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 Abstract 

 

The three dimensional copper woven matrix is used as a heat exchanger device. The structure of 

copper mesh is made up of the fill, cross plane and warp yarn. Various geometrical configurations 

of the mesh are obtained by removing the alternate yarns and by varying the diameter ratio. These 

variations change the porosity, specific surface area and the metal fraction of the woven mesh. A 

mathematical model to quantify these changes is suggested. Seven woven meshes having 

different geometrical configurations, are manufactured. The effect of these geometrical variations 

on thermal properties is studied. An open circuit is built to determine the friction factor and 

number of transfer units of the specimen. Air is passed through the woven mesh. The mesh is 

heated and the pressure drop across the mesh is noted. The functional form of the friction factor 

and the number of transfer units is developed. It is observed that an increase in ply ratio increases 

the thermal performance and the friction factor. It is observed that the removal of cross plane yarn 

decreases the friction factor by 25%, but the number of transfer units also decreases by 30%. The 

increase in diameter ratio leads to the enhanced heat transfer characteristics and a decrease in 

pressure drop. The mesh system is compared with existing fin technology and it was found that 

the mesh system is efficient at low pumping power. 
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1. Introduction 

 

The space constraints and weight limit have forced modern manufacturers of air conditioning 

systems of automobile vehicles to look for the compact and lighter components. Refrigeration 

system accounts for considerable large units in vehicle in terms of space and weight. Existing 

overhead cooling system in truck is bigger and heavier. Design of heat sink has been driven by 

the weight, cost and performance criterions. It has been observed that the cellular metal lattice 

structure provides high intensity heat dissipation and structural rigidity in much smaller space and 

reduced weight. Primarily there are two types of cellular structure, one with stochastic topology 

and other with periodic structure. Metal foams, sintered powders are examples of stochastic 

topology.  Some important types of periodic structures are tetrahedral, pyramidal, 3D kagome, 

diamond weave, square wave and honeycomb. These structures provide high porosity, light 

weight and excellent thermal properties as heat exchanger. Further reduction in weight can be 

achieved by air as heat transfer medium.  

It is imperative that any device employed as heat exchanger should have very high rate of 

heat transfer. Kays and London [1] have shown that the most effective way to increase the heat 

transfer is to increase the surface area acting as heat exchanger medium. While increasing surface 

area problems of increased weight and space arise. One of the ways to reduce the weight and 

space occupied with high surface area for thermal transport is by employing the three dimensional 

woven meshes as heat exchanger. Wirtz et al. [2] have shown that three dimensional woven 

aluminum meshes can be configured to use as heat transfer surface.  
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2. Literature Review 

 

W.S. Chang [3] developed the theoretical model for the effective thermal conductivity of wire 

screens. He also developed analytical mode to determine porosity of the screen. He neglected the 

effect of curvature of wire rod and transformed the unit cell into rectangular slab of equal volume 

and having same length. He reported the thermal conductivity data for the wire screen made up of 

stainless steel and copper. J.C.Y. Koh and Anthony Fortini [4] investigated the thermal 

conductivity and electrical resistivity of porous materials such as 304L stainless steel woven wire, 

304L stainless steel sintered powder and oxygen free high conductivity copper sintered spherical 

powder. They reported the experimental data and developed the semi empirical model for the 

prediction of thermal conductivity of the test samples. They suggested the equation to correlate 

the thermal conductivity of solid metal and its porous test sample.  

K. Boomsma and D. Poulikakos [5] studied the three dimensional cell geometry of 

aluminum foam with 95% porosity. They conducted the experiment with both air and water as 

coolant to collect the data of thermal conductivity. They developed the model for prediction of 

porosity and effective thermal conductivity of test articles. They reported that effective thermal 

conductivity of air as saturating fluid 3.85 
 

  
 was slightly less than when water 4.69 

 

  
 is used. 

They found out that for the highly porous structure, thermal properties of solid phase determines 

the overall effective thermal conductivity and change of coolant has little effect on the outcome. 

They suggested that increasing the thermal conductance of solid phase during manufacturing of 

metal foam would increase the heat exchanger capability. Bhattacharya and Mahajan [6] 

investigated the aluminum and reticulated vitreous carbon (RVC) metal foam for the heat transfer 

and permeability. They used air and water as coolant to measure the pressure drop and heat 

transfer. They developed the model for predicting effective thermal conductivity by considering 
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one dimensional heat conduction through porous structure and structure was considered to be a 

two dimensional array of hexagonal cells. 

Park and Wirtz [7] investigated the isotropic plain weave copper screen laminate as heat 

exchanger with inline and staggered stacking. They measured the pressure drop and overall heat 

transfer coefficient for the laminates. They developed the analytical model for heat exchanger 

implementation using a two energy equation model since local thermal equilibrium between the 

solid and fluid phase was not achieved. They reported that co related friction factor for staggered 

was two times higher than inline. They found out that the in-plane effective thermal conductivity 

is six time higher than cross plane. They determined the Coluburn j factor for the screen 

laminates. They concluded that porous matrices are better than unconsolidated packed bed 

matrices in terms of pressure drop and heat transfer. It was showed that the performance of such 

structures deployed as heat exchanger is approximately proportional      , thus higher the 

specific surface area and high thermal conductivity results in higher heat transfer rate. Xu and 

Wirtz [8] studied the in-plane effective thermal conductivity of two dimensional plain weave 

screen laminates. They developed the geometric equations to measure the porosity, specific 

surface area and thermal circuit for the bonded screen laminate of alloy C10100. They measured 

the thermal diffusivity and thermal conductivity. They found out that reduced effective thermal 

conductivity was up to 78% of the filament material’s conductivity. They concluded that 

anisotropic plain weave screen laminates can be configured with desired porosity possessing high 

thermal conductivity.  

