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ABSTRACT 

Run-around energy recovery systems are one of the several ways for transferring 

energy between two air streams. Compared with other air-to-air energy recovery 

systems, run-around systems are very reliable and flexible, especially in retro-fit 

applications. Previous research in this area has mainly dealt with sensible run-around 

heat recovery system. However, an ideal air-to-air energy recovery device should be 

able to recover moisture as well as sensible heat. It is the objective of this research 

project to simulate a run-around system that exchanges both moisture and sensible heat, 

and to do a performance analysis to find the design characteristics of such a system. 

The first step in the study was to develop a numerical model for a run-around 

system with two sensible heat exchangers and validate the model using data from the 

published literature. Following this, a mathematical/numerical model of a heat and 

moisture exchanger and the run-around heat and moisture recovery system was 

developed using only basic physical and chemical principles, component properties and 

operating conditions. With this model, the position dependent temperature and moisture 

content properties of both a single exchanger and a run-around system were simulated 

for steady state operating conditions. This simulation enables the study of the 

performance of the exchanger and the run-around system. In the investigation, the 

NTU−ε  method was employed to characterize the performance of a single exchanger 

and a run-around system and two new independent parameters, the number of mass 

transfer units, mNTU , and mass flow rate ratio, AirSalt MM / , were introduced. 

The results show that, for the sensible run-around heat recovery system with a 

specified NTU, the maximum effectiveness occurs approximately at a heat capacity ratio 
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1/ =AirSol CC , but for the run-around system with both heat and moisture exchange, the 

maximum effectiveness occurs approximately at heat capacity ratio 3/ =AirSol CC  for 

ARI summer and winter test conditions and the maximum effectiveness varies with 

NTU . The analysis of the run-around system with both heat and moisture exchange 

with mNTU and AirSalt MM /  as independent parameters shows that the maximum 

effectiveness occurs approximately when 1/ =AirSalt MM . As well, the value of 

maximum effectiveness was found to be different when different coupling salt solutions 

were used. 
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Chapter 1                                                             

INTRODUCTION 

1.1 Overview 

Providing a comfortable and healthy indoor environment for building occupants 

is the primary concern of HVAC engineers. Adequate outdoor air ventilation rate is one 

of the key requirements for a comfortable and healthy indoor environment, especially for 

commercial and institutional buildings. The minimum requirement for the outdoor air 

ventilation rate in buildings has been modified over the years. ASHRAE Standard 62-

1989 recommended 9.4 L/s (20 cfm) of outdoor air per person in office buildings, 

whereas only 2.4 L/s (5 cfm) per person was recommended previously in ASHRAE 

Standard 62-1981. The new ASHRAE Standard 62-2003 now requires modified 

calculations of ventilation air flow rates that result in values somewhat similar to 

Standard 62-1989, but the calculated rate depends on both the type of occupied space 

and the number of people. Most often, increased ventilation air flow rates result in 

increased heating, ventilating, and air-conditioning (HVAC) equipment capacities and 

building operating costs. One way to reduce the cost of conditioning ventilation is to 

transfer heat and moisture between exhaust and supply air streams when it is cost 
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effective. That is, use an air-to air energy recovery device to partly condition the supply 

air. 

Energy is stored in air due to its molecular kinetic energy (i.e. sensible energy) 

and its chemical composition (i.e., water vapour concentration). Energy transfers occur 

in air when the sensible energy (determined by its temperature) or its water vapour 

concentration or humidity ratio is changed. This latter form of energy is most often 

referred to as latent energy because liquid water would most likely be evaporated into 

the air to increase the humidity ratio and condensed or absorbed out of the air to 

decrease the humidity ratio—both implying a latent energy change. Energy can be 

exchanged between the supply and exhaust air streams in its sensible (temperature only) 

and/or latent (moisture) form. Units that recover sensible energy only are called sensible 

heat exchangers, or when packaged in a single HVAC unit, heat recovery ventilators. 

