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Abstract 

Air-to-air heat recovery system is widely used in building applications to reduce the energy used 

for conditioning the fresh air. The heat exchanger core geometry is one of the key factors that 

affect the overall performance of a heat recovery system. To better guide the development of high 

performance heat exchangers in building applications, a new analysis method is proposed in this 

work from the practical application point of view. The objective of the new optimization method 

is: at any given mass flow rate, temperature difference and desired heat recovery effectiveness, to 

minimize the material cost at a specified fan energy use, or alternatively, to minimize the fan 

energy use at a given material cost. Different duct geometries are analyzed together with the 

classical j/f factor method: equilateral triangle (Tri), circular (Cyl), square (Squ), rectangle with 

aspect ratio 1/2 (Rec(1/2)), 1/4 (Rec(1/4)), and 1/8 (Rec(1/8)).  A novel channel structure named 

cross-corrugated triangular (CCT) duct is also considered for comparison. From the energy saving 

point of view, under the same hydraulic diameter, the pumping power requirements for Rec(1/8) 

are the lowest when compared with the other shapes in the laminar flow region,while the pumping 

power requirements for CCT duct are the highest, indicating larger energy consumptions when 

using such structure. Conversely, with a specified fan power consumption, the required total 

surface areas of Rec(1/8) are the smallest, which means that a parallel plate channel is the best 

geometry from the material  saving point of view. By employing this method, the manufacturing 

and operating cost can be considered synthetically for achieving an optimal design. The proposed 

method can be used to select target-oriented high performance heat recovery core geometry for 

desired heat recovery performance, resulting in reduced space, weight, support structure, energy 

requirement and lifetime cost. 
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1. Introduction 

With rapid economic growth, there is a growing desire for better indoor built environment. Both 

thermal comfort and indoor air quality issues have gained increasing attention. Adequate 

ventilation is necessary to maintain a desired indoor air quality [1-2].  As a result, the energy 

consumption in buildings is increased due to the expansion of building sectors and the growth of 

ventilation system [3-5]. Energy saving technologies have attracted increasing attention due to 

global warming and environmental impact issue [6-9]. Air-to-air heat recovery systems employed 

in buildings could save a large fraction of the energy that is used for conditioning the fresh air, and 

theoretically reduce the energy consumption by a few significant percentage points [10]. Thus it 

comes into widespread use and has currently become a requirement in building designs [11].  

 

Heat recovery systems include sensible heat recovery and enthalpy (sensible and latent) heat 

recovery. Different types of heat recovery systems, such as heat pipe [12-13], rotary wheel [14], 

run-around coil [15], and fixed plate [16], have been utilized to recover energy between the supply 

and exhaust airflow. A comprehensive review about the heat recovery technologies used in 

building applications has been made by Mardiana-Idayu and Riffat [17]. The efficiency and 

advantages of these technologies were summarized in that study. It is found that the works in the 

past had emphasized more on heat or mass transfer augmentation in heat exchanger. When the 

building standards are introduced, the performance of heat recovery becomes a concern [18-20].  

 

The overall performance of a heat recovery system is affected by many factors that include the 

material property, operating condition, and heat exchanger core geometry. Various technologies 

have been developed to increase sensible and latent effectiveness of a stationary heat recovery heat 

exchanger, including material side intensification and air side intensification. From material side, 

membrane based heat recovery ventilators have attracted much attention due to its superior 

moisture-recovery effectiveness. Encouraging results are emerging with the introduction of new 

materials that can offer moisture recovery at the same time [21], and Nano materials breakthroughs 

are offering new opportunities [22]. From air side, the use of compact heat exchangers is an 

effective method to intensify heat mass transfer [23,24]. Related investigations have been 
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conducted to reveal the effect of different surface geometries on the performance of heat recovery 

heat exchangers. In practice, many other factors affect the end performance of a heat exchanger, 

such as limited heat exchanger size, reduced temperature difference, and reduced fan power [25].  

 

The basic performance data for a heat exchanger are often shown as j (Colburn factor) or Nu 

(Nusselt Number) and f (Fanning friction factor) vs. Re (Reynolds number) curves. Since Kays 

and London presented j and f vs. Re for a large number of compact surfaces in 1984 [26], this kind 

of plot curves have become a customary tool for presenting performance data for heat transfer 

surface geometries [27-34]. Yet, such evaluation method will only give a partial indication of 

performance. It is a common knowledge that heat transfer enhancement can be obtained but with 

a larger pressure drop penalty. Sometimes, the benefits gained from heat transfer enhancement are 

not great enough to offset the increased friction losses. Sparrow and Comb [35] evaluated the effect 

of channel height on the flow and heat transfer characteristics on a corrugated-wall heat exchanger. 

