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Abstract 

In this work, turbulent  forced convection heat transfer in a circular horizontal pipe with insert of metal foam under the 

condition of constant heat flux is experimentally investigated. The Nusselt number (Nu) and friction factor (f) were tested 

under heat flux (31.8 and 42.4 )KW/m2 and water flow rates (3, 6 and 9) lit/min. Circular copper pipe with dimensions of 0.6 

m in length, 0.025 m in diameter, and 0.001 m in thickness acts as the test section for the current investigation. It is heated by 

an electric heater mounted outside the pipe. The foam has pores per inch ranging from (10 to 40) PPI and porosity between ( 

0.89 and 0.93).The water flowing through the pipe has a regular input temperature of 32°C.The temperature was measured 

along the pipe distributed in seven sections of the wall, in addition to measuring the temperature of entering and exiting the 

water from the pipe. The results show that, with a heat flux of 42.4 KW/m2, the copper metal foam of 40 PPI gives a higher 

increase in average Nusselt number up to 73% as compared to metal foam of 10 PPI of 63.74%. The difference in pressure 

drop between pipes with and without metal foam varies just slightly at 10 PPI, but becomes greater at 40 PPI. 

© 2023 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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Nomenclature 

A      area, m2 

C      inertial coefficient 

Cp    specific heat capacity at a constant pressure , J/kg·K 

𝑓     friction factor 
H      heat transfer coefficient, W/m2.ºC 
K      permeability of the metal foam, m2 

L      length of pipe , m 

�̇�      mass flow rate, kg/s 
Nu    Nuesslt number 

P       pressure, Pa 

Po     electrical power, W 

PPI   pore per inch 

∅      rate of heat transfer, W 
q″     heat flux per unit area , W/m2 
Re    Reynolds number 

T      temperature, ºC 

U     velocity, m/s   
Vo   voltage, Volt

 
Z     axial coordinate, m  

Greek symbols 

μ    dynamic viscosity , kg/m·s 
ρ    density, kg/m3 

𝜆    Thermal conductivity, W/m.ºC 

𝛽    permeability , m² 

α    Permeability 

Subscripts 

bulk    bulk  
cal      calculated 

conv   convection 

cond   conduction 
i          inner 

in        inlet 

loss     total losses 
o         without metal foam 

s         surface 

th        theoretical 

wall    wall 

1. Introduction 

The strict requirements for heat exchange equipment 

improvement have led to the development of high-

performance heat exchangers. The improvement of heat 

transfer in pipes has been the subject of numerous studies 

using a variety of methods, including twisted pipe Ray and 

Date [1] Yaningsih et al. [2] Bellos and Tzivanidis[3] and 

helical screw Sivashanmugam and Suresh [4] Sadeghi et 

al.[5].The effect of the twisted tape on heat transmission 

and pressure loss in a heat exchanger was investigated 

experimentally by Yadav [6]. The dimension of tank (0.8 

m x 0.8 m x 1 m)and diameter of tube 5cm with length 

1.85m.It depicts that, from results,  the heat transfer 

coefficient increases by 40% with half-length twisted tape 

inserts when compared with plain heat exchanger. The 
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forced convection flow over two circular cylinders in a 

rectangular channel has been numerically simulated by 

Oyewola et al. [7].The Prandtl number (Pr) of air is 0.702 

and the spacing ratios (S/D) are (1.1, 1.8, 2.0, 2.2, 2.4, 3.0, 

4.0 and 5.0).The diameter of cylinder 0.1m,the length of 

the domain is 2D and the height is 4D. It is discovered that 

as S/D increases, the local Nusselt number on the four 

sections of the cylinders rises. Jawarneh et al. [8] conducts 

an experimental investigation on possible effects of jet 

vortex technology on the rate of heat transfer within a 

double pipe heat exchanger. The angle of inlet flow at four 

different levels 0°, 30°, 45°, and 60°. The Reynolds 

number was used for hot water in the annulus 10,000, 

14,500, 18,030, and 19,600. The findings demonstrate that 

as the inlet flow angle and Reynolds number increases, the 

local Nusselt number and friction factor also increase. A 

porous material having a solid metal and either empty or 

fluid filled pores is called metal foam. Because natural 

metal foam contains structural and functional qualities, it 

is often employed in a different engineering use, like heat 

exchangers and electronic cooling, refrigeration and air 

conditioning, and aircraft. The metal foam distinct feature, 

which distinguishes him from traditional solid metal, has 

attracted a lot of attention and has potential application in a 

variety of industries such as vehicle body, grinding wheels 

and lubrication systems Nazirudeen and Dawood [9]. 