Devices that transfer both heat and moisture are known as energy or enthalpy devices or 

energy recovery ventilators (ASHRAE, 2004). There are several types of existing air-to-

air energy recovery devices including compact air-to-air cross-flow heat exchangers that 

are often called plate heat exchangers, air-to-air cross flow enthalpy or energy 

exchangers, energy or enthalpy wheels, run-around heat recovery systems, heat pipes, 

and twin-tower enthalpy recovery loops. Performance of an energy recovery system is 

characterized by its effectiveness to account for each type of energy transfer, the 

pressure drop to account for the fan power required for moving air through the 

exchanger, the recovery energy ratio or coefficient of performance to account for the 

auxiliary power need for pumping liquids or rotating a wheel, cross flow or outside air 

correction factor to account for air leakage from the supply to the exhaust streams, and 
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the exhaust air transfer ratio to account for cross contamination from the exhaust to the 

supply air (ASHRAE Std 84-91R and ARI Std 1060-2003).  

An ideal air-to-air energy exchanger (ASHRAE, 2004): 

• allows temperature-driven heat transfer between participating airstreams, 

• allows partial-pressure-driven moisture transfer between the two streams, and 

• minimizes cross-stream transfer of air, other gases (e.g. pollutants), biological 

contaminants, and particulates. 

According to these criteria, all of the currently available air-to-air energy 

recovery devices have some disadvantages. Cross-flow heat exchangers and heat pipes 

do not transfer moisture and they must be installed with the supply and exhaust air ducts 

side-by-side, which makes them susceptible to cross-stream transfer of contaminants. 

The run-around heat recovery system does not require the supply and exhaust air ducts 

to be side-by-side, but it does not transfer moisture. Energy wheels and cross flow 

enthalpy plate exchangers do transfer moisture between the supply and exhaust air 

streams, but they require the air ducts to be side-by-side. In addition, energy wheels have 

moving parts and can have some cross contamination. Twin-tower enthalpy recovery 

loops may avoid most of these problems but they are usually not cost effective and their 

performance has only been moderate. These loops can exchange moisture between 

remote supply and exhaust air streams and do not cause cross contamination. They, like 

run-around heat exchangers, do not require the air ducts to be installed side-by-side. But 

since they are open systems, the installation and maintenance costs have been very high.  

A newly proposed run-around system using two cross-flow semi-permeable plate 

exchangers with a salt solution coupling liquid pumped between the exchangers provides 
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a method for heat and moisture exchange in a closed system. This system, shown 

schematically in Figure 1.1, allows heat and water vapour to be exchanged between the 

exhaust and supply air flows by pumping a desiccant liquid in a closed loop between two 

exchangers that are coupled to the flowing air streams. According to the characteristics 

of an ideal air-to-air energy exchanger listed previously, this system could be an ideal 

air-to-air energy recovery device.  It can recover both sensible and latent energy and has 

no direct cross contamination. The supply and exhaust air ducts are not restricted to side-

by-side installation.  This will give it an advantage over other energy recovery devices, 

especially in retrofit applications. Except for the pump, the system has no moving parts. 

Therefore the operating cost for such a system should be low. 

 

Figure 1.1 Run-around heat and moisture recovery system 
 

The general purpose of this thesis is to investigate this new run-around system 

for exchanging heat and moisture between two air streams using plate exchangers in 

each air streams. The research is limited to a numerical study. The aims are to develop a 
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numerical model for this new energy recovery system, to verify its validity and accuracy 

using information from the literature, and investigate the overall effectiveness of this 

run-around heat and moisture recovery system subject to a range of operating conditions. 

1.2 Literature Review 

Many research papers have been published on flat-plate heat exchangers, 

enthalpy exchangers, and run-around heat recovery systems. A brief review of the recent 

literature for these devices follows.  

Cross flow plate heat exchangers and enthalpy exchangers 

 Cross-flow plate heat exchangers have been used in applications for many years. 

A lot of research work has been done on this type of exchanger. The first analytical 

solution on the properties and performance of cross-flow heat exchangers was presented 

by Mason (1955) who obtained a closed form solution which is in the form of an infinite 

series obtained using Laplace transforms. This exact solution converges more rapidly 

than previous solutions. Correlations for the effectiveness of cross-flow plate heat 

exchangers were deduced from this solution by Kays and London (1984) who also 

summarized the correlations and design procedure for all types of heat exchangers. 

