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ABSTRACT 

Polyvinyl alcohol (PVA)/carboxymethyl cellulose (CMC) hydrogels were fabricated with varying concentrations 
of CMC. The hydrogels underwent cross-linking using non-toxic and biocompatible citric acid (CA) in 
combination with the freeze-thaw technique. FTIR analysis confirmed the hydrogels' chemical structures, while 
SEM characterization determined their pore diameters and porosity ratios. Hydrogels with diverse porosities 
exhibited suitable pore diameters for skin cells. Moreover, the hydrogels demonstrated a high swelling 
capacity, and the augmentation of CMC content resulted in increased water retention capacity. Their water 
vapor transmission, combined with their swelling properties, highlights their potential as suitable materials for 
use in wound dressings. These biopolymer-based hydrogels show promise for various applications, including 
wound dressings and biomimetic artificial skin, effectively replicating the properties of the epidermis and 
dermis. 

 

 
1. INTRODUCTION 

Skin constitutes ~20% of the body weight and is 

one of our largest organs [1]. Skin from the lower 

layer to the upper layers (from inside to outside) are 

listed as hypodermis (subcutaneous tissue), 

reticular dermis, papillary dermis, stratum basale, 

stratum spinosum, stratum granulosum, stratum 

lucidum, and stratum corneum. The predominant 

cell type of the epidermis is keratinocytes, which 

are also involved in forming the epidermal water 

barrier. Moreover, melanocytes manufacture the 

melanin pigment. Langerhans cells process 

antigens that enter the skin, and Merkel cells are 

concentrated in areas where sensory perception 

occurs immediately, such as the fingertips. In 

addition, the skin includes hair follicles and skin 

supplements like hair, sebaceous glands, and 

sweat glands [2]. 

The skin, which covers our body from the 

outside and protects us against physical damage 

from the environment, is injured throughout life for 

various reasons, such as injuries, surgery, and 

burns. These acute wounds heal in an acceptable 

https://doi.org/10.34624/nmse.v7i1.37480
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
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period, and chronic wounds where healing takes 

longer and complete healing cannot occur. 

Physiology of healing of skin injuries covers the 

stages of hemostasis, inflammation, proliferation, 

and remodeling [3]. Hemostasis is the body's first 

response to a wound to reduce blood loss by 

contracting blood vessels. During the inflammation 

stage, neutrophils migrate to the injured area and 

protect the wound against outside microorganisms. 

The proliferation stage includes granulation tissue 

beginning to form from the wound base and re-

epithelialization [4]. During the remodeling stage, 

type 1 collagen is replaced by type 3 collagen, and 

the extracellular matrix is remodeled into a more 

mature structure with greater integrity [3]. These 

stages do not occur sequentially but rather in 

interlocking periods. In addition to traditional wound 

dressings used in wound healing, alginate 

dressings, polyurethane foam dressings, hydrogel 

dressings, hydrocolloid dressings, and nanofiber 

dressings are being developed to make wound 

healing more comfortable, support cell 

regeneration, and protect the wound against 

pathogens. Apart from wound dressings, artificial 

skin substitutes have also attracted attention in 

recent years. If we review these, Epidex, a 

permanent epidermal skin substitute, was 

commercially available in Switzerland in 2004 and 

produced for treating chronic wounds. MySkin was 

named biomedical product of the year in 2008 and 

is a permanent epidermal skin substitute used to 

treat chronic ulcers. Suprathel is a cell-free 

temporary epidermal skin substitute used in 

second and third-degree burn treatments. 

Alloderm, the most widely used brand of acellular 

dermal matrix, is a permanent dermal substitute. 

Dermagraft is a permanent dermal skin substitute 

derived from cryopreserved human fibroblast. 

Biobrane is a cell-free dermal skin substitute 

composed of nylon mesh and a thin layer of 

silicone, and more commercial products are 

available in addition to the products mentioned 

above.  

Skin substitutes can be developed under in 

vitro, in vivo, and ex vivo conditions [5]. The most 

remarkable skin substitute production methods are 

the biopsy tissue method and the bioprinting 

method. In addition to the advantages of these 

methods, they also have disadvantages, such as 

ethical problems and difficulties in maintaining cell 

viability. Therefore, in this study, we focus on 

hydrogels that offer similar properties to skin. In the 

realm of literature, "hydrogel skin" encompasses 

hydrogels that exhibit both flexibility and electrical 

conductivity [6], [7], [8], in addition to those capable 

of facilitating drug release [9], [10] and possessing 

tissue adhesive [11], [12] properties intended for 

use on the skin. 

In the study, we discussed poly(vinyl alcohol) 

(PVA) and carboxymethyl cellulose (CMC) based 

hydrogels, which are remarkable in many sectors 

such as biomedical, food packaging, and 

agricultural applications. CMC, a derivative of 

cellulose obtained from natural sources, is a 

biocompatible, water-soluble, non-toxic, and 

biodegradable biopolymer. The low strength 

problem of CMC can be overcome by using it 

together with PVA [13]. Citric acid (CA) is the cross-

linking agent for PVA/CMC-based hydrogels. 

Classified as "generally recognized as safe" by the 

Food and Drug Administration [14], citric acid is an 

aliphatic organic acid known for its environmentally 

friendly, biodegradable properties. It can be quickly 

metabolized and eliminated from the body. Citric 

acid can create both physical and chemical cross-

links. It forms cross-links with polymer chains via 

ionic interactions or hydrogen bonds at room 

temperature [15] esterifies the hydroxyl groups in 

nearby polymer chains to create cross-links at high 

temperatures [16]. 

2. MATERIALS AND METHODS  

2.1. Materials  

Polyvinyl alcohol (PVA, Mw: 60000) and citric acid 

monohydrate (CA, Mw: 210.14) were purchased 

from Merck, Germany. Carboxymethylcellulose 

sodium salt (CMC, Melting Point: >300 °C) was 

purchased from ThermoFisher, Germany. The 

entire chemicals were of analytical grade and were 

used as received without any purification. 