Li and Peterson [9] investigated the multilayered staggered copper wire screen for 

thermal conductivity and found that up to 35% increase in thermal conductivity in direction of 

fluid flow and orthogonal direction provided the manufacturing is carefully controlled. Li and 

Wirtz [10] described the heat sink based on the serpentine screen laminate of 4 rows, 5 rows and 
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6 rows. A semi empirical model was used to determine the heat transfer through the copper 

screen and the effect of divergence angle was studied. They reported the friction factor and 

Colburn j factor for the test articles. They optimized the design for pressure drop of 62 Pa and 

found out the thermal conductance to be 4.3 
 

 
 for coolant utilization of 8 

 

 
 of air. They found out 

that modified friction factor increases as divergence angle goes towards    while the Colburn j 

factor decreases.  

Balantrapu et al. [11] developed analytical model for porosity, specific surface area and 

thermal conductivity of open cell box lattice structure. They reported increase in solid fraction, 

dimensionless thermal conductivity as filament diameter ratio is increased. Sarde, Herald and 

Wirtz [10] studied the box lattice with elliptic cross section. They found out that the regions of 

flow reversal is more than the circular cross section filament, the friction factor is for porosity of 

0.4 is higher than square channel and 3 dimensional stacked weaves. Stanton number decreases 

with increase in Reynolds number and it is less as compared to 3 dimensional stacked weave. 

They reported that porosity and specific surface depend on the aspect ratio and 3 pitch to radius 

ratio. Joo and et al. [15] studied heat transfer through aluminum kagaome structure in two 

possible orientations. They reported the friction factor range of 0.36 to 1.36 for the Reynolds 

number range up to 17000. They found out that as velocity is increased the friction factor 

declines. They developed Nusselt number equation and got the range of 171 to 906. Wadely and 

Queheillalt [12] investigated use of copper base textile structure as heat pipe in truss. They used 

various geometries such as kagamoe, pyramid, prismatic and tetrahedral. They suggested the 

optimal porosity of 0.75 for the copper base lattice structures. They found out that the lattice 

structure requires lesser pumping power as compared to metal foams resulting in higher overall 

thermal efficiency. Thermal management in pyramidal based lattice structure was found to be 

relatively superior on the basis of friction factor and weight for same heat transfer. 
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 Wirtz et al. [2] studied the 3 dimensional woven mesh aluminum structures as heat 

exchanger surface. They developed the model for porosity, effective thermal conductivity and 

deduced the friction factor and j factor correlation for heat exchanger implementation. The 

achieved porosity of structure during manufacturing was 0.49 with specific surface area of 

3840
  

  . Thickness of weave was varied from 6.35 mm, 9.53 mm and 12.7 mm. They found out 

as the superficial velocity increases the heat duty ratio of 3 dimensional weave is higher than 

screen laminate. They conducted performance evaluation comparison with isotropic plain weave 

and found out that higher value of specific area and high thermal conductivity results in 3 

dimensional weave as better heat exchanger surface.  
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3. Objective 

 

The goal of this research is to perform experiments on copper mesh samples of varying 

geometrical configuration. The aim of this research is to conduct experiments on each mesh to 

collect thermal and pressure drop data and to compare every mesh with respect to heat transfer 

and friction factor. The overall objective is to suggest the best weave configurations for 

manufacturing.  
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4. Theory 

 

 

Figure 4.1 is the base structure of the copper mesh. The 3-Dimensional Weave consists of three 

mutually perpendicular yarns. Yarns are the bundle of the filaments. The diameter of yarns for 

full weave is 0.006in, and the yarns can be characterized by using number of filaments it 

contains. The y-yarn (fill yarn) is in the direction of the flow. The x-yarn (warp yarn) is 

transverse across the flow and is parallel to the heat exchanger plates. The z-yarn is perpendicular 

to the heat exchanger plates. All the yarns are circular with fixed diameter. The flow is in Y-

direction. The heat exchanger plates are made up of copper and they are fixed on top and bottom 

sides.  