Luo and Roetzel (1998) developed an axial dispersion analytical model for cross-

flow plate heat exchangers using Laplace transforms. This solution also takes entrance 

region maldistributions and backmixing into account. Analytical solutions for the 

effectiveness and temperature distributions in cross-flow heat exchangers were presented. 

These results show that the influence of axial dispersion on the sensible energy 

effectiveness is only significant for small Peclet numbers (i.e. 20<Pe ), especially when 

heat capacity ratio is close to one (i.e. 1≈Cr ). The influence of axial dispersion 
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increases with the increase of number of transfer units (NTU). Above 20=Pe , 

dispersion need not be included in the model. 

Mishra et al. (2004) investigated the transient behaviour of cross-flow heat 

exchangers with longitudinal conduction and axial dispersion. A mathematical model 

was developed for determining the transient behaviour of cross-flow exchangers and was 

solved using a finite difference method. The dynamic performance of the heat exchanger 

was studied in response to step, ramp, and exponential excitations of the inlet 

temperature of the hot fluid. The results show that the fluid exit temperature reaches 

steady state faster at low Peclet numbers. In addition, longitudinal heat conduction in the 

wall of the heat exchanger influences the performance of the heat exchanger during the 

transient period. They showed that the combined effects of longitudinal conduction and 

axial dispersion are complex. In the hot fluid side, the presence of axial dispersion with 

longitudinal heat conduction gives somewhat similar effects on the effectiveness, but 

axial dispersion in the cold steam diminishes the net effect of longitudinal heat 

conduction. 

Enthalpy, or heat and moisture plate exchangers, plate exchangers constructed 

with water vapour permeable surfaces are a more recent invention and only a few 

research papers have been published. Niu and Zhang (2001) studied the coupled heat 

and moisture transfer in a cross-flow air-to-air enthalpy exchanger with hydrophilic 

membrane cores. They developed a mathematical model which was solved using the 

finite difference method. Variations of sensible, latent and enthalpy effectiveness with 

various operating parameters were presented. It was found that latent effectiveness is 

influenced by both the membrane material selected and the operating conditions. To 

account for these influences, a coefficient of moisture diffusion was defined. Zhang and 
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Niu (2002) furthered their study by developing a correlation for the effectiveness of heat 

and moisture transfer in an enthalpy exchanger. The latent effectiveness was given as a 

function of the number of mass transfer units, NTUm. 

There appears to be no analytical or numerical research on heat and moisture 

exchangers using fluids other than air and none on run-around heat and moisture 

recovery systems.  

Run-around heat recovery systems 

The run-around heat recovery system, also called liquid-coupled indirect-

transfer-type exchanger system, has been used in industry for many decades. Because of 

its high reliability and flexibility in HVAC design and retrofit, it became an active 

research area. Perhaps the first study of such a system was published by Kays and 

London (1951). They found that the optimum condition of operation for the system is 

the heat capacity rate (or product of mass flow rate and specific heat) of the coupling 

liquid equals the heat capacity rate of the air.  

Forsyth and Besant (1988a, 1988b) studied the procedure for analyzing and 

optimizing the design of a run-around heat recovery system with two coils for a given 

set of inlet operating conditions of airflow, temperature and humidity. A numerical 

optimization technique was used to solve the run-around system design problem. The 

simulated system and the measured system performed similarly for variations in the 

design parameters, but they didn’ t have comparable output for a given design. This was 

believed to be caused by the different geometry of the coils used. For the system design 

optimization, Forsyth and Besant proposed that many design parameters should be taken 

into account rather than only overall effectiveness. A more realistic design performance 

measurement is the total system cost. The results imply that fully developed turbulent 
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flow in the coil tubes is essential if the maximum overall effectiveness is to be realized 

and too high a concentration of ethylene-glycol can result in a 50% drop in system 

effectiveness under some conditions.  

Zeng et al. (1992) furthered the research of Forsyth and Besant by studying the 

temperature dependent properties for a run-around system using a numerical simulation. 