Inserting the high porosity metal foams is a successful 

passive technique that has generated a lot of interest Bose 

et al. [10]. An experimental and numerical model of heat 

transfer to study the impact the porosity of porous material 

by Heydaria et al. [11]. It is found from result the greatest 

porosity across the investigated porosity percentages for 

highest heat transfer for stable heat flux at the base is 

36.6% for brass and aluminum fins and 31.6% for copper 

fin. The features of metal foam in terms of heat 

transmission and fluid flow have been carefully examined 

by experimental and numerical studies. Calmidi and 

Mahajan [12] used both mathematical and experimental 

approaches to examine the influence of inserting metal 

foam into a plexiglass tube and connecting it to a 

fan/motor system to create airflow within the tube. The 

governing equations are formulated in a quasi volume-

averaged form for the numerical research. A variety of 

porosities and pore densities of aluminum metal foams 

have been used in experiments with air as the fluid 

medium. The upper side of the metal foam is provided 

with grooves, the heater is placed on the surface at a depth 

of 2 mm, and a surface-mounted thermocouple is inserted 

within. According to the results, the solid matrix's 

generally high conductivity reveals the transport-

enhancing impact of thermal dispersion for foam-air 

combinations to be remarkably low. An Experimental 

model produced by Dukhan [13] aimed to study the 

pressure drop for flow inside an open loop tunnel. The size 

of tunnels was 14.5 cm by 30.2 cm. The thickness of test 

section was 5 cm. The porosity of the foam was (0.92 to 

0.94) and the pore density (10,20 and 40) PPI. The 

findings show that when the velocity increases and foam 

porosity decreases, pressure drop increases. To explore the 

thermal efficiency of heat exchanger, Zhao et al. [14] 

developed an experimental and mathematical model. The 

heat exchanger is made up of two concentric pipes that 

form an inner and an outer annular section, both of which 

are embedded with metal foams. Both parts have axial, 

counterflowing fluid flow. It is considered that the outer 

pipe is completely insulated to ensure that there is no heat 

transmission between the pipe's outside surface area and its 

surroundings. In a tube heat exchanger, the influence of a 

metal-foam insert on heat transfer and fluid flow is 

investigated by varying the parameters of porous structure, 

permeability, physical size, etc. It is shown that an increase 

in pore density (PPI) or a decrease in porosity improves 

the efficiency of heat exchangers containing metal foam. A 

tube in tube heat exchanger investigated numerically by 

Du et al. [15], the solid-fluid conjugated heat transfer for 

the metal foam-filled double-pipe heat exchanger has been 

implemented using the two-equation model. The link 

between the inner and annular spaces was considered in 

the model. Specifically, it describes how certain factors 

affect the heat exchanger's performance and dimensionless 

excess temperature distributions. The two dimensions are 

assumed in this research, the results reveal that the heat 

transfer coefficient for the heat exchanger embedded with 

metal foam is much higher than smooth pipe. Also, heat 

transfer for the double pipe is enhanced with increase of 

the conductivity of metal foam due to increase of the fluid 

temperature and decrease of wall temperature which led to 

reduce thermal resistance. The heat transfer performance is 

enhanced with rises in the pore density and decrease of  

porosity because of the increase in the surface area of the 

foam and the diameter of cell ligament. Experimental 

research was done by Hutter et al. [16] to improve the 

pipe's ability to transport heat and to compare it to an 

empty pipe. The test section was metal foam embedded 

tubes, 200 mm in length, wound in a heating wire with a 

maximum power of 220 W, and coated in a fiber glass 

insulating sheet. The incompressible fluid, steady state, 

and homogeneity are assumed. The foam made of copper 

with (20 and 30) PPI has a mass flow rate range of (200 to 

2500) ml/min. The findings show that metal foam has a 

five-fold greater capacity for heat transfer than an empty 

tube, and that this capacity increases with pore size. Xu et 

al. [17] used a channel of two parallel plates supplied with 

metal foam to  examine the effects of local thermal non-

equilibrium on the Nusselt number and pressure drop. The 

working fluid is air, and the heat flux applied to the plate is 

constant at 1000 W/m2. The results demonstrate that the 

velocity increase near the wall with a foam-filled pipe that 

is significantly more than in a smooth pipe because the 

boundary layer is thinner. An experimental investigation 

conducted by Dukhan et al. [18] to study the effects of heat 

transfer in a cylindrical aluminum tube shows that an air-

cooling system that includes metal foam desired half the 

pumping power of the water-cooling system while 

removing the same amount of heat and led to lowering the 

cost of producing air-cooled fuel cells. The tube has a 

5.08cm diameter, 30.5 cm length, and 0.63 cm wall 

thickness. The metal's pore density is 20 PPI, and porosity 

87.6%. The rate of heat flux is (15.518 and 26.865) W/m². 

The tube is covered with five layers of fiber ceramic due to 

insulate from ambient air. The results show that the wall 

temperature decreased with increase the flow velocity. The 

Nusselt number increase for local thermal non equilibrium 

of analytical solution compared with experimental solution 

and enhanced the heat transfer. Chen et al. [19] 

investigated numerically the influence Darcy number 



 © 2023 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 17, Number 2  (ISSN 1995-6665) 207 

(permeability) in a heat exchanger and the pipe was filled 

completely with metal foam and objected to variable heat 

flux. The results show that for filled pipe metal foam, the 

pressure drop rises with the decrease Darcy number 

because of increase resistance, the Nusselt number rises 

with increase the velocity fluid and decrease the Nusselt 

number higher 50 times more than the plain pipe. The total 

heat transfer of the doubled pipe heat exchanger increases 

with the decrease Darcy number and overall heat transfer 

coefficient rises with increase Reynolds number. A 

numerical investigated is presented by Xu et al.[20] to 

study the influence of properties of metal foam such as 

pore density and porosity on heat transfer performance. 