 
Figure (4.1) Base Structure of 3-Dimensional Weave and orientation of axes 

 

Flow 
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(a)       (b) 

 

Figure 4.2 shows the two views of the 3-Dimensional Weave. It can be seen here that the copper 

filaments are touching each other tangentially. It was observed that during manufacturing the 

meshes were squashed and filaments were unequally spaced. There was unequal spacing between 

the filaments. It is easier to deal with a unit cell for analysis. The unit cell is the smallest 

repetitive structure of the 3-Dimensional Weave, consisting of two yarns of fill, warp and one 

yarn of Z. One such unit cell is identified in below figure: 

 

Figure (4.3) Unit Cell 

 

 

 

Figure (4.2) 3-Dimensional Weave (a) Elevation (b) End view 
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4.1 Metal fraction and porosity determination 

Metal fraction is the volume of metal present in the mesh per unit volume. It is essential in 

determining the thermal performance. For an intact single unit cell which has all the yarns 

touching each other tangentially, metal fraction may be calculated as below: 

Total Volume of unit cell, where   
  

  
 

  

  
 diameter ratio, 

                                            (4.1) 

                        (4.2) 

The volume of warp and fill yarn, since unit cell is similar in X and Y direction we can write: 

       
 

 
  

  

 
 
 
                (4.3) 

       
  

 
                  (4.4) 

The volume of Z yarn in unit cell, 

       
 

 
         

 

 
              (4.5) 

               
                                            

                         
 

                   
 

 
  

      

     
          (4.6)  

 

Porosity,                                          (4.7) 

 



10 
 

4.2 Specific Surface area  

Specific Surface area is the area which is exposed to the flowing fluid, and it undertakes the heat 

transfer. For single intact unit cell, with ideal geometry, we can say: 

The surface area of warp and fill yarn, 

                                         

                     
 

 
                       (4.8) 

                                           

                                                  

                                           (4.9) 

Specific surface area, 

  
                   

                         
  

 

 
  

    

      
  

 

          
    

      
           (4.10) 
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4.3 Effective Thermal Conductivity 

 

 Figure 4.4 shows the thermal conductance circuit. The 

temperature difference is maintained across the plates 

of heat exchanger while constant heat flux is applied. 

Figure (4.4) Conductance Circuit [2]   Rs1 and Rf1 are conduction along Z yarn and surrounding 

fluid respectively (equivalent conductance R1), Rs2 and Rf2 are conduction along X yarn and 

surrounding fluid respectively (equivalent conductance R2), Rs3 and Rf3 are conduction along Y 

yarn respectively (equivalent conductance R3), while R4 is conduction along intersection of X 

and Y yarn filament. Wirtz and et al. [2] have given expression for each of these conductance as, 

     
         

    
            

 

 
 
 

 
        

 

 
   

 

  
  

    (4.11) 

       
        

 
                

 
     

        (4.12) 

      
 

    
 
  

 
 

         (4.13) 

 
 

  
 

          

 
        (4.14) 

Further Wirtz et al. [2] has shown that 

      
 

 
 

   
 

 

      
         (4.15) 
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 4.4 Expressions for other geometrical configurations: 

Equations (4.6), (4.10) and (4.15) are fundamental equations which can be used to investigate the 

various geometries of the meshes. Any of the fill, warp or Z yarn may be removed to get the 

alternate mesh configurations. The Mathematical Model of metal fraction, specific surface area 

and effective thermal conductivity for 3-dimensional woven mesh heat exchanger when X, Y or Z 

filaments are removed is as follows: 

4.4.1 X or Y yarns omitted: 

N: number of X or Y yarn removed.  

     
 

 

 
 
   
    

 
          

      
         (4.16) 

   
   
  

 
 
   
   

 

          

      
        (4.17) 

     
 

 

 

 
 

   
    

      
          (4.18) 

4.4.2 Z yarn omitted:   

Nz: number of Z yarn removed. 

     
 

 

                 

             
        (4.19) 

   
   
  

  
    

           

             
         (4.20) 
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          (4.21) 

Thus equation for alternate fill configuration, in which alternate fill is removed, becomes 

       
 
 
                

     
             (4.22) 

      
  

  

             

      
                      (4.23) 

      
 
 

 
 
     

      
                       (4.24) 

And equations for alternate Z yarn where alternate Z yarn is removed, becomes, 

        
 
          

      
                  (4.25) 

      
  
  

        

     
                         (4.26) 

      
 
 

 
 
  

 
 

 
 

      
           (4.27) 
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Figure (4.5) Metal Fraction vs. Diameter Ratio 

Figure (4.6) β vs. Diameter Ratio 

4.5 Effect of filament omission of yarn on metal fraction, specific surface area and thermal 

conductivity 

 

 

 

      

 

 

 

                                                                      

Figure 4.5 shows that porosity is increased as the yarns are taken out. Consequently the metal 

fraction decreases. The metal fraction curve has asymptotic nature towards 
 

 
. For       the 

removal of X or Y yarn has the most effect on metal fraction. For       the Z yarn removal 

decreases the metal fraction. 

 

The plot (4.6) shows specific 

surface area against diameter 

ratio 

β 
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Specific surface area increases as r is increased. For        the specific surface area decrease 

by almost 50% with alternate removal of Z yarn and decreases by almost 20%.   

 

 

 

 

   

 

 

Fig. (4.7) shows dimensionless thermal conductivity for various geometrical configurations. It is 

safe to assume as metal fraction decreases the thermal conductivity declines, and the specific 

surface area decreases too with increase in r. Figure (4.7) shows that the thermal conductivity is 

reduced to almost 50%. For      removal of the X or Y yarn has little effect. At lower value of 

           , however, removal of X or Y yarn has pronounced effect on thermal conductivity. 