In this numerical model, the heat exchanger coil was subdivided into a number of 

elements across which heat flows between the aqueous glycol and air. Based on the 

energy balances on each exchanger and the inlet temperature match, a matrix of the 

temperatures at a finite number of nodes in the exchanger was solved, giving the 

temperature distribution in the exchanger. The results show that temperature dependent 

properties of aqueous-glycol coupling fluids must be included in the analysis of run-

around heat recovery systems when the temperature difference between inlet supply and 

exhaust air is large and the Reynolds number is low for the coupling fluid in the coil 

tubes. Compared to a system with only averaged properties and for turbulent flow and 

large temperature swings in the coupling fluid, errors of up to 25% for overall 

effectiveness were simulated, when low coil-tube Reynolds numbers are used. 

Bennett et al. (1994a, 1994b) improved Forsyth and Besant’s (1988a, 1988b) 

work by simulating the geometry effects of wavy fins, which are used on the air side of 

coil and fin exchanger, and liquid bypassing, which is often used to control the heat rate 

of the run-around system. An upgraded numerical model of Forsyth and Besant, 

including liquid bypass, thermal contact resistance between the fins and coils, wavy-fin 

coil geometry, and hourly weather data for performing yearly simulation was developed 

and verified using measured data. A life-cycle cost design procedure was developed 

consisting of doing a cost optimization study for 17 independent coil and pumping rate 
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design variables. Results were presented and illustrated for a typical run-around heat 

recovery system. It was found that through the use of life-cycle cost (LCC) optimized 

design, the performance of a run-around heat recovery system could be greatly enhanced. 

The effectiveness for the optimum system could be increased from less than 50% to 

more than 66%. For the large run-around system investigated in this study, the payback 

period could be less than three years. The life-cycle net savings were expected to 

increase by more than 45% in the optimized system compared to the installed system. 

Johnson et al. (1995) studied the design of multi-coil run-around heat recovery 

systems and did LCC analyses for systems. A thermal model of a multiple-coil heat 

recovery system was developed to simulate any number of supply and exhaust coils in 

the run-around heat recovery system. This simulation enabled the rating of a run-around 

system based on the known physical parameters of each coil, the supply and exhaust 

airflow rates, inlet supply and exhaust air conditions. It was found that the effectiveness 

of an optimized system with two coils was nearly the same as the performance of a four-

coil optimized run-around system with the same total airflows as the two-coil system at 

62% compared to the installed effectiveness at 44% at the design operating condition. A 

variable-speed pump for heat rate control was also simulated. The results show that a 

variable-speed pump control can be more cost effective than liquid bypass control 

through a control valve because the operating cost is reduced. 

The previous research only dealt with sensible energy exchange in run-around 

heat recovery systems with coil type heat exchangers. There has been no research on 

run-around heat recovery systems using flat-plate exchangers in a run-around system 

that can exchange both heat and moisture. 
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1.3 Objectives 

It is the general purpose of this study to investigate the feasibility of a run-around 

heat and moisture recovery system through the study of its design characteristics and 

performance. 

The explicit objectives of this research are as listed below: 

1. Using only the fundamental equations of energy and mass transfer and empirical 

property values, develop a numerical simulation for a run-around heat and water 

vapour transfer system which includes two plate-type, cross-flow, air-to-liquid 

exchangers and a coupling solution of aqueous desiccant ( LiBr and LiCl). 

2. Using the literature on plate-type cross-flow heat exchangers and run-around heat 

recovery systems, verify the accuracy of the simulation model for the case of no mass 

transfer (i.e. only heat transfer). 

3. Investigate the exchanger design characteristics and the coupling fluid flow rate to 

allow a designer to optimize the performance factors for the case of no water vapour 

transfer as in objective 2. 

4. With both heat and moisture transfer in each exchanger, identify the exchanger design 

characteristics and the fluid flow rate and salt concentrations of the coupling fluid 

that will allow the designer to optimize the performance factors for the system. 

5. To include in the above study for objective 4 a full discussion and presentation of 

suitable performance factors that can be used to characterize the performance of run-

around systems that transfer both heat and water vapour. 

6. Verify the numerical model as far as practical through a sensitivity study. 
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In this thesis, both the single exchanger and a coupled run-around system were 

investigated using numerical methods. The operating conditions of the exchanger and 

the system are ARI summer and winter test conditions (ANSI/ARI Standard 1060, 2001) 

and only steady state conditions are considered. 