The radius of the tube is (0.001-0.05) m, porosity of metal 

foam is (0.80-0.97), pore density (3-70) and the Reynolds 

number (50-2000). The wall is subjected to constant wall 

temperature at 80 °C . The results reveal that the deference 

between the wall temperature and fluid temperature is 

decreased along the pipe due to rise the thermal 

conductivity. The local Nusselt number decreases with 

increase thermal conductivity ratio and it larger for LTE 

than LTNE due to increase in thermal resistance. An 

experimental study produced by Nima and Hajeej [21] 

aimed to investigate the influence of metal foam in a 

horizontal wined channel at different Darcy number and 

heat flux. The parameters of test section are: sides section 

(100 x 250 x 50) mm, length 500 mm and thickness 10 

mm. The pore density of metal foam is (10 and 40) PPI 

and porosity (90.3, 89.9) %. Heat flux range (453, 1862, 

3007, and 4462) W/m². Three heaters are putting in the 

bottom and top plate and covered with copper plate and the 

bottom side of the test section is protected by glass wool 

layer. The results indicated that the Nusselt number 

increases with decreasing Darcy number, and it was 

enhanced over 80% of the fluid case. Wang et al. [22] 

conducted an experimental study on the effects of heat 

transfer and flow resistance in a tube that had been filled 

with copper foam and nickel foam, respectively. The 

dimension of tube length 200mm and diameter 10mm. The 

pore density of metal foam 40 PPI . The tube was heated 

by resistance wire and insulator by aluminum silicate 

aspects with thickness 30mm and rapper pipe sleeve with 

10mm thickness. The study indicated that the Nusselt 

number has risen as the Reynolds increases up, enhancing 

heat transmission. It was also discovered in this study that 

copper has superior heat transfer than nickel and smooth 

pipe due to copper's significantly higher thermal 

conductivity than nickel foam. The numerical research 

examines how the thermal performance of solar water 

collectors improved with insert metal foam done by Nima 

and Ali [23]. Solar collectors’ type of flat plate provided 

with eight foam blocks was used. The conclusions indicate 

that the addition of metal foam blocks resulted in a 

decrease in the temperature of the absorber plate and a 

help in motivating in the heat transfer coefficient of more 

than 80%, which will lead to a rise in the temperature of 

the collector exhaust. A double pipe of heat exchanger is 

presented by Shi et al. [24] to study the effect of metal 

foam to enhance the heat transfer. The length of tube 1 m 

and the inner diameter 22 mm. The porosity of metal foam 

0.9 and pore density (10,15 and 20) PPI. The water vapor 

is working fluid in this work. The metal foam is putting in 

outer pipe in the form of rings and the thermocouple is 

putting in the grooves on the surface of the tube. A new 

technique is presented by Anuar et al. [25] by using 

particle image velocimetry (PIV) and infrared 

thermography technique (IR) to inspect the impact of 

metal foam in a two different wined channel filled partially 

with different pore density (5, 10 and 30) PPI and various 

aspect ratio (0.05 to 0.39) of metal foam. An electric 

heater 3 kW are putting at the upstream of the test section. 

The predicted, it can see by PIV measurement was the 

velocity in the metal foam region is (1.6 and 1.8) times 

higher than the inlet velocity, the pressure gradient for 5 

PPI metal foam is higher than (10 and 30) PPI of higher 

velocity. While the pressure gradient for 30 PPI metal 

foam is higher than 10 PPI for high aspect ratio. In order to 

study the effects of thermal conductivity and metal foam 

thickness on heat transfer, Kotresha and Nagarajan [26] 

used a vertical channel filled with various types of metal 

foam, such as copper 10 PPI and aluminum 10 PPI, with 

different thicknesses (10, 20 and 30) mm, and different the 

porosity of metal foam is used (0.85 and 0.95). The 

findings indicate that the pressure drop increased with 

greater mass flow rates and was larger for copper metal 

foam with a thickness of 30 mm compared to other 

materials. The Nusselt number increases as the thickness 

of the metal foam increases, and it is higher for copper 

metal foam than for aluminum metal foam because copper 

has a higher thermal conductivity. An experimental study 

produced Chen et al. [27] aimed to investigate the metal 

foam in a heat exchanger by placing 16 tubes (outer 

diameter 2mm and length 100 mm) embedded with metal 

foam in the form of circular rings in it. The parameter of 

the test section is (width =100mm, length =200mm, height 

=18mm), hot air is flowing in a rectangular channel (18 

mm height and 100 mm width) that contained in the test 

section and it cooled by water. The pore density of metal 

foam is (20, 40, 60and 80) PPI and porosity (0.85 to 0.95). 

The findings indicate that the Nusselt number rises with 

increase porosity due to low flow resistance while the heat 

transfer rate rises with higher pore density and Reynolds 

number. Kotresha and Nagarajan [28]examined force 

convection heat transfer numerically in a channel that was 

partially filled with graded metal foam (20 and 40) PPI in 

a two-dimensional domain. The air entering the channel is 

moving at a rate of between (6 to 30 )m/s, with the bottom 

wall estimated to have a constant wall temperature of 300 

K. The data demonstrates that pressure drop and friction 

factor rise with an increasing input velocity while the 

pressure drop decreases for metal foam 20 PPI compared 

to 40PPI. The application of metal foam in the heat pipe 

radiator was examined by Shenming et al. [29] to develop 

heat transmission between the heat pipe and the air. 

Aluminum substrate, fins, and heat pipe are the three 

components of a heat pipe radiator. To increase the heat 

exchanger surface area, metal foam is applied to the fins. 