It was found that the increase of the channel height resulted in a substantial increase in the Nusselt 

number but the friction factor increased to a greater extent. This kind of enhancement may be 

acceptable when the designer’s objective is focused on increase of heat transfer, but is not desired 

in heat recovery applications. Heat recovery systems used in building applications recover thermal 

energy, but use electrical energy for the fans, which may be more precious than the saved heat [36-

37]. Other performance parameters were developed due to the failure of j and f curves to portray 

the relative performance. The ratio of the Colburn factor to friction factor (j/f) establishes a relation 

between friction and heat transfer coefficient, and is widely used for many comparative studies 

[28, 30, 38-41].  This factor is a useful parameter when comparing surfaces with different cross-

sectional shapes. However, the influence of the scale of the geometry is not taken into 

consideration when using this parameter. Also, the performance evaluation is made through the 

comparisons of the corresponding j/f values under the same Reynolds numbers, which means the 

air flow rate may not remain constant for different surface geometries. Thus the significant effect 

introduced by the airflow rate is overlooked by using this parameter. The performance analysis on 

heat recovery heat exchangers should be conducted based on the same environmental and 

operating conditions. From an energy saving point of view, which is the primary purpose for using 

heat recovery system in building applications, the pressure drop, i.e. electricity consumption for 
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fans, should be seriously considered. On the other hand, the designer may not always choose the 

best heat exchanger with minimal energy use, since he must consider the space available, and the 

required total surface area which is related to the material costs.  

 

Generally there are two categories of methods for performance analysis on heat exchangers. One 

is the performance evaluation criteria (PEC) based on the first law of thermodynamics, which 

define the performance benefits of an exchanger having enhanced surfaces, relative to a standard 

exchanger with smooth surfaces subject to various design constraints [42-44]. Twelve criteria 

include three different types of constraints on the geometry of the heat exchanger are developed: 

Fixed geometry (FG), fixed flow area (FN), and variable geometry (VG) criteria. However, these 

criteria are segregated by corresponding constraints, which result in that the criteria cannot be 

widely used in comparative studies. For example, one of the FG criteria seek reduced fan power 

for fixed heat duty, but the cross-sectional flow area and tube length are required to be held 

constant. The other category for performance evaluation is based on the second law of 

thermodynamics, which is focused on entropy production and the destruction of useful energy 

(exergy) that results from heat transfer enhancement [45-46]. The aim of all second law criteria is 

to minimize the net exergy destruction or the net entropy generation resulting from the 

enhancement. Zimparov [47-48] further extended PEC equations in connection with the entropy 

generation and exergy destruction, and added new PEC for enhanced heat transfer surfaces when 

assessing the merits of augmentation techniques. It should be noted that by employing different 

performance analysis method, the results can be different. Chakraborty and Ray [49] presented an 

analysis study on combined first and second law based optimization of thermal-hydraulic 

performance of fully developed laminar flow through square ducts with rounded corners. It was 

found that when using the entropy generation minimization as a tool for thermal-hydraulic 

optimization, it may lead to contradictory results for some of the performance evaluation criteria 

(PEC). No general comment can be made with respect to the superiority of a particular geometry 

of the ducts, unless the geometric and thermal-hydraulic constraints plus the objective functions 

are carefully considered in view of the real application scenario.  
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To better guide the development of high performance heat exchanger in building applications, a 

straightforward analysis method for comparing the performance of different heat recovery heat 

exchangers is proposed in this work. As an initial demonstration of the method, comparisons are 

made between different heat exchanger core geometries, focused on the objective of minimizing 

the pressure drop and total surface area in terms of both energy saving and material cost reduction, 

which are particularly important for heat recovery applications.  

 

2 Methodology 

Based on the essential characteristics when employing heat recovery in building applications, the 

objective of the new optimization method is defined: at any given mass flow rate, temperature 

difference and desired heat recovery effectiveness, minimizing the material cost at a specified fan 

energy use, or alternatively, minimizing the fan energy use at a given material cost. The analysis 

process is presented in Figure 1. 