1.4 Thesis Overview 

A mathematical/numerical model of a sensible flat-plate heat exchanger and run-

around heat recovery system is developed in Chapter 2. This numerical model is steady 

state and one dimensional and is formulated using the finite difference method (Fan et 

al. 2005). With this model, a complete investigation of the performance of a single heat 

exchanger and a run-around heat recovery system is also carried out in this chapter. The 

model is validated by comparison with well known analytical correlations. 

In Chapter 3, a mathematical/numerical model of a heat and moisture exchanger 

is developed and the design characteristics of the exchanger are studied. The numerical 

model for a run-around heat and moisture recovery system is presented in Chapter 4, and 

a discussion and analysis of suitable dimensionless performance factors of the system 

are also given in this chapter.  

The final objective of this research is to partially verify the model of the run-

around heat and moisture recovery system through sensitivity studies and these 

sensitivity studies are presented in Chapter 5. 



 12 

Chapter 2                                                                         

RUN-AROUND HEAT RECOVERY SYSTEM 

2.1 Introduction 

A run-around heat recovery system is comprised of two or more liquid-to-air 

heat exchangers that are coupled by a liquid circuit as shown in Figure 2.1 with each 

exchanger transferring only sensible heat (i.e. no moisture transfer). In this chapter, the 

performance of a run-around heat recovery system with cross-flow flat-plate heat 

exchangers will be investigated using a LiBr solution as the coupling fluid. The same 

type of system will be used for the coupled heat and moisture exchange study in 

Chapters 3 to 5, except that the polyethylene plastic heat exchange surfaces will be 

replaced by water vapour permeable surfaces in the later chapters. 

Cross-flow flat-plate heat exchangers, made using low-cost plastics, could reduce 

the pay back period and increase life-cycle savings of flat-plate run-around systems 

compared to coil run-around system, and are proposed to be used in this research.
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Figure 2.1 Schematic diagram of a run-around heat recovery system 

2.2 Theoretical Model of the Single Cross-Flow Heat Exchanger 

The geometry of one pair of flow channels for a cross-flow flat plate heat 

exchanger and the coordinate system used for the mathematical model are shown in 

Figure 2.2. Flow channels adjacent to these two shown are assumed to be identical, 

implying that only one exchange surface need be modelled. The channel sizes of the air 

side ( Ad ) and liquid side ( Ld ) are not necessarily the same.  
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Figure 2.2 Schematic of a cross-flow flat-plate heat exchanger showing three 
membranes separating one liquid and one air channel 

 

2.2.1 Assumptions and Governing Equations 

Assumptions 

The major assumptions in the formulation of the mathematical model are as 

listed below: 

1. Conduction heat transfer is steady state and equal for each membrane, and only in the 

z direction normal to each membrane. 

2. The flow and heat transfer processes are fully developed in each flow channel. 

3. The air flow and liquid flow are fully developed and unmixed when they go through 

the channels of the heat exchanger. 
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These assumptions will be accurate for most typical flat-plate exchanger 

geometries and inlet operating conditions. Sensitivity studies will be presented in 

Chapter 5 to demonstrate the validity of these assumptions.  

Governing equations 

Two coupled governing energy balance equations are needed to analyze the heat 

transfer through the membrane at any point ( yx, ) on the surface one for the air flow 

through the exchanger and the other for the liquid solution flow. 

Air  side 

At any point ( yx, ) in the exchanger in Figure 2.2, the steady state heat flux 

through the membrane is balanced by the heat gain/loss in the air: 

 ( )
x

T
TT

C

yU A
LA

A ∂
∂

−=−
⋅ 02

  (2.1) 

where AT  and LT  are the bulk mean temperatures at ( yx, ) in the air and liquid solution 

respectively, AC  is the heat capacity rate of the air (i.e. AAA CpmC ⋅= ), and Am is the 

mass flow rate of the dry air through a single channel. The overall heat transfer 

coefficient (U ) between the air and the liquid is 

 
1

11
−





++=

AL hkh
U

δ
.  (2.2) 
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The convective heat transfer coefficients in the air stream, Ah , and liquid solution, Lh ,  

are assumed  to be constant, therefore U  will be independent of position in the 

exchanger.  