This study employs three different foam types (5, 15 and 

25 )PPI, with heat loads ranging from (5 to 25) W. The 

temperature of a heat pipe will always increase, but 

because of the metal foam's substantial surface area, the 

temperature of a metal foam heat pipe radiator (MFHPR) 

will always be lower than that of a pipe radiator without 

metal foam. To examine the cooling behavior of heat sinks 

constructed using PCM technology and combined with 

aluminum foam, the numerical model was presented by 
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AL-Migdady et al. [30].Three distinct values of the 

convective heat transfer coefficient (10, 20, and 30) 

W/m2.K,  two different PCM (RT35HC and RT44HC), 

and three different metal foam porosity (100%, 97%, and 

90%) were used with a constant heat flux consumption of 

3200 W/m2. The dimension of rectangular enclosure is ( 46 

mm × 30 mm). The results show that in comparison to the 

container with no metal foam, the basal temperature was 

reduced by (5 and 6) Co by the RT35HC-based heat sink 

with aluminum foam inclusion of (0.97 and 0.90) porosity. 

Almonti et al. [31] the structure of foam was designed by 

CAD model. The pore density of metal foam are sample 

(4, 6 and 8)PPI and regular (4,6,8)PPI. The simple foam 

was tested experimentally by putting it in a sample holder 

and  it exposed to air in a wind tunnel. The results show 

the thermal conductivity increased and enhancement for 8 

PPI of metal foam due to increase the internal structure 

and turbulent flow developed easier. Numerical 

investigation presented by Jadhav et al. [32] was to study 

the effect of thermal performance and entropy generation 

by using Ansys fluent. The copper, aluminum and nickel 

metal foam filled partially in a tube. The metal foam at 

different pore density (10,20,30 and 40) PPI and porosities 

are (0.85 to 0.95). The Reynolds number at range from 

(1125 to 8500). The flow is assumed laminar, transition 

and turbulent. The results show that for laminar transition 

and turbulent flow regimes, the average wall temperature 

of copper foam is only 2.86%, 3.08%, and 2.85% lower 

than that of nickel metal foam for 40PPI with a porosity of 

0.95; in contrast, the average wall temperature of 

aluminum for the same PPI is found to be closer to copper 

metal foam. Also, compared to nickel metallic foam and 

aluminum metal foam, copper metallic foam has a higher 

heat transfer enhancement ratio. Sabet et al. [33] used the 

Kelvin cell geometry for pore density 80 PPI and six 

different porosity by using Ansys Fluent program to study 

the nano porous model on heat transfer enhancement. The 

model is imposed to uniform heat flux. Gas rarefaction is 

very important in this research and is depended on the 

Knudsen Number (Kn). It can be observed from the result 

that the velocity is increment with increment the 

rarefaction for lower porosity. Due to decreased inertia 

forces (Darcy zone), the permeability increases with 

increasing Kn number and porosity. From the literature, 

despite the fact that there have been several experimental 

and numerical investigations on metal foams, the authors 

discovered that the influence of pore density and 

permeability has not been effectively addressed. The 

literature also lacks to adequately discuss the effects of the 

metal foam's height. Moreover, the authors discovered that 

metal foams were widely utilized for the goal of improving 

heat transfer, but that using it caused in a pressure loss. As 

a result, this research focuses on the experimental 

investigation of turbulent forced convection in the 

presence of open-cell metallic foam inside the pipe. The 

experiment is performed for two different PPI, specifically 

10 PPI and 40 PPI, using various mass flow rate and heat 

flux parameters to achieve greater enhancement and 

acceptable pressure drop. 

 

 

2. Experimental work 

In Figure 1 and Figure 2, the experimental setup is 

depicted both photographically and diagrammatically. The 

following components comprise the test rig: 

2.1. Test section 

The test section is a circular copper pipe with a length 

of 0.6m, inner diameter of 0.025m and a wall thickness of 

0.001m as indicated in the schematic Figure3a. An 

electrical heater was used to heat the surface of the outer 

tube, as depicted in Figure3b.The heater was wrapped 

around the pipe with equal distances between the coils to 

ensure uniform temperature distribution, the number of 

turns is 20 and the distance between the coils is 

approximately 2.5 cm. The heater is made of nickel-

chrome wire that are 1 mm in diameter and are insulated 

by silica balls that are 0.05 m thickness. The maximum 

power in the wire was 2500 W. The voltage regulator 

provides AC current to the heater. An aluminum plate acts 

as the cover for the test section as shown in Figure 3c. To 

regulate the current in accordance with the desired heat 

flux, the circuit is coupled to a digital voltage regulator. 

The current flowing through the heater is measured using a 

digital clamp meter with a range of (0-200A) and accuracy 

of (±0.01A). 

For the purpose of measuring the temperature on the 

surface of the test section, a small pipe with a diameter 

0.003m and a length of 0.005m was welded, numbering six 

along the surface of the pipe, and the thermocouple was 

placed inside the pipe and fixed with silicone in order to 

give the best accurate reading. Also, two thermocouples 

were installed in the test section at the beginning and end 

of the pipe for the purpose of measuring the water 

temperature of the water. The maximum temperature range 

for K-type thermocouples (chromium – aluminum) is 

between (-200 and 1250) C˚. The sensor was made by 

joining the ends of the thermocouple wire, which was used 

to produce the temperature sensors. To fix the sensor and 

obtain a more stable reading, weld the thermocouple tip. 

The end of the thermocouple wire is connected to the 

digital thermometer (data logger) .Metal foam embedded 

pipe, two types of metal foam (10 and 40 )PPI used in the 

present study as shown in Figure4.The metal foam sheet 

was cut into tubular sections using a water jet CNC 

machine ,it is carefully cut to a cylindrical shape to prevent 

damage to the metal foam's structure, and the outer 

diameter of the sample metal foam was specially designed 

to fit the inner diameter of the pipe and this it reduces the 

voids or gaps between the metal foam and surface of the 

pipe. 