Fig.1 The presented analysis process for the optimal design 

 

The basic equations are introduced as follows. With regard to the material cost and the total surface 

area of the heat exchanger core considered, heat transferred by the air can be calculated by 

( )p fo fiQ mc T T= −       (1) 

where Q is the heating power (kW), m  is mass flow rate of air (kg s-1), pc  is specific heat of air 

(kJ kg-1 K-1). The heat transfer rate can also be calculated by 

lgtQ hA T= ∆       (2) 

tA is the total surface area of the exchanger (m2), lgT∆ is the log mean temperature difference 

between the wall and fluid, which is 
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where subscripts “f, w, i, o” refer to “air, wall, inlet and outlet” respectively. h  is the convective 

heat transfer coefficient,  

h

Nuh
D
λ

=       (4) 

Nu is Nusselt number, λ  is air conductivity (kW m-1 K-1). The hydraulic diameter (m) of the 

channel is defined as 

4 t
h

t

VD
A

=       (5) 

where tV  is exchanger core volume (m3).  

From equation (1) , (2) and (4), the total surface area of the heat exchanger can be expressed as 

lg

( )p fo fi
t

h

mc T T NuA
T D

λ−
=

∆


     (6) 

For a heat exchanger core with different surface geometries, Nusselt number can be identified 

under specified flow conditions. From this equation, with specified mass flow rate and temperature 

difference, the required total surface area of a heat exchanger can be calculated, and be varied with 

the hydraulic diameter.  

 

With regard to the fan energy use, the required fan power is considered. The fan power is 

proportional to the exchanger pressure drop and is given by 

 
fan

fan fan

Q p m pP
η ρη
∆ ∆

= =


      (7) 
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where Q  is the volume air flow rate (m3 s-1), p∆  is the pressure drop (Pa), fanη  is the fan 

efficiency, and ρ  is the density of air (kg m-3).  

The expression for exchanger pressure drop is 

24
2

i

h

L Gp f
D ρ

∆ =              (8)  

where f  is the friction factor, iL  is the length of the duct (m), G is referred to as the mass 

velocity ( 0/mG u m Aρ= =  ) (kg m-2 s-1), 0A  is the minimum free flow area (m2).  

The Reynolds number, Re, is defined as  

Re m hu Dρ
µ

=             (9) 

where mu  is the inlet velocity (m s-1), µ  is air dynamic viscosity (kg m-1 s-1). Substituting the 

expressions of Equation 8 into Equation 7, the required fan power can be expressed as: 

( )
2

2 2
0

2 Rei
fan

fan h

L mP f
D A

µ
ρ η

= ⋅


     (10) 

 

When considering various channel structures, for particular application scenarios, the mass flow 

rate and temperature difference can be identified. Under the same heat recovery effectiveness, the 

recovered heat is fixed. Using Equation 6 and the definition of hydraulic diameter, the length of 

heat exchanger core with various surface geometries can be obtained. Both the required fan power 

and total surface area can therefore be calculated and be varied with the hydraulic diameter. The 

following comparisons can be made directly to guide the optimal design: 1) under the same 

hydraulic diameter, the fan power requirements for different surface geometries; 2) with the same 

surface geometry, the size effect on fan power requirements; 3) under the same power consumption, 

the required total surface area or total volume for different duct shapes.  
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3. Main applications of the evaluation method 

When the relationships of fan power (total surface area) and hydraulic diameter are established 

under the same recovered heat, how tA  (or hD ) varies with fan power can be investigated through 

the comparisons between the required tA  (or hD ) values at a specified fan power.  

 

Considering various duct geometries, this analysis method can be employed in two different ways, 

depending on the proportion of fan power to recovered heat. If the fan power consumption takes 

an important part in the overall operating cost, which is also called lifetime costs, attention must 

be given to the fan power requirements for the system as a whole to be effective. However, the 

ratio between fan power and heat transfer rate can be significantly different under different 

scenarios. When /fanP Q  is insignificant, the total area or volume will be the only design factor. A 

lower total surface area means less material costs. The purpose of heat transfer enhancement is 

aimed at reducing the material use, or weight of the heat exchanger. On the other hand, when 

/fanP Q  cannot be neglected, considering the energy conversion efficiency (primary energy to 

electricity) and the fan efficiency, minimizing fan power consumption will be the prime objective. 

The desired heat transfer rate should be obtained by using a proper capacity fluid pumping/fan 

device, which in turn has a major impact on the operating cost. A practical air to air heat recovery 

system used in building applications and combined with different surface geometries are analyzed 

here to illustrate this optimization framework.  