 

2.2. Hydrogel Production for Lower Layer  

 

10%wt. PVA solution and 1.66% wt. CMC solution 

was dissolved in distilled water in separate beakers 

in a magnetic stirrer. When the PVA solution 

became clear, the CMC solution was leisurely 

supplemented while continuing to stir. After mixing 
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the mixture for a while, CA, 20% of the total 

polymer weight, was supplemented to the solution. 

The prepared hydrogel mixture was poured into 

Petri dishes and under room conditions for 1 night 

to remove air bubbles. Petri dishes containing a 

homogeneous hydrogel solution, free of air 

bubbles, were placed at -20 C for freezing. And 2 

cycles of freeze-thaw were applied to the hydrogel 

(S1). The thawing process was carried out under 

room conditions. 

Similarly, the weight ratio of the hydrogel, S2 

polymers, which was later selected as the dermal 

skin substitute, was PVA: CMC 4:3. In the same 

way, CA was added 20% by weight of the total 

polymer, and the Petri dishes were under the room 

conditions for 1 night to remove air bubbles. After 2 

cycles of freeze-thaw, the preparation of hydrogels 

was completed. 

 

2.3. Hydrogel Production for the Upper Layer  

 

Similar production steps were applied to the 

hydrogels prepared as dermal layer substitutes and 

to the hydrogels developed for the epidermal layer 

substitute. The aim of increasing the CMC and, 

therefore, the CA ratio in the hydrogel content is to 

aim for a smaller pore diameter and more cross-

linking than the dermal substitute. This hydrogel 

(S3) was chosen as the epidermal skin substitute 

and had a PVA: CMC 1:1 weight ratio.  

 

2.4. Characterization of PVA/CMC-Based 

Hydrogel  

 

Fourier Transform Infrared (FTIR) spectra of 

lyophilized S1, S2, and S3 hydrogels and PVA, 

CMC, and CA dry powders were recorded with 

Spectrum Two FT-IR Spectrometer (PerkinElmer, 

USA). The samples were scanned in the 

wavenumber range of 400-4000cm-1 (20 scans 

with a resolution of 4 cm−1). 

 

2.5. Determination of Pore Size  

 

All hydrogels were lyophilized and then cut, and the 

inner sides cut images of the hydrogels were 

perused under a field emission scanning electron 

microscope (FESEM, Quanta 450 FEG). 100x and 

500x zoom FESEM images were examined with 

ImageJ software.  

 

2.6. Swelling Study 

 

The hydrogels were lyophilized and placed in 15 

mL volume Falcon centrifuge tubes at room 

temperature, and the Falcon centrifuge tubes were 

filled with 10 mL distilled water. The initial weights 

(W0) of the hydrogels were determined, and the 

weights of the hydrogels continued to be measured 

at regular intervals. The hydrogels' swelling ratios 

(%) in distilled water can be determined using the 

following equation: 

 

𝑆𝑅% = ((WT-W0)/W0) × 100%                (1) 

 

W0 is the initial weight of the hydrogels, while WT is 

the weight of the hydrogels exposed to the 

application during time (t). 

 

2.7. Water Retention Capacity of Hydrogels  

 

Lyophilized hydrogels were swollen for 24 hours in 

Falcon centrifuge tubes filled with distilled water. 

The excess water (bulk water) on the surface of the 

hydrogel was eliminated with filter paper, and then 

the weight (WW) of the hydrogel was determined. 

Hydrogels were placed in a hot air oven (37 °C) in 

open-top petri dishes. Water retention capacity (%) 

was calculated via Eq. (2): 

 

W𝑅𝐶%=  ((WW-WD)/WW) × 100%             (2) 

 

WW is the initial swollen (wet) weight of the 

hydrogels. WD is the weight of hydrogels that lose 

water (dry) over time. 

 

2.8. Determined of Water Vapor Transmission   

 

Water vapor transmission of hydrogels (WVTH) 

characterization was performed under room 

conditions in a desiccator assembly. An open-

mouth rectangular container (10.5 cm x 17 cm) was 

filled with 500 mL of water. The container filled with 

water was placed in the lower compartment of the 

desiccator. On top of the desiccator disc was a 50 

mL falcon tube (ISOLAB, Turkey) filled with 

anhydrous calcium chloride. CaCl2 was dried in the 

oven and weighed before being filled into the tube. 

The cap part of the CaCl2-filled falcon tube was 

covered with hydrogel. There is no hygroscopic 
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material other than CaCl2 in the WVTH assembly. 

Finally, the CaCl2 kept in the WVTH assembly for 1 

night was weighed. 

 

2.9. Gel Fraction Test 

 

The lyophilized hydrogels were cut into square 

shapes (0.8 mm × 0.8 mm) and weighed 15±0.3 mg 

(W0). For one day, hydrogels were swollen in 15 

mL falcon tubes as in the swelling test. The excess 

water was removed from the surface of the 

hydrogel using filter paper and dried in an oven at 

37±1°C for approximately 1 day until the weights of 

the hydrogels reached equilibrium and their 

weights were weighed (Wd). 

The gel fraction (%) of hydrogels is determined 

using the following equation: 

 

GF (%) = ((W0 − Wd)/W0) × 100%                       (3) 

 

W0 is the initial weight of the hydrogels, while Wd is 

the reached equilibrium weight of the hydrogels. 

3. RESULTS AND DISCUSSION  

3.1. FTIR Analysis  

 

A broad band of O-H stretching occurs at around 

3400 cm-1. The peak at 1086 cm-1 is characteristic 

for the C-O group of PVA [17]. The peak at 1586 

cm-1 corresponds to the C=O stretching of the CMC 

carboxylate group. The band between wavelengths 

1428 – 1282 cm-1 correlates with the CH groups' 

planar deformation. The band around 1057 cm-1 

represents the C-O stretching of cellulose, 

hemicellulose, and aliphatic primary and 

 

Figure 1. FT-IR spectra of (a) PVA powder, (b) CMC powder, (c) CA powder, (d) S1 hydrogel, (E) S2 
hydrogel, (f) S3 hydrogel. 
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secondary alcohols. The peaks at 1744 cm-1, 1721 

cm-1, and 1689 cm-1 refer to carboxylic acid and 

ester bonds [18]. Additionally, the peaks at 1107 

cm-1 and 778 cm-1 are characteristic peaks of CA 

for C-O and C-C stretchings, respectively. The 

presence of a peak at 2937 cm-1, corresponding to 

the saturated aliphatic C-H group in the cellulose 

chain, and the extension of the C-O-C band of the 

hydrogels to the 1078 cm-1 peak provides further 

evidence that CA participates in the structure as a 

cross-linker in the hydrogel matrix. 

