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Abstract: In this study, effect of geometry channel of matrix on the performance of the recovery wheel was 

experimentally and numerically studied. Two channels geometry of matrix (rhombic and sinusoidal) made of 

aluminum with diameter (60 cm) and length (5, 10, and 15 cm) of wheel were used. A mathematical model 

for heat transfer between the air and matrix in recovery wheel is derived and solved numerically by using 

backward difference, fully explicit discretization in time finite difference method. Computer program was 

built in MATLAB to solve finite difference equations to find the effectiveness of the recovery wheel, and this 

model is validated with experimental work. The results showed that, the sensible effectiveness for rhombic 

and sinusoidal channels was increased with increasing wheel speed, also the increase of wheel thickness will 

increase the sensible effectiveness. When the wheel thickness increased from (5 to 15 cm), the effectiveness 

will be increase from (74. 39 to 81.48 %) for rhombic, and (79.16 to 85.89 %) for sinusoidal channel at speed 

(25 rpm). The sensible effectiveness for the sinusoidal channel is higher than the rhombic channel at any 

wheel speed and wheel thickness increase. 
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العجلة المسترجعه وة على اداءشحاة النالهنذسي لقشكل التأثير  

 

 rhombicانقُاة ْى). شكهٍٍ يٍ ػهى اداء انؼجهت انًسخزجؼت ػًهٍا َٔظزٌا  شكم قُاة انحشٕةفً ْذِ انذراست حًج دراست حاثٍز  الخلاصة:

and sinusoidal  ( يصُٕػٍٍ يٍ انًٍُٕو يغ قطز(0.6m)  ٔطٕل(15 ,10 ,5 cm)   حضًُج ْذِ انذراست جشئٍٍٍ  .حى اسخخذايٓانهؼجهت

 ,5)ٔطٕل  (0.6m)يصُٕػٍٍ يٍ انًٍُٕو يغ قطز )  rhombic and sinusoidalشكهٍٍ يٍ انقُاة ْى)حٍث حًج دراست  َظزي ٔ ػًهً.

10, 15 cm)  .بانسخخذاو  حهّانًٕدٌم انزٌاضً لاَخقال انحزارة بٍٍ انٕٓاء ٔحشٕة انؼجهت انًسخزجؼت حى  نهؼجهتMATLAB  طزٌقت انفزةقاث

 xجشانًحذدة.حى بُاء بزَايج باسخخذاو  نحم نحم انًؼادلاث ٔاٌجاد اداء انؼجهت انًسخزجؼت ٔحى انخحقق يٍ انبزَايج يٍ خلال انًقارحت يغ ان

ػُذ حشداد بشٌادة سزػت انؼجهت ٔاَّ بشٌادة سًك انحشٕة ٌشداد اداء انؼجهت.   sinusoidalأضحج انُخائج باٌ انكفاءة انًحسٕست نم  . انؼهًً

  sinusoidal( ل  97.57-85.87ٔ ) rhombic%( نم  85.38 – 93.47سى( فأٌ كفاءة انؼجهت حشداد بًقذار ) 55 – 5سٌادة سًك انؼجهت )

لاي َٕع يٍ انؼجلاث انًسخزجؼت فً اي   rhombicحكٌٕ اكبز يٍ      sinusoidalدٔرة بانذقٍقت( . انكفاءة انًحسٕست نم   55نسزػت قُاة )

 سزػّ ٔسًك.
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1. Introduction 
 

A recovery wheel employs as a main part of technologies known as heat recovery 

ventilations (HRVs) or energy  recovery ventilators (ERVs). The benefit of combine the 

recovery wheel with the (HVAC) system is to improve (IAQ), reduce energy consumption, 

and downsize (HVAC) system. A recovery wheel as shown in figure (1) is a cylindrical 

wheel rotates at constant rotational speed and divided in to two section by positioned it in a 

duct system. The frontal area of the wheel is designed to allow air to pass through it from 

one side to another [1]. 