Liquid side 

At any point ( yx, ) in the exchanger, the heat flux through the membrane surface 

is balanced by the net heat gain/loss in the liquid: 

 ( )
y

T
TT

C

xU L
LA

L ∂
∂

=−
⋅ 02

,  (2.3) 

where LC is the heat capacity rate of the salt solution (i.e., LLL CpmC ⋅= , the 

determination of LCp  is presented in Appendix A), and Lm  is the mass flow rate of the 

liquid through a single channel. 

Rewriting the above governing equations to include the dimensionless groups for 

heat transfer (see Table 2.1), gives, for the air side:  

 ( )
*x

T
TTNTU A

LAA ∂
∂−=− ,  (2.4) 

and the liquid side: 

 ( )
*y

T
TTNTU L

LAL ∂
∂

=− .  (2.5) 

Where: 
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0

*

x

x
x = ,  (2.6) 

 
0

*

y

y
y = ,  (2.7) 

 
A

A C

yxU
NTU 002 ⋅⋅⋅

= , and  (2.8) 

 
L

L C

yxU
NTU 002 ⋅⋅⋅

= .  (2.9) 

The number of heat transfer units for a single exchanger is defined as: 

 },max{
},min{

2 00
LA

LA

NTUNTU
CC

yxU
NTU =

⋅⋅⋅
= .  (2.10) 

Table 2.1 Dimensionless variables and parameters for the governing equations of a heat 
exchanger 

*x  *y  NTUA NTUL NTU 

0x

x
 

0y

y
 

AC

yxU 002 ⋅⋅⋅
 

LC

yxU 002 ⋅⋅⋅
 

},max{ LA NTUNTU  

The detailed development of the governing equations is given in Appendix B. 

The overall heat transfer  coefficient, U 

The overall heat transfer coefficient, U, can be calculated from equation (2.2). In 

this equation, k is the conductivity of the plate of the heat exchanger and is determined 

by the material used for the plate. In this chapter, the plate is polyethylene plastic with 

)/(334.0 KmWk ⋅= . The performance of the heat exchanger is not very sensitive to k 
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and simulation results show that effectiveness changes less than 1% with k varying from 

)/(34.3 KmW ⋅  to )/(0334.0 KmW ⋅  (see Section 5.1). 

The convection heat transfer coefficients have a greater impact on U. Convection 

heat transfer coefficients can be obtained experimentally and correlated with an 

algebraic expression of the form (Incropera and DeWitt, 1996) 

 nmCNu PrRe⋅=   (2.11) 

for turbulent flow in a channel and Reynolds number (Re) greater than 104 and Prandtl 

number (Pr) greater than 0.07, where Nu is the Nusselt number defined by 
k

Dh
Nu h⋅

= . 

For moderate Reynolds numbers ( 6105Re000,3 ×<< ), a better correlation 

(Incropera and DeWitt, 1996) is: 

 
)1(Pr)8/(7.121

Pr)1000(Re)8/(
3/22/1 −⋅⋅+

⋅−⋅=
f

f
Nu ,  (2.12) 

where 2]64.1ln(Re)79.0[ −−=f is the friction factor for smooth walled tubes. 

For fully developed laminar flow with 300,2Re ≤ , the Nusselt number can be 

predicted analytically when property variations are negligible, which is  

 
f

h

k

Dh
constNu

⋅
== . ,  (2.13) 

where fk is the thermal conductivity of the fluid flow. 
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In this study, 24.8=Nu (Kays and Crawford, 1990) is selected for equation 

(2.13) which is the case of fully developed heat transfer between infinite rectangular 

plates with a uniform surface heat flux.  

2.2.2 Boundary Conditions 

The appropriate boundary conditions for the governing equations can be 

summarized as shown in Figure 2.3 and are stated in the following equations. 

Air side (inlet) ( ** ,0 yx = ): 

 inAxA TT ,0*| == .  (2.14) 

Liquid side (inlet) ( 0, ** =yx ): 

 inLyL TT ,0*| == .  (2.15) 
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Figure 2.3 Boundary conditions for the heat exchangers 
 

2.3 Theoretical Model of the Run-Around System 

The theoretical model for the run-around system (as shown in Figure 2.4) uses 

the same governing equations as presented in Section 2.2 for a single heat exchanger. 