 

3.2. Study on the Pore Size of Hydrogels  

 

Human skin cells have an average diameter of 40 

μm [19]. The optimal pore size required for skin cell 

regeneration in adult mammals is 20-125 μm [20]. 

The predominant cell type of the epidermis is 

keratinocytes [21]. If the keratinocytes are less than 

11 μm in diameter, it is able to proliferate (this can 

be up to 20 μm), but if the keratinocytes are larger 

than 20 μm in diameter, they cannot proliferate 

 

Figure 2. SEM images of hydrogels captured at various magnification levels are represented as follows: 
(a) S1, (b) S2, and (c) S3. 
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[22], they grow. Nonproliferating keratinocytes can 

grow up to 30 μm in diameter [23]. The papillary 

layer, located just below the epidermis, is rich in 

collagen (mainly type 1 collagen) and elastic fibrils 

[21]. Mizukoshi et al., as a result of their studies 

[24], [25], assumed that the dermal papillary 

structure' diameter was approximately 20 μm. 

S1 has a porosity of 45.479% and pore sizes 

ranging from 2.714 to 69.158 μm. S2, chosen as 

the dermal layer substitute, has 63.722% porosity 

and pore sizes ranging from 2.244 to 73.539 μm. 

S3, selected as the epidermal skin substitute, has 

a porosity of 42.529% and pore sizes ranging from 

3.429-32.620 μm. Hydrogel artificial skin 

substitutes with micropore sizes have a pore size 

appropriate for the regeneration of dermis and 

epidermis cells and a pore size sufficient for the 

growth of cells, as supported by the literature. 

While pores with an average diameter of 40 μm 

support new cell formation, pores <40 μm serve as 

cell scaffolds. Moreover, hydrogel artificial skin 

substitutes are in a range that will not prevent the 

adhesion of cells (cells cannot attach to >150μm 

pores [26], [27]). These results, obtained with FE-

SEM images and ImageJ software, state that, as 

intended, the layers have different surface porosity 

ratios. 

 

3.3. Swelling Analysis  

 

When a dry hydrogel begins to swell in an aqueous 

environment, the most polar hydrophilic groups 

begin to hydrate first, called primary-bound water. 

As the polar groups hydrate and swell, the 

hydrophobic groups that interact with the remaining 

water molecules bind to the water, called 

secondary-bound water [28]. In the study, we noted 

that with the initial swelling of the hydrogels, their 

dry weight increased by 5.7 (S1), 6.25 (S2) and 3.1 

(S3) times, respectively. The water capacity of the 

 

Figure 3. a) Swelling ratio (%) graph, b) Changes in the weight of hydrogels as they swell over time,        
c) Water retention capacity (%) graph, d) Water loss of hydrogels over time graph. 
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hydrogels reached equilibrium in approximately 90 

minutes. The swelling analysis was continued 

throughout this period.  

The results show that the swelling capacity of 

the hydrogel changes with the amount of CMC and 

the cross-linker effect, as reported by Bucak et al. 

(2022) [29]. Depending on the amount of CMC and 

total polymer in the hydrogels, the swelling capacity 

first increased with the increase in the amount of 

CA. Then, as our predictions and FESEM images 

show, the amount of water taken into the hydrogel 

matrix is restricted due to a tight network structure 

of S3. 

 

3.4. Water Retention Analysis  

 

The hydrogels were swollen for 24 h, and bulk 

water was removed from the hydrogels with filter 

paper. The water retention capacities of the 

hydrogels kept at 37 °C, representing the human 

body temperature, were determined with Equation 

2. The hydrogels, which were measured 4 times, 

showed weight loss of 24.04%, 23.08%, and 

12.31% of their WW, respectively, in the first half 

hour. Conclusions show that S1 and S2 exhibited 

similar water retention capacity results, just like in 

the swelling analysis. Moreover, after two hours, 

the hydrogels lost 62.52%, 56.85%, and 34% of 

their weight. As supported by the literature [29], 

[30], we can also say that the hydrogel containing 

more CMC has a higher water retention capacity. 

As explained in the introduction, keratinocytes are 

the dominant cells of the epidermis, and they 

participate in the epidermal water barrier. S3 

provided the closest properties to the epidermal 

water barrier, having a higher water retention 

capacity and lower swelling capacity than other 

hydrogels. Another reason why we chose S3 as an 

epidermal skin substitute is its pore size (Fig. 2.). 

Although the hydrogels in our study do not fully 

provide the epidermal water barrier feature, 

increasing the amount of CMC shows that it will be 

effective in making the hydrogels similar to the 

epidermis layer. 

 

3.5. Water Vapor Transmission  

 

The air permeability of the hydrogel dressing was 

assessed by examining the water vapor 

permeability of S2, characterized by the highest 

pore volume and identified as the dermis 

equivalent with the highest gel fraction value. 

PVA/CMC-based hydrogels are designed as 

biomimic skin equivalents and wound dressings. 

Wound dressings should not completely deprive 

the wound of oxygen. They should allow gas inflow 

and outflow [31]. However, sudden discharge of 

water vapor dehydrates the wound and may cause 

the dressing to stick to the wound and cause 

secondary trauma. 

The WVTH test was carried out using a 

desiccator setup. The water in the lower section of 

the desiccator evaporated and was retained by the 

hygroscopic CaCl2 passing through the hydrogel 

membrane. The desiccator was sealed for one 

night, and the CaCl2, initially with an oven-dried 

weight of 49.38 g, increased by 3.36% to reach 

51.04 g. 

The test, conducted under normal room 

conditions using a desiccator setup, confirmed that 

the hydrogel dressing allowed gas to enter the 

injured area. 