 

 

 

 

 

 

Figure 1 Recovery wheel 

 

Fig. 1: Recovery Wheel 

 

 The heat and moisture in the recovery wheel exchanges in an indirect manner between the 

supply and exhaust air. When the wheel start to rotate heat is transfer from the hot air to the 

heat transfer media (matrix) during one half of revolution and from the matrix to the cold 

air during the second half of revolution.  The moisture is transfer in the same manner, 

during the first half of revolution, the moisture is transfer from the high humid air to the 

transfer media (matrix) and from the matrix to the low humid air during the second half of 

revolution [2].  

     Many investigations have studied the performance of recovery wheel. These studies 

have investigated the factors that have an influence on recovery wheel performance such as 

dimension, matrix material, speed of wheel, and the volume flow rate. S. Delfani et al. [3] 

investigated experimentally and numerically  the effect of desiccant wheel length on the 

sensible and latent effectiveness. Eight different value for the length of wheel at constant 

diameter were investigated: L=0.1, 0.12, 0.14, 0.16, 0.18, 0.2, 0.22, and 0.24m. It was 

concluded from the experimental results that the sensible and latent effectiveness rises by 

increasing the wheel length. Monali S.Bhojane et al. [4] used the energy wheel to improve 

the performance of C.I engine. Three materials used were mild steel, copper, and aluminum 

with diameter equal to18 in and thickness 2 in.  

    They also observed that, aluminum wheel gave the highest performance for all wheel 

speeds from the other wheels. Manu Prakash et al. [5] studied the energy wheel 

effectiveness (sensible and latent) at different wheel diameter. The wheel dimension 

selected for this study is five value of diameter D=500, 600, 700, 800, and 900mm and 

constant wheel length. It was showed that, when wheel diameter increases both sensible 
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and latent effectiveness increases because the area of contact increases and the volume flow 

rate is constant. This study focused on  the effect channel geometry of matrix on the 

performance of the recovery wheel. 

 
2. Theoretical and Numerical Models 
 

     The governing deferential equations and finite difference equations will be introduced to 

estimate the performance of the recovery wheel.The programming and structure of 

computer codes will be also presented in this section. 

 

2.1 Physical Properties of Recovery Wheel  
 

     To form the sensible heat model, it is necessary to illustrate and define the coordinate 

and nomenclature of the heat wheel as shown in figure (2). The supply side is distinguished 

by subscript (s) and the exhaust side by (e). The inflow is denoted by (i) while the outflow  

by (o). the subscripts (m and g) refer to matrix and air flow respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Coordinates and nomenclature of the recovery wheel. 

 

     Since the wheel is balanced and symmetric, the wheel frontal area, free flow area, and 

heat transfer area are the same on each side. They can be written as follows [6]. 

Frontal cross sectional area of the wheel (for each flow): 
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Cross section area of the air stream: 
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Cross section area of the matrix:  
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                                                                     (3) 

 

    Porosity ( ) of the matrix can be defined as the ratio of the air stream volume (  ) to the 

total volume ((    ), can be written as: 

 

  
  

    
 

  

     
                                                                                                           (4) 

 

     The porous matrix is used to increase the heat transfer surface area (  ). The surface 

area can be written as: 

 

   
(   )    

     

    
                                                                                                          (5) 

 

Hydraulic diameter is define as [7]: 

 

   
  (           )

            
 
    

  
 
  

 
                                                                                     (6) 

 

     Fig.3. represent he channel geometries that tested in the present study with the hydraulic 

diameter of each channel. 

 

 
 

 

Figure3. Channel geometry where (A) Rhombic and( B) Sinusoidal channel 

 

Where, the hydraulic diameter of rhombic channel can be written as shown below: 
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                                                                                                                            (7)       

        

     While, the hydraulic diameter of sinusoidal channel is shown by the following 

equations[8]. 

 

                                                                                                                                      (8) 
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     To obtain the convective heat transfer coefficient of the flow inside channels with 

various cross section area it can be given by [6]. 