2.2. Heat exchanger 

In the current experiment, a tube in tube heat exchanger 

made of copper was utilized. It comprises of an inner pipe 

placed concentrically inside a bigger pipe. The internal  

and external diameters are 0.016 m and 0.023 cm, 

respectively, with the length of the tube is 6m. The hot 

water flows in the external pipe while the cold water flows 

in the internal pipe in the counter direction, the heat 

exchanger is arranged in such configuration to meet the 
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different heat transfer requirements. The heat exchanger's 

purposes are to reduce the temperature of the water 

flowing out of the test section's outlet and to remove heat 

from the water. 

2.3. Pump 

The test section and the bypass pipe both get a portion 

of the water flowing through the circuit. The bypass pipe's 

function is to use a control valve to regulate the test 

section's water pressure and flow rate. To regulate the 

temperature of the water entering the test section, another 

line is utilized in the heat exchanger's circuit. Pump 

specifications: power of 0.37 kW, voltage of 220–240 

volts, head of 7.27 m, discharge of 0.125 lit/min, 

maximum head of 40 m, and flow rate of 6.7 * 10-4 m3/s 

lit/min were employed in the current work. 

2.4. Tank supply 

The centrifugal pump was placed at the same level as a 

37-liter water tank that was 33x53x43 cm in size and 0.5 

cm thick. The water tank was connected to the laboratory's 

water line's cold water inlet. Galvanized steel was used in 

the tank's construction. 

2.5. Pipes and valves 

To link the system's components, polyvinyl chloride 

(PVC) tubing with a diameter of 12.7 mm was used. The 

system has four valves. 

3. Measurement tools 

3.1. Electrical measurement 

 The power source is connected to a voltage regulator 

(variance), which allows the user to alter the heater's 

power input rate as necessary. Digital voltmeters are 

parallel-connected to the circuit and the heating 

element to measure the voltage of the heater. 

 The power of the heater is directly measured using a 

digital watt meter. 

 A clamp meter is used to evaluate the current passing 

through the heater in order to confirm the 

measurements. 

3.2. Temperature measurement 

The temperature is measured using a digital 

thermometer (12 channels with memory card, model: BTM 

- 4208SD, Lutron Company, Taiwan). 

3.3. Pressure management 

A Borden gauge with a range of (0 – 1 bar) was used to 

estimate  the pressure. These gauges are used to calculate 

the water's static pressure at the test section's inlet and exit. 

Pressure is also measured using a glass manometer with 2 

m and 0.006 m dimensions. 

 

3.4. Flow meter 

Water flow meter of (0-20 lit/min) range with 

resolution 8.3*10-6 m3/s. 

 

Figure 1..Photo of an experimental device designed using the SOLID WORKS software 
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Figure 2. Diagram of experimental apparatus 

 

Figure 3. Schematic diagram of  Test section 

 

Figure 4. Photograph of test section and type of metal foam inside the pipe (a) 40 PPI     (b) 10 PPI 

( c) 

(b) 

(a) 

(b) 
(a) 
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4. Data reduction 

The net heat flux is determined by Ezzat et al. [34], 

Ezzat and Ghashim [35]: 

𝑞" =
∅𝑐𝑜𝑛𝑣

𝐴𝑠
                                                   (1) 

Where: As= π ×Di×L 

The bulk temperature is calculating by: 

𝑇𝑏𝑢𝑙𝑘(𝑧) = 𝑇𝑖𝑛 +
𝑞" 𝜋 𝐷𝑖 𝑧

�̇�𝑐𝑝
                          (2) 

The heater's electrical supply is determined by: 

Po = I. Vo                                                      (3) 
Where: 

Po= electrical power 

I= is the current flowing through the heater 

Vo= is the voltage across the heater 

The rate of heat transfer: 

∅𝑐𝑜𝑛𝑣 = 𝑃𝑜 − ∅𝑙𝑜𝑠𝑠                                      (4) 

Where: 

∅𝑙𝑜𝑠𝑠is the sum of the radiation and conduction heat 

losses. 

∅𝑙𝑜𝑠𝑠 = ∅𝑐𝑜𝑛𝑑 + ∅𝑟𝑎𝑑                                (5) 

∅𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛is very small, so it can be neglected. 

∅𝑙𝑜𝑠𝑠 =
𝑇𝑤𝑎𝑙𝑙−𝑇𝑎𝑙𝑢𝑚𝑖𝑛𝑢𝑚

𝑙𝑛
𝑟2
𝑟1

2𝜋𝜆𝑝𝑖𝑝𝑒𝐿
+

𝑙𝑛
𝑟3
𝑟2

2𝜋𝜆𝑖𝑛.1𝐿
+

𝑙𝑛
𝑟4
𝑟3

2𝜋𝜆𝑖𝑛.2𝐿
+

𝑙𝑛
𝑟5
𝑟4

2𝜋𝜆𝑎𝑙𝑢𝑚𝑖𝑛𝑢𝑚𝐿

  (6) 

The local heat transfer coefficient is presented in this 

equation  Holman [36]: 

ℎ𝑧 =
𝑞"

(𝑇𝑤𝑎𝑙𝑙(𝑧)−𝑇𝑏𝑢𝑙𝑘(𝑧) )
                                (7) 