 

3.5. Gelation Degrees of Hydrogels  

 

Gel fraction analysis was performed to obtain 

information about the cross-linking capacity of 

hydrogel matrices. Gelling agents are divided into 

natural and synthetic group ensuring that the 

material becomes viscous or, in other words, 

thixotropic [32]. To determine the gelation degrees 

of PVA/CMC-based hydrogels, the lyophilized 

hydrogels were swollen and their weights were 

measured. Then, the hydrogels were dried until 

they reached their equilibrium weight, and their 

weights were measured again. 

Cellulose derivatives are used as gelling 

agents. However, as mentioned in the literature 

[33], CMC-based hydrogels offer a gelation degree 

of approximately 40%. Similar to the literature, as a 

result of gel fraction analysis, the gelation degree 

of S1 (2:1) was measured as 38.73%, the gelation 

degree of S2 (4:3) as 48.61%, and the gelation 

degree of S3 (1:1) as 45.33%. 

Compared to CMC-based hydrogels, recent 

hydrogel studies [34], [35] offer gelation degrees of 

>90%. In this context, the cross-linker ratio (CA 

ratio) is planned to increase the gelation degrees 

of CMC-based hydrogels in future studies.  
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4. CONCLUSIONS   

PVA/CMC hydrogels were prepared at different 

ratios: S1 (2:1), S2 (4:3), and S3 (1:1). A non-toxic 

cross-linker, CA, was added at 20% by weight of 

the polymer, and the hydrogels were successfully 

produced using 2 cycles of the freeze-thaw 

process. The hydrogels exhibit a notable swelling 

capacity, which can swell up to 15 times their dry 

weight. An increased CMC ratio correlates with a 

higher water retention capacity in the swollen 

hydrogels. FESEM images analyzed with the 

ImageJ program show that the pore size of S1 

ranges from 2.714 to 69.158 μm. S2 has a pore 

size ranging from 2.244 to 73.539 μm, and S3 

exhibits pore sizes ranging from 3.429 to         

32.620 μm. The hydrogels possess diverse pore 

sizes with suitable pore diameters that facilitate the 

proliferation and growth of skin cells while also 

functioning as a scaffold for skin cell growth. In 

addition to meeting the properties of biomimicry 

artificial skin, these hydrogels are also suitable for 

wound dressings; hydrogels have been proven to 

allow the exchange of gases. The results of the gel 

fraction of the hydrogels were found to be 

43.67±4.94%. CMC-based hydrogels will be 

supported with different cross-linking techniques in 

future studies.  
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ABSTRACT 

Damping in materials and structure is known by the dissipation of energy over time under eventual action of 
an excitation called force. It is crucial characteristics in various engineering applications including civil 
engineering, mechanical engineering and aerospace engineering. It contributes to the safety, performances 
and longevity of these structures as well as the designed damping systems can improve the comfort and 
reliability of a wide range of engineering applications from everyday vehicles and machine to large scale 
engineering projects. The aim of this paper is to investigate damping mechanism in porous metal foams, the 
influence of different parameter such as porosity and microstructure on the damping phenomena and some 
practical implications. This research unlocks full potential of metal foams for vibration control and energy 
dissipation, advancing engineering solutions for a wide range of industries. 

 

 
1. INTRODUCTION 

In the past several decades, porous metal foams 

have played an important role in the development 

of various sectors. There are fast growing of its 

applications in medicine, mechanic, civil, marine 

and aerospace engineering. Foamed metals are 

porous materials which contains pores generally 

are open or closed. A common strategy used to 

manufacture metal foams is by preparing the 

blowing agent as a gas source to a molten metal 

then engineers add stabilized particles to the melt 

in order to obtain a uniform metal foam structure. 

Porous metal foams are lightweight material and 

typically retain some physical properties of their 

base metal. one of the major topics to be 

investigated in porous metal foams field is 

damping, it is crucial property in various 

applications. 

Porous metal foams have excellent mechanical 

damping compared to the parent metal of which 

they are made [1]. Considering the internal 

damping is a form of dissipated energy within a 

material if it subjected to a cyclic stress, very limited 

knowledge is available about understanding 

mechanical damping and mechanisms of internal 

friction in porous metal foams [2]. At macroscopic 

approach, it is conventional that the dissipation of 

energy is the plasticity of a part of the system, high 

external forces generate important internal 

stresses that directly affect the mechanisms of 

generated damping. At microscopic level, we can 

distinguish damping in porous metal foams one by 

thermomechanical effects which considers 

damping in metals can be describe by the presence 

of thermal diffusion phenomena [3], the other by 

energy effects [4]. 

Although positive finding was presented in 

some research activities, predicting damping 

properties for porous metal foams in such 

application using finite element software is still 

missing. 

However, damping determination of porous 

metal foams has rarely been analyzed. The only 

study on the damping properties of porous metal 

foams is that of [5] which they established first 

measurement related to damping loss factor in 

highly porous aluminum foam (up to 81.3%), they 

found that higher porosity produced higher loss 

https://doi.org/10.34624/nmse.v7i1.37198
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
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factor damping. Banhart 1996 [6] enhances the 

finding of [5], they proposed a method to measure 

the loss factor of AlSi2 aluminum-silicon alloy 

foams of various densities with two types of special 

mount specimen. Beams as rectangular cross 

sections were normally used and driven into 

flexural vibrations, they concluded that damping is 

strongest in specimen with lowest apparent 

densities. 

With the rapid growing of using porous metal 

foams in various applications, studying the 

damping and its structure dependence is a major 

concern. The way of producing open celled porous 

metal foams and the number of pores also effects 

on the damping and relative dynamic modulus 

behaviour [7]. 

Massimo Goletti et al [8] determined the 

damping parameters of aluminum foams beam by 

using two different test configurations based on 

vibrational method which they are modal shaker 

and instrumental hammer. They used the ASTM 

standard 2010 [9] to compute the loss factor for 

specific 3 eigenmode. They mainly found that the 

damping ratio is constant over frequency with the 

two different setups. 

Furthermore, many studies have been carried 

out to investigate the effect of porous metal foams 

to eliminate the undesired vibrations of mechanical 

structures. Albertelli et al [10] proposed numerical 

simulation based on the finite element method to 

estimate damping in aluminum foamed filled tube 

in order to support the simple mechanical 

structures such as machine tools and its 

components. 