 

4 Results for air-to-air heat recovery units 

Several typical-shaped duct geometries are analyzed here. From the point of view of either total 

surface area or fan power requirement, the comparisons are made in order to determine the possible 

optimum duct geometry which minimizes the material cost or energy use. With regard to the 

characteristics of using heat recovery in building application, a typical scenario is assumed. The 

assumed environmental and operating conditions are listed in Table 1. The duct geometries used 

are: equilateral triangle (Tri), circular (Cyl), square (Squ), rectangle with aspect ratio 1/2 
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(Rec(1/2)), 1/4 (Rec(1/4)), and 1/8 (Rec(1/8)).  A novel channel structure named cross-corrugated 

triangular (CCT) duct developed by Zhang et al. [34] is also considered for comparisons. During 

the analysis, the hydraulic diameters for all the compared shapes are varied from 5mm to 20mm.  

Tab.1 The assumed operating and environmental conditions.  

For direct comparison purpose, all the required fan power and total surface area are normalized by 

the corresponding values from a circular tube heat exchanger with DH = 5mm, since the circular 

tube and parallel plates are the commonly used geometries in heat transfer devices. The Nusselt 

numbers and friction factors for different ducts are shown in Table. 2. 

Tab.2 Nusselt numbers and friction factors for flow in ducts with different cross section. 

  

The variations of fan power and total surface areas along with different hydraulic diameters are 

presented in Figure 2, with constant heat flux boundary condition. The X-axis is the hydraulic 

diameter. The primary Y-axis on the left side is the normalized fan power, while the secondary Y-

axis on the right side is the normalized total surface area requirement. The Reynolds numbers for 

all the geometries are smaller than 2300, which are in the laminar flow region. Firstly, the analysis 

results illustrate the fan power requirements for different channel structures, and the geometric 

effect from both size and shape points of view are revealed from the figure. 

Fig.2 Fan power and total surface area variation under specified recovered heat  

(Laminar flow region; Constant heat flux condition) 

 

With regard to the shape effect, under the same hydraulic diameter, the fan power requirements 

for CCT duct are the highest in the comparison range, indicating larger energy consumption when 

using such structure. The fan power requirements for the rectangular channel with aspect ratio 1/8 

are the lowest when compared with the other shapes. With regard to the size effect, it is shown that 

the fan power requirement is decreased with increasing hydraulic diameter under the same surface 

geometry. Secondly, the required total surface areas for different structures are revealed in this 

figure under the same recovered heat. With the same hydraulic diameter, the required total surface 
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areas for CCT channel are always the smallest among the compared shapes, and the required total 

surface areas for triangular-shaped duct are the largest.  

 

The energy consumptions should be taken into consideration when comparing the material cost. 

At any specified fan power (for example Pnor=0.05, as shown in the figure), the corresponding total 

surface areas for different duct geometries can be identified. Or conversely, at a specified total 

surface area, the corresponding fan power requirements can also be obtained. The line Pnor=0.05 

intersects the fan power curves at different points. From these points, the corresponding hydraulic 

diameters can be identified. Then from these hydraulic diameters, the corresponding total surface 

area can be obtained, as shown in the secondary Y-axis. Such comparison reveals the related 

material cost under the same energy use when the operating and environmental conditions are the 

same. When /fanP Q  is insignificant, this is one of the key considerations for achieving an optimal 

design. It is shown under the same fan power, the rectangular shape with aspect ratio 1/8 need the 

smallest total surface area, which means the best geometry from material cost saving point of view. 

The required total surface area for the channel with triangular cross sectional geometry is the 

largest among the selected shapes.  

Fig. 3 j/f values variation with Reynolds numbers 

(500 Re 2300≤ ≤ ; Constant heat flux condition) 

 

The results of performance analysis using j/f values for different channel structures, including the 

CCT channel, are presented in Figure 3 for comparison where the working fluid is air. The j/f 

values for the CCT channel are the smallest when 500 Re 2300≤ ≤ . Since the Nusselt numbers of 

the CCT channel are greater than the other ducts within almost all the range (when Re 800≥ ), these 

results indicate that using the CCT channel can increase heat transfer, but the friction loss could 

be increased to a greater extent under the same Reynolds number. The j/f value for Tri, Cyl, Squ, 

Rec(1/2), Rec(1/4), and Rec(1/8) is constant in the laminar flow region. It can be seen that the 

influence of the scale of the geometry and the corresponding volume requirement can't be 

determined by using this j/ffactor. By employing the analysis method proposed in this study, the 
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scale of the geometry can be taken into considerations, and the required total volume can be 

calculated and compared under the same operating and environmental conditions. Furthermore, 

the hydraulic diameter, which is not a practical design constraint,   does not need to be fixed during 

the comparisons. 