Average heat transfer coefficient: 

ℎ =
1

𝑧
∫ ℎ𝑧 𝑑𝑧
𝑧

0
                                            (8) 

The following equation is used to determine the local 

Nusselt number: 

𝑁𝑢𝑧 =
ℎ𝑧 𝐷𝑖

𝜆
                                                 (9) 

And average Nusselt number: 

𝑁𝑢 =
1

𝑧
∫ 𝑁𝑢𝑧 𝑑𝑧
𝑧

0
                                     (10) 

The Reynolds number can be calculated using the inner 

diameter and fluid velocity at the entrance: 

𝑅𝑒 =
𝜌 𝑈 𝐷𝑖

𝜇
                                                (11) 

The Nusselt number ratio is very important to evaluate 

the effect the heat transfer in the pipe and It defined as the 

ratio of the average Nusselt number of metallic foam pipe 

to plain pipe as shown in equation below: 

Nuratio = 
Nu with metal foam

Nu without metal foam
                 (12) 

Based on exit the pressure difference between the tube's 

entrance and exhaust, the experimental fraction factor is 

computed using the following equation: 

𝑓 =
Δ𝑃

(
𝐿

𝐷𝑖
)(
𝜌𝑈2

2
)
                                     (13) 

5. Parameters of metal foam 

5.1. Porosity  

Porosity (β) is a significant factor of metal foams and is 

dependent on both the size of the pores and the total 

volume of the sample containing the copper foams. The 

density and porosity of copper foams are: 

ρcal =
Mass

Volume
                                            (14) 

β = 1 − 
ρcal

ρth
∗ 100%                                   (15) 

Where 

ρcal= calculated density of copper foams (required 

density). 

Mass = weight of copper foams (kg) by using a digital 

sense scale(four digits). 

Volume of the test section (m3) = Length × Width × 

Height (by using adigital vernier scale). 

ρth= theoretical density (copper 8933 kg/m3)  Incorpera 

et al. [37] 

Experimental measurements revealed densities of 

10PPI (866.301 kg/m3) and 40PPI (909.575 kg/m3). The 

porosity for the copper foams was (90.302%) for 10 PPI 

and (89.81%) for 40 PPI. 

5.2. Permeability 

Measurements of the pressure drop across the metal 

foam are done at various speeds and displayed to fit a 

second degree polynomial as specified by (Eq. 17). To 

determine the permeability and form drag coefficient, the 

equation is compared to the Darcy- Forchheimer relation 

Nield and Bejan [38] (Eq. 17). Figure 5 illustrates how 

pressure drop changes with Reynolds number. The inertial 

coefficient and permeability for each metal foam are listed 

in Table 1. 

 
∆P

L
= Au + Bu2                                          (16) 

Δ𝑃

𝐿
=

𝜇

α
𝑢⏟

𝐷𝑎𝑟𝑐𝑦 𝑡𝑒𝑟𝑚 

+
𝜌𝑐

√α
𝑢2⏟  

Forchheimer term

           (17) 

The formula for the permeability and form drag 

coefficient is: 

α =
𝜇

Α
                                                         (18) 

𝐶 =
Β√𝛼

𝜌
                                                     (19) 

Table 1. Properties of each metal foam 

Pores 

per inch 

(PPI) 

Permeability(α) 
Inertial 

coefficient (C) 

Porosity 

(β) % 

10 7.859 x 10-8 0.17 90.302 

40 1.75 x 10-8 0.159 89.81 

6. Uncertainty analysis 

Direct measurements were made of length, mass, time, 

and temperature. These numbers were uncertain due to 

mistakes made by the device manufacturers. The length, 

diameter, voltage and current had respective errors of ± 

(0.0005 m, 0.0005m, 0.01 V and 0.01A). The 
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thermocouple's inaccuracy in reading the temperature was 

± (0.05) °C. Uncertainty analysis was used to evaluate the 

propagation of error in the derived quantities average flow 

velocity, Reynolds number, and Nusselt number. The 

suggested method of Holman [39], was used to evaluate 

the estimate of uncertainty associated with systematic error 

and random error. The uncertainty  is given by: 

δR =
∂R

∂x1
δx1 +

∂R

∂x2
δx2 +⋯+

∂R

∂xn
δxn               (20) 

WR = [(
∂R

∂x1
W1)

2

+ (
∂R

∂x2
W2)

2

+⋯+ (
∂R

∂xn
Wn)

2

]

1
2⁄

(21) 

Example  

The Local Nusselt number depends on a number of 

variables, each subjected to uncertainty : 

Nu= F (Vo, I, Di, As, ∆Tₓ) 

Where; 

∆Tₓ = Twall – Tbulk ave  

The uncertainty can be given as follows;  

WNu = [(
∂Nuₓ

∂Vo
 .WVo)

2

+ (
∂Nuₓ

∂I
 .WI)

2

+

(
∂Nuₓ

∂Dᵢ
 .WDᵢ)

2

+ (
∂Nuₓ

∂As
 .WAs)

2

+ (
∂Nuₓ

∂∆Tₓ
 .W∆Tₓ)

2

]
0.5

                                         

(22) 
Or, 

WNu

Nu
= [(

WVo

Vo
)
2
+ (

WI

I
)
2
+ (

WDᵢ

Dᵢ
)
2
+ (

WAs

As
)
2
+

(
W∆Tₓ

∆Tₓ
)
2
]
1/2

                                                 (23) 

The uncertainty of the friction factor, Reynolds 

number, and Nusselt number, respectively, is 12%, 

14.12%, and 2.97%.  