Damping coefficient depends on the number of 

pores of porous metal foams. L.Dahil et al [11] 

investigated the effect of aluminum foams porosity 

on damping ratios by using experimental modal 

analysis method. It was observed from the 

frequency charts that the damping ratios increases 

with increasing the porosity. 

In practical application, the demand for high 

strength with high damping of porous metal foams 

are necessarily required for ensuring good 

functionality and high safety. Many methods have 

been developed to improve damping properties in 

complicated structure for example in porous metal 

foams filled steel tube [12], it was found that under 

large vibration amplitude, the open pore aluminum 

foam and closed pore aluminum alloy can increase 

the level of mechanical damping more than five 

times than the steel tube itself. 

Wang et al [13] improved the strength and 

enhance the damping properties of the nickel foam 

produced by chemical vapor deposition technique. 

They investigated the addition of graphene layer to 

the nickel foam ligaments in order to obtain both 

high strength and damping properties. 

For this study, it was of interest to investigate 

damping in porous metal foams because it is an 

important area of research with implication for 

various engineering applications. Also, to develop 

a comprehensive understanding of the damping 

behaviour in porous metal foams by investigating 

the damping mechanisms at multiple scales. This 

research presents some practical advantages for 

readers to understand the phenomenon of 

damping in porous metal foams. 

2. DAMPING MECHANISMS IN POROUS 

METAL FOAMS 

Porous metal foams become well known material 

among researchers, they offer multiple potential for 

lightweight structures, energy absorption and for 

thermal management. Generally damping in 

materials and structure is very important to restrict 

mechanical vibrations and establish security and 

comfort. Previous studies have emphasized that 

Nickel Inconel superalloy and copper foams have 

shown promise for noise control and vibration 

suppression due to their unique mechanical 

properties [1]. These foams have high stiffness, 

excellent energy absorption, and good 

vibroacoustic damping. Despite their potential, 

porous metal foams are not widely used, but 

research and advancements in manufacturing 

processes are expected to increase their 

accessibility in the future [14]. Current methods, 

such as experimental modal analysis and finite 

element simulations, only provide valid results for 

specific structures and cannot predict damping 

behavior in new systems. To address this 

limitation, predictive models for damping properties 

have been developed. These models involve 

experimental tests and simulations on simple 

structures to define critical damping values. Based 

on these results, predictive models of damping 

factors can be established and validated on 

different structures. 
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Damping refers to the ability of a material to 

dissipate energy from mechanical vibrations. In the 

case of porous metal foams, their low density 

compared to traditional metals allows for promising 

damping capabilities relative to weight. Various 

mechanisms contribute to the damping behavior of 

cellular metallic materials. Many internal friction 

mechanisms that are present in dense metals also 

contribute to the damping in porous metal foams. 

The density of these foams can be as low as 1/10th 

or even lower than that of the metals used for their 

carcass [1]. This low density contributes to their 

potential for efficient energy dissipation. 

There are several ways to characterize material 

damping. The loss coefficient η will be used to 

define the terms of energy dissipation. If a material 

is loaded elastically to a stress 𝝈𝒎𝒂𝒙 (see fig 1) it 

stores elastic strain energy per unit volume, U; in a 

complete loading cycle it dissipates ΔU, shaded in 

the fig 1, where: 

 

𝑈 = ∫ 𝜎𝑑𝜀 =
1

2

𝜎𝑚𝑎𝑥
2

𝐸
  𝑎𝑛𝑑  Δ𝑈 = ∮ 𝜎𝑑𝜀

𝜎𝑚𝑎𝑥

0

 

 

The loss coefficient η is the energy loss per 

radian divided by the maximum elastic strain 

energy (or the total vibrational energy) 

 

𝜂 =
Δ𝑈

2𝜋𝑈
 

 

In general, the value of η depends on: 

• frequency of cycling. 

• temperature. 

• amplitude of the applied stress or strain. 

 

Other measures of damping include: 

 The proportional energy loss per cycle. 

 The damping ratio ξ.[15] 

 The logarithmic decrement δ.[16] 

 The loss angle ψ. 

 The quality factor Q. 

Damping mechanisms in metal foams can be 

enhanced. With direct growth of graphene on the 

metal surfaces opens a door for high performance 

composites in a simple manner. Wang et al [13] 

investigated damping characteristics and 

mechanical strength of nickel foams by placed a 

graphene layer on the top surface of the porous 

foams specifically on the cell walls. 

3. EFFECT OF POROSITY ON DAMPING  

Porous metal foams have been found to possess 

high damping capabilities, with internal friction 

increasing as porosity increases and pore size 

decreases. This damping behaviour is independent 

of frequency and primarily depends on strain 

amplitudes. Metal foams with porosity values over 

50% are particularly effective at attenuating 

vibrations, making them of interest to designers. In 

addition to their damping properties, metal foams 

also offer advantages such as a low weight-to-

 

Figure 1. loss coefficient η measures the 
fractional energy dissipated in a stress-strain 

cycle [1] 

 

 

 

Figure 2. Aluminum foam of 86% porosity. 
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stiffness ratio and high energy dissipation capacity, 

making them attractive for various industries [17]. 

 

3.1. Type of Porous Metal Foams 

 

Metal foams can be divided into two types 

according to [18]. 

 

3.1.1. Closed Cell Metal Foams  

 

The closed cell metal foams group (see fig 3) are 

appropriate for structural applications, such as 

energy absorbers or load bearing components, 

where light solutions are often built on 

stiffness/weight ratios that are as high as possible. 

 

3.1.2. Open Cell Metal Foams 

 

The open metal foams group (see fig 4) are mostly 

used in functional applications such as heat 

exchangers, filters, silencers, and catalyst support, 

where a liquid or gas must pass through the foam's 

degree of porosity. 