 

    = 
      (   )

    
                                                                                                                  (11) 

 

    Where, the Nusselt number for flow in various cross section channels for porous media 

of the recovery wheel is given by the following equation: 

 

Nu= 2+ (0.4   
 

  +0.2   
 

  )                                                                                               (12) 

 

     The Reynolds number and Prandtl number can be defined by the following relations: 

 

Re= 
         

  
                                                                                                                           (13)  

 

 

Pr= 
       

  
                                                                                                                             (14) 

 

     The design parameter of the recovery wheel that govern the heat transfer is the number 

of transfer unit for the heat transfer between the matrix and air (      ) can be defined as 

shown below: 
 

      = 
      

       
                                                                                                                    (15) 

 

2.2 Assumption 

     The model assumes in the present study that: 

1- The matrix is suppose to be a homogenous porous solid with constant physical 

properties. 

2- A mixing does not take place between the two fluid streams. 
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3- The thermodynamic properties of the matrix and air are not affected by the small 

pressure drop. 

4- The temperature radial gradient for the air and the matrix is neglected. 

5- The heat transfer coefficient is assumed to be constant and not vary with time. 

 
2.3 Governing Equations 

 

    The energy equation is applied on an unit volume element of the matrix and the air to 

derive the governing equation as shown in Fig.4. 

  

 

Figure4. The energy balance of the sensible heat wheel. 

 

In the flow region: 

     By applying the first low of thermodynamic to the unit volume element of the air in the 

wheel, the energy balance of the flow become [1]. 

 

                           ( )             (    )                                                (16) 
 

Where: 
 

           (x + dx) =            (x) + 
            

  
 dx                                                                 (17) 

 

Substituting Eq. (3-17) in Eq. (3-16) gives : 
 

             =            (x) - (            (x) + 
            

  
 dx ) - d                                    (18)   

 

              , d      , and              can be expressed by the following equations: 

 

             =     dxC   
   

  
                                                                                               (19) 

 

d      =        
  

 
 (  -  )                                                                                                   (20) 
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           =  C     =       C                                                                                      (21) 

 

Substituting Eqs. (3-19), (3-20), and (3-21) in Eq. (3-18) gives: 

 

    dx C  
   

  
 =        C    -        C   (    +

   

  
 dx)-        

  

 
 (  -  )             (22) 

 

It can be simplification to yields: (23) 

Eq. (3-23) refers to the temperature distribution of the air in the sensible heat wheel. 

 

       
   

  
            (

   

  
 )         (     )                                                    (23) 

                                                              

In the matrix: 

By applied the first low of thermodynamic on the unit element in the matrix of the 

wheel, the energy balance becomes[1].  

 

                    ( )       (    )                                                                 (24) 

 

And 

     (    )  (     ( )  
      

  
   )                                                                           (25) 

 

Substituting Eq. (3-25) in Eq. (3-24) gives: 

                    ( )  (     ( )  
      

  
   )                                                 (26) 

 

Where (               and      ( ) ) can be written as follows: 
 

                           
   

  
                                                                                    (27) 

 

     ( )        
   

  
                                                                                                       (28) 

 

Substituting Eqs. (3-20), (3-27), and (3-28) in Eq. (3-26) gives: 
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) (     )      (29) 

 

Simplify the above equation for the following equations. 

 

(   )       
   

  
  (   )  ( 

    

   
)          (     )                                  (30) 

 

     Eq. (3-30) refers to the temperature distribution of the matrix of the wheel. The initial 

and boundary conditions that used to complete the solution process as shown in the 

following[9]. 