But it may be noted that, at        both the configuration are 50% porous having 50 % metal 

fraction but thermal conductivity and specific surface area for alternate Z yarn configuration is 

lower. This can be attributed to the fact that thermal conductivity and surface area depends on Z 

yarn wire more prominently than X or Y yarn. The fact can be reiterated by observing 

considerable decline in thermal conductivity for alternate Z configuration as   increases. The 

accurate measurement of β can be done by measuring the consumption of copper wire in the 

weaving process.   

Figure (4.7) Dimensionless Thermal Conductivity vs. Diameter Ratio 
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Figure (5.1) Test Rig 

5. Experimental set up 

 

 

 

 

 

 

The figure (5.1) shows a schematic of the experiment rig. In the experiment the channel is open 

circuit, induced draft type. The experimental set up consists of a blower, laminar flow element, 

and plenum chamber with a rectangular cross section test section. The seven test articles were 

kept in test section one at each time and the air is passed through the test articles using the 

variable speed exhauster at room conditions. Laminar flow element measures the flow rate. The 

flow straightener is installed on the upstream side to streamline the flow. The plenum chamber 

which stabilizes the air flow is on the downstream side of the flow. The pressure transducer is 

attached to the laminar flow element which measures the pressure drop and which is used to 

estimate the mass velocity. The pressure drop across the test article is measured. Kapston heaters 

are bonded on the surface of the copper plate. This copper plate is tied on top and bottom surface 

of the test article. The heater is operated by DC power supply. The temperature across the test 

article is measured by T type thermocouple. Temperature is monitored at four locations, top and 

base of the heat sink, at the upstream and downstream of the test article and at the entrance of the 

laminar flow element. Barometric pressure and relative humidity yields the state of air entering 

the test section. Small changes in height of test articles are accommodated by using balsa wood 

strips, so that incoming air does not skip around the test article. The test article is 1 inch in length 
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and 4 inches wide and approximately 0.6 inch high. Two thermocouples two on top and two on 

bottom are installed on the copper plate, the average of four yields the test article temperature. 

Fig. 5.2 shows the detailed view of the test section. The state of air entering the test section is 

known and the moisture content of the air is determined. Density of humid air is found out using 

pressure, temperature and partial pressure of water vapor. The inlet area is           and 

approach velocity is      
 

      

 
 . Pressure drop across the test article is measured using pressure 

transducer. The measured pressure drop and temperature and density are used to determine the 

friction factor.  

 

 

 

2H   ε,β 

 

    

    
   

  

 
 

t = 25.4 mm 

Wd= 102mm 

 

    ΔP 

ρ1, P1, T1 ρo, Po, To ,Ao, Vo 

 

t 

Figure (5.2) Test Section 

NOT TO SCALE 
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6. Performance Metrics 

 

Table 1. Geometrical properties of test articles. 

 

Table 1 indicates the measured porosity, beta value for each configuration of test articles. 

The porosity values are measured by performing gravimetric analysis and   values are estimated 

by considering the wetted perimeter of the wire filaments. The mathematical model for thermal 

conductivity and specific surface area could not be applied since there is ambiguity in bundling of 

test articles. It can be seen in the Figure 4.2 some bundles are closely spaced while others are far 

from each other. During manufacturing the Z yarn diameter was to be varied to change r value but 

warp and fill yarn diameter was changed to later the r value. Also the model predicts the lowest 

value of specific surface area while it is not possible to measure the actual specific surface area 

available. The variable speed exhauster is used to vary the air flow rate which would change the 

Reynolds number in the set up. The power is applied on heat plate to increase the temperature of 

air by 20  .   

Test Article # Configuration                                

4-1 Full,      6.75 7720 73.5 0.381 

4-2 Alt Z,     6.90 6300 77.0 0.489 

5-3 Full,     7.15 7720 71.6 0.369 

4-4 Alt Fill,     6.75 6740 75.4 0.447 

4-5 Alt Z,     8.32 6560 75.4 0.459 

4-6 Full,       8.32 7980 70.3 0.353 

4-7 Alt Fill,       8.32 6720 74.8 0.445 
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The mesh Reynolds number is calculated using,   

      
         

   
        (6.1)      

where        
  

 
   

The friction factor is defined as, 

    
   

   
  
 

 
 

     

 
           (6.2) 

The overall heat transfer coefficient based on area of copper plate         is, 

   
 

    
           (6.3)  

The number of transfer unit of heat exchanger is calculated by, 

      
   

    
          (6.4) 

The effectiveness of heat exchanger device is defined by, 

                     (6.5) 

The Stanton number for the mesh is obtained by, 

      
    

  
         (6.6) 
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And the heat transfer coefficient   is given by,  

     
 

    
  
 

          (6.7) 

The local Nusselt number deduced by, 

    
      

    
           (6.8) 

Colburn j factor obtained by, 

          
 

             (6.9)   
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7. Uncertainty Analysis 

  

Measurements are affected by the accuracy of the equipment and measuring conditions. The 

errors propagate through the measured values and calculation. The 95% confidence level analysis 

is carried out. Table 2 gives the uncertainty of the measured values:  

Table 2. Uncertainty in Measured Values 

Quantity 

Uncertainty  (2σ) 

95% Confidence 

Level 

 