Metal foams have been proposed for damping 

and anti-crash applications due to their energy-

absorption properties. The damping properties of 

foam-filled tubes improve with the number of 

cycles, making them suitable for applications 

where damping is crucial. Open-cell nickel foams, 

in particular, are widely used in battery electrodes 

and exhibit unique features such as permeability, 

high tortuosity, and excellent electrical and thermal 

conductivity. Despite their desirable properties, the 

fabrication of metal foams still faces challenges 

due to the coexistence of solid, liquid, and gaseous 

phases at different temperatures. However, 

 

Figure 3. Closed cell aluminum foams [18] 

 

 

 

Figure 4. Open cell aluminum foams [18]. 
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extensive research has provided valuable insights 

into the damping mechanisms and properties of 

porous metal foams. The damping behaviour of 

porous metal foams materials is influenced by 

various mechanisms of internal losses, such as 

thermoelastic and microeddy currents, magnetic 

domains, dislocations, and microcracks. 

Porosity and specific foam structures are 

important factors that affect the damping 

characteristics of porous metal foams. Higher 

porosities often lead to better damping 

performance due to increased internal friction and 

energy dissipation. 

4. FUTURE APPLICATION OF POROUS METAL 

FOAMS 

The main applications of porous metal foams can 

be grouped into structural and functional and are 

based on several excellent properties of the 

material [18]. Structural applications take 

advantage of the lightweight and specific 

mechanical properties of metal foams; functional 

applications are based on a special functionality, 

i.e., a large open area in combination with very 

good thermal or electrical conductivity for heat 

dissipation or as electrode for batteries, 

respectively. We will review the applications of 

closed, partially open and open cell metal foams.in 

this section of the paper we will cite multiple 

application where foams are actively utilized. 

 

4.1. Structural Application of metal foams 

 

• Automotive industry [19] 

• Energy absorption [20] 

• Lightweight construction [2] 

• Noise/sound absorption [19] 

• Aerospace industry [21] 

• Ship building [14] 

• Railway industry [14] 

• Machine construction [22] 

• Biomedical industry  

 

4.2. Functional Application of metal foams  

 

• Filtration and separation 

• Heat dissipation and cooling elements 

• Support for catalysts 

• Thermal storage energy application [23] 

• Silencers [1] 

• Fluid flow control 

• Battery Electrodes [2] 

• Spargers [1] 

• Water decontamination and Acoustic 

control. 

The open literature shows that porous metal 

foams are one of the most promising materials for 

fulfilling the increasing demands where certain 

properties such as acoustic, damping and thermal 

characteristics are required. However, metal foams 

have limited noise absorption capability but still 

enough to be useful for various multifunctional 

applications in different sectors. 

To note that these properties make porous 

metal foams more attractive in engineering 

applications such as electro-shielding, blast 

mitigations, aerospace industry, and in many more 

applications that are not mentioned here but open 

to the imagination of engineers and researchers. 

The future of porous metal foams is bright. It is well 

evident that the use of state-of-the art metal foams 

is fast growing. Their utility in several fields of 

industry such as aerospace, automotive, 

construction, etc., is driving their demand for mass 

production. 

Technological advancements in recent years 

have also led to increased production capacity. In 

comparison to conventional materials, metal foams 

can be produced at a lesser cost. Development of 

models will further help in increasing the production 

rate, properties, quality, and durability. The last but 

equally crucial aspect is the cost reduction of foam 

structures which will ensure aggressive 

quantitative and qualitative growth of the market in 

future. 

Currently, very limited types of materials are 

explored in their foam counterpart. Aluminum, 

nickel, cobalt, and steels are the most investigated 

ones so far. There is an urgent need to exploit more 

and environment-friendly and stable metals for use 

as foams. The potential areas of applications are 

progressively and rapidly emerging due to massive 

research in this field in finding the appropriate 

combination of metals or alloys for satisfying the 

on-field demands of size, shape, density, strength, 

stiffness, energy absorption, acoustic behaviour, 

etc. Further, as fuel and energy conservation are 

extremely sought after to avoid global warming, it 

is likely more applications will emerge in that 
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direction and hence exploring new materials is very 

critical at this juncture. 

4. CONCLUSION 

In conclusion, the research on damping in porous 

metal foams and its applications has shown great 

potential. The influence of porosity on damping 

properties was examined, revealing the intricate 

relationship between pore size, distribution, and 

damping behaviour. We uncovered the frequency-

dependent nature of damping, a crucial aspect in 

vibration control applications. The development of 

metal foams as engineering materials for functional 

and structural applications is still ongoing. 

Continued efforts in characterization, modelling, 

and production techniques will further enhance the 

understanding and utilization of metal foams in 

various industries. The versatility of metal foams 

makes them attractive for a wide range of 

applications, from structural elements to heat 

exchangers, energy absorbers, and sound 

damping elements. With further advancements, 

metal foams are poised to make significant 

contributions in the field of materials science and 

engineering. 
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ABSTRACT 

In this research, a numerical study was conducted to examine the convective heat transfer in a horizontal 
channel containing multiple heated blocks. The channel design incorporates T-shaped flow deflectors 
strategically positioned downstream of each block. Air, with a Prandtl number of 0.71 and consistent thermal 
properties, is used for cooling. The geometric attributes and arrangement of the flow deflectors remain 
consistent throughout the analysis. The computations are based on a Reynolds number of 400, with systematic 
variations in the positions of the flow deflectors. The finite volume method, implemented using Ansys Fluent© 
software, is employed to solve the governing mathematical equations numerically. The results emphasize the 
significant impact of adjustments to the flow deflector configuration on both fluid flow patterns and heat transfer 
characteristics across the heated blocks. 

 

 
1. INTRODUCTION 

The temperature rise is a significant concern in 

various engineering disciplines, such as nuclear 

power, electronics, and mechanical engineering. 