 

Figure 5. Pressure drop variation with Reynolds number 

7. Verification of the results 

The results are checked by using the correlation 

formulas of Nusselt number and friction factor for empty 

pipes using the V. Gnielinski equations   Gnielinsk [40] , 

Cengel and Ghajar [41]and Blasius equation F. M. White 

[42], respectively. Figure 6 illustrates the relationship 

between average Nusselt number and Reynolds number 

and demonstrates acceptable accuracy, especially for high 

Reynolds number values, where the average error is less 

than 5%.For a heat flux of 31.8 KW/m2, the friction factor 

of the current work and the friction factor calculated using 

the Blasius relation are compared in Figure 7. Values in 

the high Reynolds number chart demonstrate in clear that 

there is an acceptable degree of agreement between the 

data. 

The Gnielinski formula is given by: 

𝑁𝑢 = 
(𝑓/8)(𝑅𝑒−1000) 𝑃𝑟

1+12.7(𝑓/8)0.5(𝑃𝑟2/3− 1)
  For 103 < 𝑅𝑒 <

5 × 106                                                        (24) 
Where:𝑓 = (1.58 ln 𝑅𝑒 3.82)−2 
The Blasius equation is given by: 

𝑓 = 0.3164 𝑅𝑒−0.25 For 4 × 103 < 𝑅𝑒 < 1 × 105 (25) 

 
Figure 6. Comparison of the  average Nusselt number with 

Gnielinski equation  

 
Figure 7. Comparison of the  friction factor with Blasius equation 

Additionally, in Figure 8 the experimental result for the 

average Nusselt number from the current study is validated 

using the numerical result from Jadhav et al.  [32]  for pore 

density 40PPI copper metallic foam. As can be seen from 

the figure, the discrepancy between the numerical and 

experimental results decreases as the mass flow rate 

increases since the air is used as the working fluid in the 

numerical research. Also, the first point of velocity used in 

numerical study is laminar, but the flow in the present 

research is turbulent. Nevertheless, from both the 

numerical and experimental results, the average Nusselt 

number rises as the Reynolds number rises. 

 
Figure 8. Comparison of the of average Nusselt number for 40 

PPI 
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8. Results and discussions  

The improvement of heat transfer in a pipe filled with 

metallic foam is examined in the experimental 

investigation. The pipe used for the experiments was 

designed to provide an uniform heat flux between (31.8 

and 42.4)KW/m2, and the flow's Reynolds number was 

between (3.2*103 to 9.7*103). 

Figure 9 displays the wall temperature profile along the 

pipe at various water flow rates (3, 6, and 9) lit/min and 

range of heat fluxes (31.8 and 42.4) KW/m2 for the case of 

empty pipe ( without metal foam). It should be observed 

that each temperature curve's slope lowers as flow velocity 

rises. This indicates that the convection heat transfer from 

the heated wall is greater at higher velocities. Additionally, 

higher speed increases mixing and turbulence in the water 

flow, which improves the water's dispersion conductivity 

and improves surface conduction heat transfer. In addition, 

for the same Reynolds number value, the wall temperature 

rises as the heat flux increases because the buoyancy effect 

increases and accelerates the development of the thermal 

boundary layer along the pipe's surface. The distribution of 

the wall temperature for each type of metal foam (10 and 

40) PPI is shown in Figure 10 and Figure 11as a function 

of applied heat flux variation and Reynolds number 

variation .It depicts that,  an increase in Reynolds number 

results in a decrease in wall temperature at each metal 

foam. When the Reynolds number is raised, the heated 

wall's thermal boundary layer retreats at each metal foam. 

It is also discovered that, due to the additional surface area 

of the foam, the wall temperature decreased for metal foam 

embedded pipe with (10 or 40)PPI compared to empty 

pipes and decreased even more for pipes filled with foam 

40 PPI at different heat flux. 

Figures (12 to 14) demonstrate the bulk temperature 

variation along the pipe axis for several values of water 

flow rate (3, 6 and 9) lit/min and heat flux (31.8 and 42.4) 

KW/m2.The figures show that that the distribution of 

temperature along the pipe rising linearly for any value of 

water flow rate and it reduces with increase the flow rate 

of water. Also, according to the figures, when there is a 

constant heat flux, the bulk temperature is influenced by 

the water flow rate, and the temperature decreases as the 

Reynolds number rises. In Figure 14 , the bulk temperature 

is increased sufficiently at 10 PPI in comparison to the 

empty pipe for any value of flow rate, and it rises at 40 PPI 

in comparison to 10 PPI because metal foam is present, 

which improves the fluid's thermal properties by 

increasing the surface area and, as a result, lowers 

temperature differences between the hot wall and the 

water. 