Typical Value 

Pressure Drop ±50Pa 588Pa 

Temperature ±1K 300.47K 

Voltage ±0.1V 24.2V 

Resistance ±0.5Ω 40 Ω 

    ±20%     7720    

  ±10% 0.754 

Length 0.001in 4in 

 

Uncertainty in Reynolds number is found to be ±40% at lower flow rate with minimum value of 

12.06. and ±15% at higher flow rate with highest value 297.41. The uncertainty in Stanton 

number is found to be max ±35% at higher values with 17 and minimum of ±9% with lower 

values 4.5. The friction factor uncertainty is ±20%. 
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8. Results and Discussion 

 

The design of high performance heat exchangers requires a high rate of heat transfer and low 

mechanical pumping power to overcome the pressure drop across the heat exchanger. In fig. 7.1 

we compare the mesh friction factor, f, (Eq. 6.2) for all the test articles. As the number of ply 

ratio increases the obstruction to the flow increases. Thus, friction factor continues to increase. 

The Reynolds number is varied from 13 to 280 while the friction factor varies from 11 to 0.1. For 

the same weaving configuration the removal of yarn has little effect on friction factor at high 

velocities. For Reynolds numbers less than 100 the removal of yarn has considerable effect on the 

friction factor. At the high Reynolds number the friction factor for the largest ply ratio is 7.5 

times the smallest ply ratio. 

 

  

    

 Figure (7.1) Friction factor vs. Mesh Reynolds Number 
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In Fig 7.2 we compare the heat transfer performance of seven test articles. This graph is plotted 

using Eq. 6.4. The largest configuration has the highest number of transfer units throughout the 

range of Reynolds number. At low Reynolds number the number of transfer units for the similar 

ply ratio is nearly the same irrespective of the presence or removal of yarn. At the higher flow 

rates the yarn removal reduces the number of transfer units. The number of transfer unit increases 

as we go on increasing the diameter ratio, because the thermal conductivity is higher for larger 

diameter ratio. The increase in the size of Z yarn will enhance thermal performance remarkably. 

 

 

 

 

      

     

 Figure (7.2) Number of Transfer Units vs. Mesh Reynolds Number 
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The functional form of the number of transfer unit can be given as,      while the friction 

factor may be suggested by     .  

Table3. Functional form data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Test Article 
Friction Factor Coefficient Number of Transfer Unit 

Coefficient 

A B RMS 

Deviation 

C D RMS 

Deviation 

20/10ply, Full 140.28

5 

 

0.91

3 

 

0.281 5.529 

 

0.505 

 

0.029 

20/10ply, Alt Z 161.42

9 

 

1.01 

 

0.157 5.41 

 

0.524 

 

0.033 

10/10ply, Full 200.60

5 

 

1.16

2 

 

0.151 6.801 

 

0.637 

 

0.012 

10/10ply, Alt Fill 153.76

3 

 

1.14

3 

 

0.119 5.838 

 

0.64 0.014 

10/10ply, Alt Z 119.47

8 

 

1.11

9 

 

0.087 5.894 

 

0.677 

 

0.006 

05/10ply, Full 70.885 

 

1.12

2 

 

0.027 5.306 

 

0.697 

 

0.012 

05/10ply, Alt Fill 52.102 

 

1.07

1 

 

0.054 4.688 

 

0.693 

 
0.016 

 

 

 

 

 

 

 

 



25 
 

10 100 1 10
3



0.1

1

20/10ply , Full

20/10ply , Alt Z

10/10ply , Full

10/10ply , Alt Fill

10/10ply , Alt Z

05/10ply , Full

05/10ply , Alt Fill

 

 

 

 

 

 

 

 

      

 

Figure 7.3 compares the effectiveness of the mesh system using Eq. 6.5. It can be seen that the 

increase in diameter ratio leads to increase effectiveness. Effectiveness of the weave decreases 

with an increase in flow through the mesh. At the higher flow rates, the 20/10 ply Full weave is 

two times more effective than the 05/10 ply full and 60% more effective than the 10/10 ply Full. 

Similarly for the alternate Z yarn weave a higher diameter ratio increases the effectiveness by 

60%. For same diameter ratio, the effectiveness is highest for the Full weave and subsequently 

decreases for the alternate Z and Fill yarn configuration.  

 

 

 

 

  

     

 Figure (7.3) Effectiveness vs. Mesh Reynolds Number 
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Figure 7.4 shows the various Colburn ―j‖ factor obtained using Eq. 6.8. The Colburn j factor is 

highest for the largest weave with Z yarn absent. The j factor for the largest weave is higher for 

the one with Z yarn absent than the full weave configuration. While the same is not true for the 

10/10 ply weave configurations. This may be explained as the specific surface area of the 20/10 

ply is higher than the 20/10 ply with alternate Z yarn removed; it yields a higher Stanton number 

for the alternate Z yarn which in turn increases the Colburn j factor. But for the 10/10 ply, 

specific surface area is almost the same so alternate Z yarn has a lesser Colburn j factor. 