Additional equations are needed to couple the two heat exchangers in a run-around loop 

and these are presented in this section together with the numerical algorithm used to 

determine the steady state solution. 

Under steady-state operating conditions for a run-around system with no 

interactions with the ambient air other than the pump which is assumed to add no heat to 

the liquid, the total heat transfer rate on the exhaust air side must equal the total heat 
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transfer rate on the supply side. In practice the small amount of pumping power required 

to circulate the coupling fluid is much less than the heat transfer rate at design 

conditions. The assumptions used for single heat exchangers in this analysis are the 

same as for the individual exchangers in each air stream. Also, it is assumed that:  

1. No heat transfer occurs except within each exchanger (i.e., there is no heat transfer 

between the exchanger and ambient air or between the piping loop and the 

surrounding air); and 

2. Steady state operating conditions. 

 

Figure 2.4 Thermal circuit of the run-around system with cross-flow heat exchangers 
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For the run-around system shown in Figure 2.4, it is assumed that the inlet air 

temperatures of the supply and exhaust side air, SinAT ,,  and EinAT ,, , are known and 

constant. The total heat transfer rate in the supply exchanger ( Sq ) is: 

 )()( ,,,,,,,,, SinLSoutLLSoutASinASAS TTCTTCq −⋅=−⋅= ,  (2.16) 

and in the exhaust exchanger is: 

 )()( ,,,,,,,,, EoutLEinLLEinAEoutAEAE TTCTTCq −⋅=−⋅= .  (2.17) 

For no heat and mass gain/loss in the connecting pipes, the liquid inlet 

temperature of the supply exchanger is equal to the liquid outlet temperature of the 

exhaust exchanger. Therefore 

 EoutLSinL TT ,,,, = , and  (2.18) 

 SoutLEinL TT ,,,, = .  (2.19) 

The heat capacity rate of the air at different conditions is calculated using the 

equation: 

 )( vairAAAA CpWCpmCpmC ⋅+⋅=⋅= .  (2.20) 

The outlet bulk mean outlet temperatures of the air and the solution fluid are 

calculated using the following equations: 
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 ∫⋅=
y

AAA
AA

outA dyTCpM
Cpm

T
1

, , and  (2.21) 

 ∫⋅=
x

LLL
LL

outL dxTCpM
Cpm

T
1

, .  (2.22) 

where MA and ML are the mass flow rate of the air and liquid per unit width of the 

channel. The steady state inlet and outlet conditions allow the determination of the 

overall effectiveness of the system. 

To start the simulation, an arbitrary inlet condition of the supply side liquid, 

SinLT ,,  is chosen. Then using the programming algorithm to start iterating the properties, 

all the parameters of the inlet and outlet conditions for each exchanger are calculated 

and the imbalance of heat flows in the run-around system is determined. For subsequent 

iterations, new inlet conditions based on the previous iteration values are adopted and 

the outlet conditions are calculated. Based on the energy balance, that is ES qq = , the 

steady state inlet and outlet conditions of the liquid in the run-around system can be 

reached by iterating on the liquid temperature and other properties. 

The effectiveness of any type of a heat exchanger, including a run-around 

system, can be expressed as: 

conditionsoperatingsametheandareatransfer

heatfiniteinanwithexchangeranofratetransferheatpossibleMaximum

ratetransferheatActual=ε    (2.23) 
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Using this definition, the sensible effectiveness of the run-around system with 

cross-flow heat exchangers (inlet conditions shown in Figure 2.5) is  

 
)(

)(

)(

)(

,,,,min

,,,,,

,,,,min

,,,,,
0

EinASinA

EinAEoutAEA

EinASinA

SoutASinASA

TTC

TTC

TTC

TTC

−⋅
−⋅

=
−⋅
−⋅

=ε ,  (2.24) 

where ),min( ,,min EASA CCC = . 

 

 
Figure 2.5 Schematic of the inlet-outlet conditions of the run-around heat recovery 

system 
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considered converged when the change in the dimensionless temperature difference is 

less than 10-12. The details of the algorithm used are given in Appendix C.  

The problem was solved with 100×100 spatial nodes which gave a stable 

solution and increasing the number of nodes had negligible effect on the solution. 