Initial conditions: 

     The initial conditions that common applied in the solution process are: 
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  (x,0) =              , and         (x,0) = 
             

 
    

 

Boundary conditions: 

Supply side:   (x=0,t) =        

Exhaust side:   (x=0,t) =        

For the matrix the boundary condition written mathematically as shown bellow 

(chosen to be adiabatic): 

 
   (     )

  
 = 
   (      )

  
 = 0                                                                                                (31) 

 
2.4 Representation in Dimensionless Form 

 

     The solving of equations (23) and (30) give the temperature distribution of the air and 

matrix in the recovery wheel. The analyzing and solution become very easy and intelligible 

when the differential equations  turn into dimensionless. The parameters and variables that 

will turn into dimensionless are: 

 

   
 

 
                      Time  

 

    
 

  
                   Length 

 

  
  

          

              
     Temperature of gas 

 

  
  

          

              
     Temperature of matrix 

 

     By using all of the above dimensionless parameter, the partial differential equations  

(23) and (30) become in the dimensionless form as shown below: 
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 +      (  
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 ) = 0                                                                                        (32) 
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 )=0                                                                                      (33) 

 

     Where   
  is the heat capacity rate ratio of the recovery wheel and defined in the 

following equation : 
 

  
 = 

  

  
 = 
(     )   

(     ) 
 = 
(   )   

(   ) 
                                                                                             (34) 

 

     The initial and boundary conditions should be also converted to the dimensionless form 

in order to solve the dimensionless differential equations. 
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Initial conditions: 

 

For the air:    
 (  ,0) =     

  

 

For the matrix:   
 (    )   

      
        

 

 
  

 

Boundary conditions: 

 

For the air:     
 (       )   , and         

 (       )    

 

For the matrix: 
   
 (       )

   
  ,   and     

   
 (       )

   
    

 

2.5 Numerical Model  
 

     Equations (32) and (33) can be solved numerically by using the finite difference method. 

In this study the backward difference and fully-explicit discretization in time was applied to 

both air and matrix. The solution of the governing equations give the temperature 

distribution of air and matrix in the sensible heat wheel. 
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)     for matrix        (36)          

               

Equations (35) and (36) can be used for both supply side and exhaust side. To avoid 

the negative fluctuation term in the above equations, the change in dimensionless time is 

derived from the finite difference equations of air and matrix as following: 

 
 

(
 

   
       )

      in air 

 

( 
   

   
  
     
   

)
     in matrix 

 

     Finally, the sensible effectiveness of recovery wheel can be calculated according to Eq. 

(37)[10].               

      

   
  (     )

    (     )
                                                                                                                        (37) 

 

     After offer all the main governing equations and finite difference equation, the average 

outlet temperature of the supply and exhaust period should be calculated from these 

equations in order to estimate the sensible effectiveness of the wheel. Computer program 
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built in MATLAB (version 7.6 R2008a) to solve the finite difference equations, and find 

the effectiveness of the recovery wheel.  

 
3. Experimental Work 
 

     To accomplish experimental investigation, the test rig is designed and manufactured as described 

and photographed in figure (5). The test rig consists of (test room, air conditioning, two centrifugal 

fans, motor, case and recovery wheel, four ducts, and measurement devices). 
 

 
Figure5. Description of the test rig. 

 

    The test room was made of sandwich panel with dimension (        ) . A 

window type  air-conditioning (gives heating and cooling loads) was used to obtain the 

temperature and relative humidity recommended in air-conditioned places according to the 

Iraqi Mechanical Ventilation Code [11]. The tests of this study was conducted in winter 

where the range of temperature and relative humidity required in room was (21     and 

50   %) respectively, while the temperature and relative humidity in surrounding was 

(14    and 50   %) respectively. Two shapes of aluminum channels geometry were 

used (rhombic and sinusoidal channels). The hydraulic diameter of rhombic and sinusoidal 

channel was (10 and 7.9 mm) respectively. The effect of both speed and wheel thickness on 

the sensible effectiveness were studied. three wheels of diameter 600mm and thickness (50, 

100, and 150mm) has been manufactured for each channel geometry, while the speed used 

in this study was (5, 10, 15, 20, 25 rpm), and the volume flow rate was (150 CMH)[12]. 