  

 

 

 

Figure (7.4) j factor vs. Mesh Reynolds Number 
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The figure 7.5 is the plot of the Eq. 6.7. The Nusselt number is highest for the largest full weave 

configuration and it declines as we take out the yarns. The convection heat transfer is largest for 

the biggest weave. At high Reynolds number the Nusselt number of the biggest full weave is 

almost two times the smallest weave while the same sized full weave is placed between them. 

Thus, it may be suggested that as the diameter size increases there is an increase in similar 

multiplying factor. 

The matrix 5-3 10 /10 ply is in the middle of the data set for all of the four plots. So it can be 

considered as the representative of all test articles. 

 
 

   

    

    

 Figure (7.5) Nusselt Number vs. Mesh Reynolds Number 

 

Figure (7.5) Nusselt Number vs. Mesh Reynolds Number 
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Figure 7.6 shows the plot for the Stanton number against the dimensionless pumping power 

which can be expressed as the product of the friction factor and the cube of the mesh Reynolds 

number. As shown in the figure, at the same pumping power the 05/10 ply configuration has a 

similar Stanton number, while for the 10/10 ply configuration; the Stanton number of alternate fill 

yarn absent is nearly equal to the full yarn at high pumping power. But for the 10/10 ply with 

alternate Z yarn absent, the Stanton number is half of the other two configurations at the same 

pumping power. So it may be concluded that the heat transfer of 10/10 ply with the full weave 

and the alternate fill yarn is nearly twice of the 10/10 ply with the alternate Z yarn absent. 

  The pumping power requirement of the 20/10 ply with full weave is almost seven 

times that of the 20/10 ply with alternate Z yarn absent. This may be attributed to the fact that in 

full weave configuration the friction factor is higher at high Reynolds number. So the pressure 

drop required to achieve the same Stanton number will be higher than other configurations. So we 

may say that the pumping power increases with increase in diameter size of the yarn.   
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Figure (7.6) Stanton Number vs. Dimensionless Pumping Power 
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Thermal efficiency index may be defined as ratio of the Nusselt number to the friction factor [15] 

of the same architecture. It is useful to determine thermal performance of heat transfer surface per 

unit pumping power against the various Reynolds number. Plot 7.7 shows the Thermal Efficiency 

index plotted against the mesh Reynolds number. Thermal efficiency index is twice for the 20/10 

ply than the 05/10 ply at the same Reynolds number. A curve fit of thermal efficiency index is 

given by, 

 

 

10 100 1 10
3



0.01

0.1

1

20/10ply , Full

20/10ply , Alt Z

10/10ply , Full

10/10ply , Alt Fill

10/10ply , Alt Z

05/10ply , Full

05/10ply , Alt Fill

Curvefit

  

 
 
 

 

 

  

 
 
 

           
    

    

Figure (7.7) Thermal Efficiency Index vs. Mesh Reynolds Number 
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Figure (7.8) shows the effective conductance of mesh against the velocity of air inside the mesh. 

For 20/10 ply full weave the effective conductance is highest because the metal fraction is largest. 

Its effective conductance is twice that of mesh with alternate Z yarn absent. This indicates that the 

flow may be higher through alternate yarn absent architecture but the conduction is higher in full 

weave, thus the overall heat transfer and the number of transfer units are higher for full weave. 

 

 

 

 

 

 

 

Figure (7.8) Effective Conductance vs. Mesh Velocity 
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9. Performance Evaluation Comparison 

 

The three dimensional meshes are to be used as heat exchangers. Therefore, the meshes are 

compared with equivalent fin. The comparison is done with regard to fan pumping power. Here 

the fin surface is taken as offset strip-fin with  
 

 
       from [1]. This is high performance heat 

transfer surface where rows of the fin are off set to so that leading edge faces the flow of the 

coolant. In the fin system, short sections of fin 
 

 
 inch in length are aligned to direction of flow. 

This results in separation of boundary layer and a very high coefficient of heat transfer. The fin 

system has very high thermal efficiency. The surface area of the fin is 1726
 

 
 with 15.75 fins per 

inch with hydraulic diameter of 2.07mm and plate to plate spacing of 7.72mm. The pumping 

power equation used is,    
  

 
         (8.1) 
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Figure (8.1) NTU vs. Fan Pumping Power 
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At the low pumping power the mesh system outperforms the off-set strip fin array. At lower flow 

rates the 20/10 ply Full weave is fivefold better than fin system and 05/10 ply is twofold times 

better than fin. High values of NTU are an indicator of the superiority mesh system on the basis 

of thermal performance. But at the higher flow rates full weave with 10/10 ply has similar 

performance as that of the fin. The velocity through the woven mesh is lot lower than fin. Even at 

higher pumping power 20/10 ply yield better performance. This is due to fact that surface area 

available for fin is 4 times smaller than specific surface area of the woven mesh system. 
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10. Conclusion 

 

In the experiment seven different test samples of three dimensional woven meshes possessing 

different architecture were tested for pressure drop and thermal performance. It was found that 

removing alternate yarns reduces the friction factor at the expense of a lesser number of transfer 

units and thermal conductance. It is due to the fact that obstruction to the flow of air is less in the 

yarn omitted configuration than full weave but at the same time specific surface area is smaller 

and metal fraction is smaller. It was also observed that the higher diameter ratio with a higher 

value of Z yarn diameter yields better thermal performance. r = 2 full weave has 2.5 times larger 

number of transfer unit ratio than the weave with lowest diameter ratio. It can be attributed to the 

fact that the principal conduction in mesh occurs due to Z yarn and higher size yields higher 

effective thermal conductivity. The functional form of the friction factor and the number of 

transfer units are suggested. The manufacturing of weave closely affects the thermal performance 

of weave and it must be carefully regulated, as ambiguity surrounding the specific surface area 

leads to variations in results. At lower flow rates the weave is fivefold times better than offset 

strip fin technology regarding the number of transfer units. Thus, it is desirable to employ 3-

Dimensional weave with higher porosity and better heat transfer characteristics. 