Higher temperatures can negatively impact the 

efficiency and lifespan of engineering products. As 

a result, thermal engineers are compelled to 

develop and improve innovative strategies to 

enhance cooling processes. The existing literature 

is rich in studies addressing this challenge. For 

example, Bergles et al. [1] outline 13 

methodologies to improve heat transfer in industrial 

settings. Similarly, Yeh [2] provides a concise 

overview of the cooling techniques commonly used 

in the electronics industry. A substantial body of 

research, as cited in [3-8], has focused on heat 

transfer dynamics across multiple heated blocks. In 

a specific study, Herman and Kang [9] investigated 

the effectiveness of curved deflectors in 

manipulating airflow to displace warm air trapped 

between blocks, thereby enhancing heat transfer 

efficiency. While their results showed positive 

effects on heat transfer, they also noted a 

corresponding increase in pressure losses, 

estimating it to be two to three times higher than 

scenarios without curved deflectors. Additionally, 

their findings indicated a correlation between 

improved heat transfer and higher Reynolds 

numbers. This concept of curved deflectors as a 

method for enhanced heat transfer, despite the 

associated increase in pressure loss, was further 

supported by numerical and experimental 

investigations conducted by Lorenzini-Gutierrez et 

al. [10] and Luviano-Ortiz et al. [11]. Based on the 

insights derived from the preceding literature 

review, a considerable body of research has 

focused on enhancing heat transfer over heated 

blocks through the use of diverse flow deflectors 

and vortex promoters. In light of this, the current 

study seeks to explore the influence of varying 

https://doi.org/10.34624/nmse.v7i1.37201
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
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positions of T-shaped flow deflectors on convective 

heat transfer across an array of heated blocks. 

2. PHYSICAL MODEL AND MATHEMATICAL 

FORMULATION 

2.1. Setups and Description  

 

In this study, Figure 1a depicts the physical model 

under investigation. The system's geometric layout 

features two parallel plates (2D) housing five 

heated blocks. All measurements are unitless, 

relative to the channel width H. The heated blocks 

share identical dimensions (w=h=H/4=0.25). 

Furthermore, distinct flow deflectors are mounted 

behind each block; their shapes and sizes are 

detailed in Figure 1b. Each deflector is positioned 

at h/2 intervals along the longitudinal axis after 

every block and at a h distance along the 

transverse axis. The channel's walls are designed 

as adiabatic surfaces, except for the heated blocks' 

base, which experiences a uniform heat flux. At the 

inlet of the channel (uinlet), a forced flow is 

implemented. The channel is divided into two parts 

before and after the blocks, with lengths denoted 

as Lin=3 and Lout=20, respectively. Due to the 

significant disparity in the third dimension 

compared to the others, we simplify the problem by 

treating it as a two-dimensional (2D) scenario. 

Assuming a constant, laminar, and 

incompressible flow, the fluid's thermophysical 

properties are constant and it follows Newtonian 

laws. The corresponding mathematical formulas 

for the physical model in a non-dimensional format 

can be organized as follows, assuming that 

buoyancy and viscous dissipation are ignored: 

 

Mass: 

 

∂u

∂x
+

∂v

∂y
= 0                                                                       (1) 

 

x-momentum: 

 

Re (u
∂u

∂x
+ v

∂u

∂y
) = −

∂p

∂x
+ (

∂2u

∂x2
+

∂2u

∂y2
)                 (2) 

 

y-momentum: 

 

Re (u
∂v

∂x
+ v

∂v

∂y
) = −

∂p

∂y
+ (

∂2v

∂x2
+

∂2v

∂y2
)                 (3) 

 

 

Energy: 

The fluid phase: 

 

Pe (u
∂θf

∂x
+ v

∂θf

∂y
) = (

∂2θf

∂x2
+

∂2θf

∂y2
)                           (4) 

 

The solid phase: 

 

ksl

kf
(

∂2θsl

∂x2
+

∂2θsl

∂y2
) = 0                                                  (5) 

 

Non-dimensional variables: 

 

x =
x∗

H∗
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y∗

H∗
;  u =

u∗

um
∗

;  v =
v∗

um
∗

;  

θ =
(T − T0)
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p∗. H

μf . um
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(a) 

 
 

(b) 

 
 

Figure 1. (a): Physical domain channel; (b): Geometric of the T-shape deflector. 
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And the relevant non-dimensional numbers are: 

 

Re =
ρf. um. H

μf
;  Pr =

μf. cpf

Kf
;  Pe = Re. Pr                 (7) 

 

2.2. Boundary Conditions 

 

Table 1 provides a condensed compilation detailing 

the boundary conditions. 

Selecting Lin=3 and Lout=20 arises from an 

extensive analysis, where calculations delved into 

diverse scenarios incorporating different inlet and 

outlet distances. 

 

2.3. Numerical Solution and Validation 

 

The solution of the governing equations within the 

described physical model is reached numerically 

utilizing the finite volume approach. Ansys Fluent® 

serves as the platform for simulation, employing 

the Simple algorithm. The validation assessments 

of grid independence and accuracy of 

computations have been conducted in previous 

studies [12], using local Nusselt numbers. The 

results of grid configuration 1,350 × 110 are judged 

to satisfy Re=400 requirements. Furthermore, 

close alignment with the research conducted by 

Young and Vafai is demonstrated, with a maximum 

deviation of less than 3%. Iterative calculations are 

conducted until convergence states are achieved. 

The residuals for every independent parameter are 

constrained to 10-6. 

3. RESULTS AND DISCUSSION  

Computational simulations are conducted for flow 

deflectors with T-shapes at a Reynolds number 

400. The outcomes regarding streamlines, 

temperature profiles, and the mean Nusselt 

number (derived from equation 9) are presented. 
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Table 1. Boundary conditions.  

 Border of the geometry Boundary conditions 
H

y
d

ro
d

y
n

a
m

ic
 c

o
n

d
it
io

n
s
 Inlet 

 

 

Outlet 
 

The pressure is equal to the ambient pressure 

Channel walls 

Block bases 

Solid-Fluid interface 

 

T
h

e
rm

a
l 
c
o
n

d
it
io

n
s
 

Inlet 
 

Outlet 

Channel walls  

Block bases q"= 1 

Solid-Fluid interface 
 

 
 

 

∂p

∂x
= 0; Uinlet = 6y(1 − y); 

v = 0 
∂u

∂x
=

∂v

∂x
= 0; 

u = v = 0 

θf = 0 

∂θf

∂x
= 0 

 θf = θsl; 

 kf

∂θf

∂𝑛
=  ksl

∂θsl

∂𝑛
 



Nanomater. Sci. Eng., Vol. 7, No. 1, pp. 20-25 (2025) RESEARCH ARTICLE 

 

