size. In addition, the increase in air velocity 

leads to an increase in the surface heat transfer coefficient of the foam copper’s fin structure. It 

can be determined from tables that the thermal conductivity of foam copper is inversely pro-

portional to its own temperature. The increased air-flow with increasing flow rate carries away 

more heat energy trapped in the foam copper structure, thus leading to a gradual decrease in 

temperature difference. The temperature difference is gradually increased by increasing of cop-

per foam porosity. This is because foam copper with higher porosity has smaller fin diameters, 

which increases the material’s heat transfer coefficient. Under the same conditions, it is found 

that the temperature difference ΔTo: 30 PPI > 20 PPI > 10 PPI. The results showed that the 

temperature difference of the 30 PPI sample increased by 1.73 times compared to the control 

group at 20 Lpm, demonstrating that the porous copper metal can tremendously improve the 

photothermal conversion capability and enhance the temperature difference. 

Figure 3. Variation of outlet temperature with the working medium (gas) flow rate and 
solar irradiance; (a) 10 PPI copper foam, (b) 20 PPI copper foam, 
(c) 30 PPI copper foam, and (d) cavity control group 
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As represented in fig. 4, the average outer 

wall temperatures of four groups were measured 

by thermal sensors at four monitoring points. 

The results demonstrated a decrease in wall tem-

perature with an increase in flow rate. However, 

there were no significant differences of the wall 

temperature in porous MF groups (with an engi-

neering error within 10%.). Moreover, the wall 

temperature of the absorber with porous MF is 

1.2 to 1.4 times lower than that of the control 

group at the same working flow. More radiant 

energy is absorbed by the copper foam material 

because the internal structure of the molecules 

and atoms of the copper foam material has a 

higher frequency vibration compared to the steel 

material. This results in the thermal conductivity of the copper foam material being much higher 

than that of the steel material. Additionally, the copper foam has a larger specific surface area 

than the steel material of the heat absorber shell, thus allowing it to absorb more radiant heat 

energy. This implies that energy losses can be minimized by using copper foam as a heat-ab-

sorbing body. 

Temperature increases at the outlet of 

heat absorber per unit incident power 

During the experiment, the irradiance changed with time and weather conditions, re-

sulting in the instability of outlet temperature and incident power of the system, which was not 

conducive to the analysis of the experimental data and the description of the phenomena. The 

direct comparison of the outlet temperatures of the metal foam heat absorbers with three differ-

ent porosities in fig. 3 in Section Collector thermal efficiency is not clear. To address this prob-

lem, this work proposes a method for integrating the temperature difference between the inlet 

and outlet with the incident power (termed: the increase in outlet temperature of the cavity per 

unit incident power). This parameter is applied to describe the heat transfer enhancement per-

formance of the metal foam heat-absorbing body. The equations of the temperature growth of 

unit incident power can be written as: 

 o

in

T

P



=   (5) 

 inP W A=   (6) 

 o o e–T T T =   (7) 

where ΔTo [°C] is the temperature difference between the inlet and outlet, W [Wm-2] – the direct 

irradiance, and A [m2] – the vertical projection area of the reflector disc. 

The average value of ζ is obtained in the flow range under four distinct working con-

ditions after removing the gross error, fig. 5. It is found that the value of ζ is exclusively de-

pended on the flow rate of the working fluid, exhibiting a diminishing trend with rising fluid-

flow rates. Notably, the absorbers equipped with internal heat absorbers demonstrated a higher 

ζ as compared to the cavity configuration, highlighting the significant role of heat-absorbing 

bodies in enhancing both heat transfer capacity and outlet temperature. The change of ζ is 

Figure 4. Relationship between mass-flow rate 
and wall temperature 
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relatively smooth when the working medium (gas) flow rate is between 40 Lpm to 50 Lpm. In 

addition, the temperature of the heat absorber filled with three types of MF decreased, exhibit-

ing the most significant range under 10 PPI as the flow rate exceeded 50 Lpm, with a decrease 

of 0.172. At 30 PPI and 20 PPI, the temperature decreased by 0.136 and 0.132, respectively. 