 

 

 

 

 

 

Figure (3) Unit Cell 

Figure (3) Unit Cell 
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Appendix A   Measured data and Results 

 

Full r =2 

To(K) Po(Pa) Re f NTU St 

300.4 85185 14.91 11.75 1.38 7.040101997E-03 

300.4 85113 29.72 6.81 1.01 5.121505315E-03 

300.5 84361 39.62 4.54 0.90 4.571435256E-03 

300.6 84211 59.93 3.67 0.73 3.720831410E-03 

300.6 83992 78.61 2.89 0.63 3.216969885E-03 

300.6 83720 95.12 2.16 0.58 2.955614008E-03 

300.7 83455 142.24 1.27 0.45 2.275069796E-03 

300.8 83240 178.93 1.01 0.36 1.849360301E-03 

300.8 83197 201.21 0.83 0.34 1.747416225E-03 

300.8 83050 213.15 0.82 0.34 1.712823507E-03 

 

Alt Z r=2 

 

 

 

 

 

 

 

 

 

 

 

To(K) Po(Pa) Re f NTU St 

300.4 85272 14.39 11.01 1.33 8.316000886E-03 

300.5 85199 28.22 5.44 0.91 5.654380768E-03 

300.6 84531 39.44 3.63 0.81 5.060826985E-03 

300.6 84283 58.69 2.59 0.67 4.192364083E-03 

300.6 84112 90.94 1.98 0.56 3.492595413E-03 

300.6 83859 108.67 1.61 0.50 3.130215210E-03 

300.7 83524 150.96 1.10 0.38 2.342975456E-03 

300.6 83334 201.60 0.79 0.29 1.836892758E-03 

300.7 83276 214.43 0.71 0.29 1.793157216E-03 

300.8 83206 238.34 0.69 0.28 1.749421674E-03 
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Full r =1 

To(K) Po(Pa) Re f NTU St 

300.4 85269 15.44 8.43 1.20 6.079309971E-03 

300.4 85185 32.73 3.25 0.71 3.600038307E-03 

300.5 84848 49.56 1.94 0.57 2.890878410E-03 

300.5 84609 82.13 1.25 0.43 2.182732322E-03 

300.6 84617 110.70 0.92 0.34 1.718914376E-03 

300.6 84372 126.62 0.87 0.30 1.524769815E-03 

300.6 83942 160.16 0.72 0.27 1.359518831E-03 

300.7 83613 189.98 0.61 0.24 1.234313331E-03 

300.7 83449 222.91 0.51 0.22 1.129890930E-03 

300.7 83362 239.51 0.49 0.21 1.058417345E-03 

 

Alt Fill r =1 

To(K) Po(Pa) Re f NTU St 

300.4 85220 14.06 7.55 1.09 6.360841349E-03 

300.4 85208 33.63 2.59 0.58 3.392530780E-03 

300.4 84817 49.36 1.71 0.48 2.788632871E-03 

300.5 84454 64.44 1.21 0.41 2.375910866E-03 

300.5 84482 83.04 1.07 0.36 2.076502484E-03 

300.6 84191 110.54 0.80 0.28 1.644126772E-03 

300.6 83922 145.55 0.66 0.24 1.427504306E-03 

300.6 83548 190.28 0.53 0.21 1.219084011E-03 

300.7 83438 207.76 0.47 0.21 1.212491939E-03 

300.7 83313 273.85 0.39 0.17 9.957469659E-04 
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Alt Z r=1 

To(K) Po(Pa) Re f NTU St 

300.4 85213 13.43 6.55 1.02 5.944064928E-03 

300.4 85173 45.52 1.46 0.44 2.547398061E-03 

300.48 84891 70.34 1.00 0.32 1.892391181E-03 

300.60 84087 90.31 0.79 0.28 1.612724011E-03 

300.61 84384 107.06 0.70 0.25 1.455331015E-03 

300.63 84224 126.80 0.62 0.22 1.299454778E-03 

300.65 84023 149.12 0.52 0.20 1.156412663E-03 

300.68 83478 192.59 0.40 0.17 1.003219925E-03 

300.75 83480 219.60 0.36 0.16 9.252234695E-04 

300.78 83376 250.03 0.31 0.15 8.955299799E-04 

  