 
Figure 9. Wall temperature variation along the pipe at different mass flow rate and heat flux 
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Figure 10. Wall temperature variation along the pipe filled with metal foam 10 PPI  
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 (a)                                                                                                                         (b)            

Figure 11. Wall temperature variation along the pipe filled with metal foam 40 PPI 

 

Figure 12. Bulk temperature distribution along the pipe at different mass flow rate and heat flux 

 

Figure 13. Bulk temperature distribution along the pipe filled with metal foam 10 PPI 
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Figures (15 to 17) depict the variation of the local 

Nusselt number along a non-dimensional length of the pipe 

at various mass flow rates (3, 6 and 9) lit/min. The local 

Nusselt number always decreases as the axial distance 

rises for the pure pipe and the pipe with metal foam (10 

and 40)  PPI. Higher heat fluxes cause the buoyancy effect 

and the rate of thermal boundary layer formation to 

accelerate, which reduces the temperature differential 

between the heated surface temperature and fluid 

temperature along the pipe's axial distance. For the same 

Reynolds number value, it shows that the local Nusselt 

number rises as the heat flux rises. Additionally, it can be 

observed that the local Nusselt number in the case of the  

metal foam insert is significantly higher than that in the 

case of fluid (no metal foam) because the increased pore 

density of the foam increased the surface area of metal 

foam, which in turn increased heat absorption from the 

wall. The improvement in the local Nusselt number was 

63.74% at 10 PPI and 73% at 40 PPI at higher heat fluxes 

42.4 KW/m2 and water mass flow rates 9 lit/min. 

 

(a)                                                                                                   (b) 

Figure 14.  Bulk temperature distribution along the pipe filled with metal foam 40 PPI 

 
(a)                                                                                                           (b)            

Figure 15. Local Nusselt number distribution for the empty pipe at different mass flow rate and different heat flux 

 
(a)                                                                                         (b)            

Figure 16. Local Nusselt number of the pipe filled with metal foam 10 PPI 
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Figure 18 illustrates the distribution of the average 

Nusselt number as a function of  Reynolds number for 

foamless pipe and with metal foam embedded pipe with 

(10 and 40) PPI at heat flux 31.8 KW/m2. It demonstrates 

clearly that the average Nusselt number rises with 

increased Reynolds number for all pipe and that it is 

greater for pipe filled with 40 PPI of metallic foam 

because that foam is more highly conductive and it has a 

thinner boundary layer than foamless pipe. Figure19 

illustrates how the pressure drop rises with rising 

Reynolds numbers and with the insertion of metal foam 

for two types (10 and 40) PPI. When metal foam is 

provided, the pressure drop significantly increases. 

Between the empty pipe and metal foam embedded pipe 

at high flow rates, there is a comparatively significant 

difference. As the water velocity is decreased, the 

divergence gradually gets smaller. However, the addition 

of metal foam, higher pore densities, or higher flow rates 

resulted in a greater pressure drop because more areas 

were in contact with each other, and increased the 

frictional resistance. In Figure 20, friction factor is given 

as a function of Reynolds number at constant heat flux 

31.8 KW/m2. Whereas foamless pipe’s and 10 PPI metal 

foam specimen’s friction factor are too close to each 

other, 40 PPI specimen has almost three times higher 

than 10 PPI sample 

Figure 21 shows how metallic foam embedded in a 

pipe affects the Nusselt number ratio at a constant heat 

flux (31.8 KW/m2).Two different kinds of PPI are used 

to measure the Nusselt number ratio along the pipe's 

length (10 and 40).It should be noticed that the Nu 

numbers obtained for the two models of foam display 

behavior that is quite similar, but with a high Nu number 

ratio for 40PPI metal foam. It is clear from the results of 

experiments that for obtaining a higher Nu number ratio 

higher pore specimens. Additionally, as the Reynolds 

number rises, the Nusselt number ratio decreases. So, a 

Nu number ratio for 40 PPI metallic foam is higher than 

the Nu number ratio of 10 PPI due to increase the surface 

area of metallic foam led to a rise in the thermal 

conductivity and enhancement in heat transfer. 

 

 
(a)                                                                                         (b) 

Figure 17. Local Nusselt number of the metal foam embedded pipe at 40 PPI 

 
Figure 18. Variation of  Average Nusselt number with Reynolds 

number 

 
Figure 19. Variation of pressure drop with Reynolds number 

 
Figure 20.Variation of friction factor with Reynolds number 

 
Figure 21. Variation  of Nusselt number ratio with Reynolds 

number 
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9. Conclusion 

In this work, an experimental analysis  of the thermal 

influence of inserting metal foam into a pipe was 

suggested with the goal of enhancing thermal performance. 

The influence of two PPI on pressure drop and heat 

transfer were investigated. The heat fluxes (31.8 and 42.4) 

KW/m2 and water flow rates (3, 6, and 9) lit/min were 

varied during the measurements. The following findings 

are reached: 

1. The wall temperature increases in both cases with and 

without metal foam when the applied heat flux is 

increased. Also, the wall temperature decreases when 

metal foam embedded pipe because the metal foam's 

surface area and thermal conductivity are increased, 

which reduces thermal resistance and enhances heat 

transmission in the pipe. 

2. The metal foam insert primarily enhances convective 

heat transmission because the presence of foam in the 

flow disturbs the thermal boundary layer and increases 

mixing of the flow. 

3. For all input velocities, an increase in PPI causes an 

increase in pressure loss and thermal resistance. Metal 

foam embedded pipes have a higher pressure losses and 

frictional resistance factors than empty pipes.  

4. The Nusselt number increases when Reynolds number 

and heat flux increases. The improvement in the 

Nusselt number was 63.74% at 10 PPI and 73% in 

40PPI at higher heat flux 42.4 KW/m² and mass flow 

rate of water 9 lit/min. 

5. The higher improvements in the Nusselt number ratio 

are indicated for the 40PPI copper foam pipe and the 

10PPI foam tube are 20% and 13% when compared to 

the Nusselt ratio in the empty pipe at Re number  

3.2*103 and heat flux 31.8 KW/m2, respectively. 
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