An increase in flow rate causes the absorber to conduct more heat per unit of time, but the 

increase in the outlet temperature of the absorber per unit of incident power decreases, and the 

outlet temperature decreases. The higher the flow rate, the more pronounced this phenomenon 

is. Under identical flow rates, the enhanced heat transfer effect of copper foam heat absorbing 

materials with different pore densities in the heat transfer process is 30 PPI > 20 PPI > 10 PPI, 

among which the copper foam with 30 PPI exhibited the most prominent strengthening effect 

during the heat transfer process. This means that for the same volume, the copper foam material 

has the most ribbed structures, which maximize the convective heat transfer between the fluid 

and the material. The high thermal conductivity of the copper foam enables it to absorb and 

transfer more thermal energy. Therefore, the structural parameters of the copper foam are the 

main influencing factors for this process. When no heat-absorbing body is present within the 

cavity, the ζ value exhibited the most substantial decrease when the flow rate exceeded 50 Lpm, 

decreasing by 0.053. Thus, it can be observed that the flow-node moves backward in the ab-

sence of an absorber, and the decrease is less significant than that when a metal foam heat-

absorbing body is incorporated. 

Comparison of working efficiency of various heat absorbers 

The primary objective of heat absorber design is to achieve high photothermal con-

version efficiency, which also serves as the primary evaluation criterion. In this work, we com-

prehensively evaluated the thermal efficiency of this design through experimental analysis. The 

average thermal efficiency of the three metal foam heat absorbers is illustrated in fig. 6. Based 

on the experimental results, it can be concluded that the incorporation of metal foam heat-ab-

sorbing bodies within the inner cavity significantly enhances the photothermal conversion effi-

ciency of the heat absorber compared to the cavity alone. The photothermal conversion effi-

ciency of the heat absorber is markedly improved due to the presence of MF, as shown in fig. 

6. The system exhibits a maximum instantaneous efficiency up to 92%, and the highest average 

efficiency is observed at a porosity of 30 PPI and flow rate of 60 Lpm, with an accuracy of 

Figure 5. Relationship between temperature growth    Figure 6. Average thermal efficiency of 

and flow of unit incident power
                    

three metal foam absorbers 
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87.61%. Under identical flow rates, the thermal efficiency ranking of the heat absorber is ob-

served as follows: 30 PPI > 20 PPI > 10 PPI > Cavity. 

Heat transfer growth index per unit volume 

The incorporation of a heat-absorbing body significantly enhances thermal efficiency. 

By comparing the thermal conversion efficiency of heat absorbers with and without the pres-

ence of the heat-absorbing body, the result indicate a significant relationship between the struc-

ture of the heat-absorbing body and its growth efficiency. In this work, the growth characteris-

tics of the thermal efficiency of metal foam heat-absorbing bodies were also investigated by 

quantifying the heat transfer enhancement of the MF per unit volume (heat transfer growth 

index, y). The increased heat transfer efficiency per unit volume of MF was utilized to charac-

terize the enhanced heat transfer effect of the copper foam within the absorber. This proposed 

heat transfer growth index can be employed to predict the overall increase in efficiency after 

incorporating MF with the same porosity. The formula is expressed as: 

 
( )o–a co–a c

–– pC m T T

V W A V

 


 
= =   (8) 

where o–a is the average efficiency of the copper foam, c – the average efficiency of the cavity, 

Cp [Jkg–1K–1] – the specific heat capacity of air, ṁ [gs–1] – the mass-flow rate of air, V [m3] – 

the is the volume of the heat-absorbing body, and DTo–a and DTc are the temperature differences 

between the inlet and outlet of the copper foam and the cavity absorber, respectively. The var-

iation between the average efficiency and the average efficiency of the cavity under the same 

flow rate is taken and compared with the volume of the respective heat-absorbing bodies. 