Full r = 0.5 

To(K) Po(Pa) Re f NTU St 

300.4 85216 12.06 4.33 0.95 4.664184444E-03 

300.46 85188 32.73 1.48 0.44 2.174622054E-03 

300.49 85006 45.74 0.95 0.36 1.762474569E-03 

300.52 84272 67.69 0.60 0.27 1.352964912E-03 

300.55 84548 94.73 0.43 0.23 1.143568246E-03 

300.61 84288 109.87 0.37 0.20 9.951670276E-04 

300.67 84201 150.00 0.23 0.17 8.283799049E-04 

300.62 83902 179.89 0.19 0.15 7.467384034E-04 

300.62 83530 202.86 0.16 0.14 6.963746336E-04 

300.65 83340 223.63 0.14 0.14 6.851784117E-04 
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Alt Fill r = 0.5 

To(K) Po(Pa) Re f NTU St 

300.4 85136 13.28 3.20 0.80 4.706030210E-03 

300.47 85053 21.94 2.04 0.52 3.018665631E-03 

300.48 84952 38.19 1.04 0.37 2.184545963E-03 

300.53 84240 71.76 0.51 0.23 1.348227143E-03 

300.55 84021 119.95 0.26 0.17 9.885365973E-04 

300.58 83934 164.22 0.18 0.14 8.430994382E-04 

300.61 83839 205.66 0.14 0.12 7.140002518E-04 

300.63 83360 230.81 0.13 0.12 6.926214359E-04 

300.62 83037 249.03 0.13 0.12 6.780583502E-04 

300.64 82974 279.41 0.12 0.11 6.543059959E-04 
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Tpseudo
jdat 


Rvpseudo
jdat 
























ref 1.8710
5

 Pa s eref 10% ref

refpseudo
jdat 

ref rnorm N 1
1

3

eref

ref












pseudo
jdat 

refpseudo
jdat 


0.555 524.07R( ) 120R

0.555 Tpseudo
jdat 


120R






Tpseudo
jdat 


524.07R











3

2









































Wd 4in eWd 0.001in H 0.0068m eH 0.001in

Wdpseudo
jdat 

Wd rnorm N 1
1

3

eWd

Wd












Hpseudo
jdat 

H rnorm N 1
1

3

eH

H












Apseudo
jdat 

2 Wdpseudo
jdat 


Hpseudo
jdat 













vpseudo
jdat  mdotpseudo( )

jdat 


pseudo( )
jdat 


Apseudo
jdat 














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pseudo
jdat 

 rnorm N 1
1

3

e












 pseudo
jdat 

 rnorm N 1
1

3

e














Dhpseudo
jdat  4pseudo

jdat 


pseudo
jdat 






Repseudo
jdat  pseudo

jdat 


vpseudo
jdat 


 Dhpseudo
jdat 











pseudo
jdat 


pseudo
jdat 















Res 40ohm eRes 1ohm

Vl

24.2

26.4

29.3

31.2

32.9

35.3

35.7

36.8

37.5



























V
eVl 0.1V

Vpseudo
jdat 

Vl
jdat

rnorm N 1
1

3

eVl

Vl
jdat












Respseudo
jdat 

Res rnorm N 1
1

3

eRes

Res












Powerpseudo
jdat  Vpseudo

jdat 


Vpseudo
jdat 











Respseudo
jdat 






t 1in et 0.001in T 20°C eT 0.5°C

tpseudo
jdat 

t rnorm N 1
1

3

et

t












Aspseudo
jdat 

2 tpseudo
jdat 


Wdpseudo
jdat 













Tpseudo
jdat 

T rnorm N 1
1

3

eT

T












Upseudo
jdat  Powerpseudo

jdat 


Aspseudo
jdat 


Tpseudo
jdat 














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cp 1005
J

kg K
 ecp 0.1cp cppseudo

jdat 
cp rnorm N 1

1

3

ecp

cp












NT Upseudo
jdat  Upseudo

jdat 


Aspseudo
jdat 











mdotpseudo
jdat 


cppseudo
jdat 















eP 50Pa

P

492.41611

588.20875

1092.82982

1483.51304

1626.37836

2158.22969

2713.44264

2812.35516

3118.92656



























Pa
Ppseudo

jdat 
P

jdat
rnorm N 1

1

3

eP

P
jdat












fpseudo
jdat  2Ppseudo

jdat 


Dhpseudo
jdat 


 pseudo
jdat 








2











pseudo
jdat 


vpseudo
jdat 








2

 tpseudo
jdat 














Stpseudo
jdat  NT Upseudo

jdat 


pseudo
jdat 


tpseudo
jdat 















kair 0.0257
W

m K
 ekair 10%kair

kpseudo
jdat 

kair rnorm N 1
1

3

ekair

kair












hpseudo
jdat  Stpseudo

jdat 


pseudo
jdat 


 cppseudo
jdat 


 vpseudo
jdat 




pseudo
jdat 


















Nupseudo
jdat  hpseudo

jdat 


Dhpseudo
jdat 




kpseudo
jdat 





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   2stdev Repseudo
jdat  

9.8311

10.0152

12.7559

14.229

16.1577

22.4358

26.9659

30.273

31.7537

 2stdev Stpseudo
jdat  

0.0012

0.0008

0.0005

0.0004

0.0003

0.0002

0.0002

0.0002

0.0002

 2stdev fpseudo
jdat  

1.3779

0.8706

0.7042

0.5301

0.4226

0.2439

0.1995

0.1629

0.1579