 
23 

Nanomaterials Science & Engineering                                                                                                        https://proa.ua.pt/index.php/nmse/ 

3.1. Streamlines 

 

In Figure 2, when the distance between the flow 

deflectors and the bottom of the cavity is decreased 

to a=b=0.25, also for the flow deflectors position 

a=0.125 and b=0.25, the flow penetrates more 

deeply into the gaps between the blocks. Figures 

2b and 2c illustrate the case of a=b=0.125, where 

all vortices between the blocks are completely 

eliminated. It is evident that the largest vortex, 

located after the last deflector, decreases in size as 

the distances a and b decrease to 0.125. This 

reduction in size causes the vortex to move closer 

to the last deflector, almost halfway. It is important 

to note that in the case of a=b=0.25, some of the 

vortices above the blocks' faces are eliminated, 

while others are displaced to the right of the blocks' 

central axes. This change in vortex behavior occurs 

when the flow deflector positions change to 

a=b=0.125 (Figures 2b) and a=0.125; b=0.25 

(Figures 2c). In the scenario where a=0.25 and 

b=0.125 (refer to Figure 3.1C), the vortex behind 

the last block's deflector moves to the left, 

positioning itself right next to the deflector. 

Furthermore, it increases in size compared to the 

case where a=b=0.125 but remains smaller than 

when a=b=0.25. 

It's crucial to understand that reducing the 

distance between the deflectors and the base of 

the cavities limits the flow passage section 

between the blocks and the deflectors. This causes 

the airflow speed to increase in these areas, 

improving heat transfer through convection. The 

same effect occurs when the distance between the 

last blocks and the vortex after the last deflector is 

reduced. Thus, it is very important to note that all 

vortices near the blocks present areas of heat 

accumulation. The deflectors minimize the mixing 

of fluid airflow by separating the airflow around the 

blocks from the airflow above the deflectors. This 

phenomenon could negatively affect heat transfer 

through the blocks. 

 

3.2. Isotherms contours 

 

As shown in Figure 3, the temperature of the solid 

and fluid phases increases as the vertical distance 

between the deflectors and the bottom of the 

cavities decreases to a=b=0.125. This leads to 

isolating the airflow around the blocks from the 

airflow above the deflectors. This effect is more 

noticeable in the fourth and fifth blocks due to the 

increased of heat loaded by the cooling fluid in 

these regions. Let's consider the case where the 

positions of the deflectors are a=0.125 and b=0.25, 

as shown in Figure 3c. These deflector positions 

allow the airflow to move more freely and improve 

the mixing and contact of the hot airflow around the 

blocks with the cooler airflow above the deflectors. 

This improves the heat transfer between the two 

airflows, thereby increasing the heat transfer 

around the blocks compared to the case with the 

(a) 

 
(b) 

 
(c) 

 
 

Figure 2. Streamlines for T-shaped deflectors at Re=400, with different deflector positions: (a) a=b=0.25, 
(b) a=b=0.125, (c) a=0.125; b=0.253. 
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deflectors positioned at a=b=0.125. The best 

position for optimal cooling is the case where 

a=b=0.25, followed by the position a=0.125 and 

b=0.25. The worst cooling condition corresponds to 

the position a=b=0.125. It is important to note that 

the positions of the deflectors influence the shape 

of the temperature contours inside and outside the 

heated blocks. 

 

3.3. Mean Nusselt Number 

 

Heat transfer is countified using the mean Nusselt 

number, presented in Figure 4. The position of T-

 
(a) 

 
(b) 

 
(c) 

 
 

Figure 3. Isotherm contours for T-shaped deflectors at Re=400, with different deflector positions: (a) 
a=b=0.25, (b) a=b=0.125, (c) a=0.125; b=0.25. 

 

Figure 4 The average Nusselt numbers for the cases with and without T-shaped deflectors. 
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shaped deflectors has a considerable effect on 

heat transfer. For the first block, position 

a=b=0.125 gives the best heat transfer, followed by 

position a=b=0.025, and then the case with position 

a=0.125 and b=0.25. Regarding the other blocks, 

the highest heat transfer is observed with the 

deflectors at position a=b=0.25, followed by the 

deflectors at position a=b=0.125, except for the 

fourth block, which shows that the heat transfer for 

the deflectors at positions a=b=0.125 and a=0.125, 

b=0.25 is approximately the same. The same 

applies to the last block but with finer variations. 

The change in heat transfer behavior with different 

deflector positions between the first block and the 

others occurs because the cooling air around the 

blocks experiences a temperature increase due to 

low mixing and separation provided by the 

deflectors. 

4. CONCLUSION 

The study used numerical simulations to analyze 

fluid flow and forced heat transfer over heated 

blocks with T-shaped flow deflectors. It aimed to 

investigate the influence of the deflectors' position 

at a Reynolds number of Re=400. The simulations 

examined three positions of the flow deflectors and 

highlighted the significant impact of the deflectors' 

position on flow and thermal fields. 

The deflectors effectively eliminate vortices in 

the space between the blocks, especially when 

properly shaped and positioned. Vortices typically 

form on the upper faces of the heated blocks. 

Moreover, the vortex following the last deflector is 

directed away from the rear face of the last block. 

Eliminating vortices near the blocks could 

potentially enhance heat transfer around the blocks 

through improved convection in these regions. The 

presence of deflectors diminishes the flow mixing, 

consequently impairing heat transfer efficiency in 

the terminal three blocks. Such reduction in flow 

mixing attenuates the enhancement in heat 

transfer that could be achieved through the 

augmented thermal energy transported by the fluid. 

The most unfavorable position for cooling the 

blocks is a=b=0.125. The results are clearer for the 

fourth and fifth blocks. The most effective cooling 

configuration is attained when the values of both 

variables a and b are precisely set to 0.25. For the 

initial block, optimal thermal efficiency, indicated by 

the highest mean Nusselt number, occurs at 

a=b=0.125. Conversely, suboptimal thermal 

performance is observed at a=b=0.25. Subsequent 

evaluations reveal that a configuration of a=b=0.25 

emerges as the preferable setup, optimizing 

thermal efficiency across the remaining blocks. 
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