Figure 7 illustrates the relationship between flow rate and the growth index per 
unit volume for three different MF. The heat transfer growth index per unit volume in-
creases with increasing air-flow rate, fig. 7. Moreover, the indexes are higher for metals 
with higher pore densities, especially for the case of 30 PPI, followed by 20 PPI and finally 
10 PPI. This is because the higher pore density of the copper foam material results in a 
larger specific surface area and higher heat transfer efficiency. Larger air-flow rates 
transport more fluid molecules through the copper foam pore structure within the same 
time period. The fluid-flow through the copper foam with a larger specific surface area (30 
PPI) further increases the area for convective heat transfer, and the thermal conductivity of 

Figure 7. Heat transfer growth index per unit volume  Figure 8. Comparison of thermal efficiencies of 
of metal foam under three pore density                conditions

 
heat absorbers with and without MF 
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the fluid molecules transfers the heat. This leads to a more significant increase in the heat 
transfer efficiency of the absorber, resulting in a significant increase in absorber efficiency. 
It can be seen from the figure that the growth patterns of the three types of porosity MF are 
the same in the flow rate range of 50-60 Lpm, with the fastest growth rate observed in this 
range. 

Furthermore, fig. 8 shows the comparison between the thermal efficiencies of ab-
sorbers with and without MF. In the work of Jamal-Abad et al. [11], the porous material 
had 90% porosity with a 30 PPI pore density. In our current work, the porous material has 
95% porosity with the same 30 PPI pore density. The results indicate that our work achieves 
higher thermal efficiency compared to that of Jamal-Abad [11] and M. Valizade [10], ow-
ing to the rational absorber structure and the MF at 20~60 Lpm. Additionally, all the results 
showed that the thermal efficiency of the absorber with MF increased with the increasing 
flow.

 
Conclusions 

In this work, a novel type of heat absorber was designed to strengthen the heat transfer 

efficiency. Three kinds of copper foam structures with 10 PPI, 20 PPI, 30 PPI were exploited 

to investigate the characteristics of the heat exchanger (power, efficiency, flow rate, outlet tem-

perature etc.). All the experimental study of photothermal conversion was carried out on the 

existing experimental platform. The conclusions are summarized as follows. 

• The photothermal efficiency of the heat-absorbing body increases gradually with the in-

creasing pore density of the MF as well as working fluid-flow rate. Notably, the average 

photothermal conversion efficiency of the absorber reaches the highest at 30 PPI and a flow 

rate of 60 Lpm, reaching 87.61%. 

• The parameter ζ, defined as the increase in outlet temperature per unit incident power, is 

proposed to evaluate the heat absorber’s performance under varying incident power levels. 

Moreover, it was found that ζ is closely related to the structure of the heat-absorbing body, 

and its value generally decreases with increasing flow rate at a constant flow rate. 

• In this study, a heat transfer enhancement index y per unit volume is formulated to analyze 

the relationship between the heat-absorbing body’s efficiency and its structures. Specifically, 

the results revealed that the heat transfer enhancement capacity of the heat-absorbing body 

per unit volume increases with the increase in pore density. 
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Nomenclature 

A – area, [m2] 
ṁ – mass-flow rate of air, [gs–1] 
Pin – unit incident power, [W] 
DTo – temperature difference 

(inlet and outlet of absorber), [℃] 
DTo–a – temperature differences between the inlet 

and outlet of the copper foam absorber, [℃] 
DTc – temperature differences between the inlet 

and outlet of the cavity absorber, [℃] 
V – volume of the heat-absorbing body, [m3] 
W – direct irradiance, [Wm–2] 

Greek symbols 

z – temperature increase of 
unit incident power, [W] 

eT – temperature error, [%] 
ef – flow rate error, [%] 
emax – maximum error of 

the experimental system, [%] 
d – standard deviation 
y – unit volume efficiency growth rate, [%] 
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Acronyms 

MF – metal foams 

SiC – silicon carbide 
PPI – pores per inch 
LHTES – latent heat thermal energy storage
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