Fig. 4 Fan power and total volume variation under specified recovered heat 

(Laminar flow region; Constant heat flux condition) 

 

The required total volume under the same condition and the heat recovery effectiveness can also 

be calculated and is presented in Figure 4. The X-axis is the hydraulic diameter. The primary Y-

axis on the left side is the normalized fan power, while the secondary Y-axis on the right side is 

the normalized total volume requirement. The space requirements for different channel structures 

are illustrated from this figure. The results reveal the space occupancy for different channel 

structures under the same conditions. With the same hydraulic diameter, the required total surface 

areas for the CCT channel are generally the smallest among the compared shapes. While the 

required total surface areas for triangular-shaped duct are the largest when compared with others. 

When considering the energy consumptions, at a specified fan power (Pnor=0.05), the 

corresponding total volumes requirements for different duct geometries can be identified. It is 

shown that the required volume for rectangular channel with aspect ratio 1/8 is the lowest of all 

the studied shapes. 

Fig 5 Fan power and total surface area variation under specified recovered heat 

(Laminar flow region; Constant wall temperature condition) 

 

Furthermore, from Figure 2 and 4, when the material cost or the available space is fixed, the related 

fan power requirements for different channel structures can also be identified by this analysis 

method, regardless of any additional constraints.  
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Under constant wall temperature boundary condition, the corresponding results are presented in 

Figure 5 and Figure 6. The basic variation trends for fan power and surface area requirements are 

similar with that under constant heat flux condition. With the same hydraulic diameter, the required 

total surface areas for triangular channel are always the largest among the compared shapes. 

Considering energy consumptions, when Pnor=0.05, the required volume for Tri, Cyl, Squ are 

almost the same. 

Fig 6 Fan power and total volume variation under specified recovered heat 

(Laminar flow region; Constant wall temperature condition) 

 

The comparisons can be extended to transitional and turbulent flow region. For transition or 

turbulent flow condition, the Nusselt numbers are varied with Reynolds numbers. Since the error 

of using Dittus-Boelter equation may be as large as 25%, a more accurate correlation provided by 

Gnielinski is used here (3000 < Re < 5 × 106, including the transition region).  

1/ 2 2 /3

( / 8)(Re 1000) Pr
1 12.7( / 8) (Pr 1)

DfNu
f

−
=

+ −                                               (11) 

where the friction factor is obtained from the correlation developed by Petukhov: 

2(0.790ln Re 1.64)Df −= −                                                 (12) 

The analysis results are shown in Figure 7. The required duct length for different channel structures 

is not the same within the comparisons range. Thus the comparisons among required total surface 

area under the same fan power are different from that under laminar flow condition.  

Fig 7 Fan power and total surface area variation under specified recovered heat 

(Transitional flow and turbulent flow region) 

 

5. Conclusions 
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For heat recovery devices in building applications, when the operating and environmental 

conditions are known, the present study proposed a straightforward analysis method for 

optimization design.  From both energy saving and reducing material costs (or space occupancy) 

points of view, the analysis method combines the required total surface area (or total volume) with 

fan power requirements under specified operating conditions. By employing this method, the 

material cost (or required space area) at a specified fan energy use can be minimized. Conversely, 

at a given material cost (or space area), the fan energy use can be minimized. The construction 

cost and the lifetime cost can be taken into consideration at the same time. As shown in the 

presented demonstration, from energy saving point of view, the fan power requirements for 

Rec(1/8) are the lowest when compared with the other shapes in the laminar flow region under the 

same hydraulic diameter. While the values for the CCT duct are the highest, indicating larger 

energy consumption when using such novel structure. Conversely, with a specified fan power 

consumption, the required total surface areas of Rec(1/8) are the smallest, which means the best 

geometry from material cost saving point of view. It should be noticed that the operating strategy 

with various ambient environment conditions of a heat recovery system have obvious influence on 

the optimization results. For example, different air flow rates and temperature differences lead to 

different Re numbers and heat transfer rates, which result in different total surface areas and fan 

power requirements. Thus the optimization results could be different. The proposed optimal 

analysis method need be employed under real scenarios with specified conditions. And it can be 

used to select target-oriented high performance heat recovery core geometry for desired heat 

recovery performance, resulting in reduced space, weight, support structure, energy requirement 

and lifetime cost. Further studies could be focused on developing a nonlinear optimization method 

that can determine the best design directly. 
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