 
 

4. Results and Discussion 
    

     The experimental effectiveness results of recovery wheel shows in Fig.6, while Fig.7. 

was show numerical results for rhombic and sinusoidal channels respectively. The effect of 

both speed and wheel thickness on the sensible effectiveness for rhombic and sinusoidal 

channels shows Fig.6. respectively. It is seen from these figures that, the effectiveness for 
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rhombic and sinusoidal channels was increased with increasing wheel speed because the 

average temperature of the matrix becomes close to the air when the sensible heat wheel 

rotates slowly and this will decrease the heat transfer as the temperature difference becomes 

limited, while the amount of trapped air in the channel of the wheel increases when the 

wheel rotates fast and this increases the heat transfer between the matrix and air which lead 

to increase the effectiveness. In this study, the optimal wheel revolution speed was (25 rpm) 

at each value of volume flow rate and length of wheel for two channels. The effectiveness 

of recovery wheel is also affected by the wheel thickness as shown in Fig.6. It can be 

concluded from these figures, the increase of wheel thickness will increase the sensible 

effectiveness due to increase the area of heat transfer and this will increase the time of 

exchange the energy between the supply and exhaust air streams. When the wheel thickness 

increased from (50 to 150 mm), the effectiveness will be increase from (74. 39 to 81.48 %) 

for rhombic, and (79.16 to 85.89 %) for sinusoidal channel at speed (25 rpm). The sensible 

effectiveness for the sinusoidal channel is higher than the rhombic channel at any wheel 

speed and wheel thickness because the rhombic channel has the highest hydraulic diameter, 

and therefore this leads to a lower heat transfer coefficient and heat transfer area. When the 

volume flow rate and wheel speed were (150 CMH and 25 RPM) respectively for each 

length ( 50, 100, and 150 mm), the experimental sensible effectiveness of rhombic channel 

was (74.39, 78.26, and 81.48 %), while the effectiveness of sinusoidal channel was (79.16, 

8v 2.82, and 85.89 %) at rates increase (1.06, 1.058, and 1.054 time) respectively. Finally 

can be seen from Fig.6 and Fig.7 that, there is a convergence between the results of 

experimental and numerical effectiveness with maximum error reached to (23.27%) while, 

the minimum error (2.42%). The main reason for this error was the leakage between the 

wheel and outlet, and between the supply and exhaust air streams. 

 

 
 

Figure 6. Experimental results of the effectiveness at each length for rhombic and sinusoidal channels. 
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Figure7. Numerical results of the effectiveness at each length for rhombic and sinusoidal channels. 

 

Abbreviations  
 

Symbols Definition Units 

A Cross section area    

   Frontal cross section area of the half split wheel    

   Cross section area of the air stream    

   Cross section area of matrix    
   Convective heat transfer surface area    
   Geometrical surface to volume ratio     ⁄  

   Diameter of wheel   

   Diameter of fiber   

   Hydraulic diameter   

    Convective heat transfer coefficient      ⁄  

i Index of stepping along x-direction  

   Thermal conductivity of gas     ⁄  

   Thermal conductivity of matrix     ⁄  

   Length of wheel   

   Mass flow rate of gas    ⁄  

      Number of heat transfer unit  

Nu Nusselt number  

Pr Prandtl number  

Re Reynolds number  

   Temperature of gas K 

  
  Dimensionless temperature of gas  

    Temperature of matrix K 

  
  Dimensionless temperature of matrix  

  Time   

   Dimensionless time  

   Mean gas velocity   ⁄  

     Total volume of half split wheel    
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   Volume of matrix    
   Volume of air    

  Axial coordinate   

   Dimensionless length  

5. Conclusions 
 

1. The sensible effectiveness of recovery wheel will increase with increasing the speed and 

wheel thickness. 

2. the sensible effectiveness and of sinusoidal channel are higher than rhombic channel. 

3. There is a satisfactory match could be seen between the numerical and experimental 

results. 
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