Increasing the number of nodes by a factor 10 increased computation time by a factor of 

100, but changed the effective of the exchanger by less than 0.01%. This scheme also 

gave good agreement between analytical and numerical results as will be shown in 

Section 2.5. The physical properties of the heat exchanger that is modeled in this section 

are shown in Table 2.2. 

Table 2.2 Some parameters and properties of the enthalpy exchangers 

Name Symbol Value 

Size of the exchanger 
000 zyx ××  mmm 3.03.03.0 ××  

Channel thickness of air side 
Ad  2mm 

Channel thickness of liquid side 
Ld  0.3mm 

Membrane thickness δ  0.5mm 

Heat conductivity of the membrane k  )/(334.0 KmW ⋅ ,  

The ARI summer test condition (ANSI/ARI Standard 1060, 2001) 

( )35(15.308, CKT inA

�

= , kggW inA /5.17, = ) was selected for the air to determine the 

performance of one cross-flow exchanger (Table 2.3). The operating condition for the 

solution is: )24(15.297, CKT inL

�

= , )(/)(5.1, saltkgwaterkgX inL = , implying that the 

concentration of salt in the solution is 40% %)40( =SaltC . 
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Table 2.3 Operating conditions of the single exchanger modeled in Chapter 2 

Inlet temperature of the air stream (TA,in) )35(15.308 CK
�

 

Inlet humidity ratio of the air stream (WA,in) kgg /5.17  

Inlet temperature of the liquid stream (TL,in) )24(15.297 CK
�

 

Inlet concentration of the liquid stream (XL,in) %)40(/5.1 =SaltCkgkg  

Graphical results are presented for the temperature distribution in the exchanger 

and are presented in Figure 2.6 and Figure 2.7 for the air and liquid sides for two 

cases—one for NTU=1 and Cr=1, and the other for NTU=10 and Cr=1. 
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                   a. ),( ** yxTA (K), air side                          b. ),( ** yxTL (K), liquid side 

Figure 2.6 Temperature distributions in one exchanger for NTU=1 and Cr=1 (air flow 
in the positive x-direction and liquid flow in the positive y-direction). 
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                     a. ),( ** yxTA (K), air side                          b. ),( ** yxTL (K), liquid side 

Figure 2.7 Temperature distributions in one exchanger for NTU=10 and Cr=1(air flow 
in the positive x-direction and liquid flow in the positive y-direction). 

 

Figure 2.6 and Figure 2.7 show that the number of heat transfer unit, NTU, has a 

significant impact on the contours of the temperature in the exchanger. With NTU=1, the 

isothermal lines on the air side and the liquid side indicate smaller temperature gradients 

in each exchanger in the flow direction at each point (x*, y*) compared to the case of 

NTU=10. These results imply that the heat exchanger transfers heat at a greater rate with 

a higher NTU for the same inlet conditions. As well, a higher NTU will result a higher 

effectiveness as indicated by calculated effectiveness, which are 47.6% for NTU=1 and 

81.7% for NTU=10 with Cr=1. 

With this model, it is possible to compare heat exchangers with the same NTU 

but different values of Cr. Graphical results are presented for the cases of (NTU=6, 
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Cr=1), (NTU=6, Cr=0.1 for CA<CL) and (NTU=6, Cr=0.1 for CA>CL) in Figure 2.8, 

Figure 2.9 and Figure 2.10.  
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                   a. ),( ** yxTA (K), air side                            b. ),( ** yxTL (K), liquid side 

Figure 2.8 Temperature distributions in one exchanger for NTU=6 and Cr=1(air flow 
in the positive x-direction and liquid flow in the positive y-direction). 
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                   a. ),( ** yxTA (K), air side                            b. ),( ** yxTL (K), liquid side 

Figure 2.9 Temperature distributions in one exchanger for NTU=6 and Cr=0.1(CA<CL, 
air flow in the positive x-direction and liquid flow in the positive y-direction). 
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                   a. ),( ** yxTA (K), air side                            b. ),( ** yxTL (K), liquid side 

Figure 2.10 Temperature distributions in one exchanger for NTU=6 and Cr=0.1 
(CA>CL, air flow in the positive x-direction and liquid flow in the positive y-direction). 

 

From Figures 2.8 to 2.10, it can be seen that the gradient of the isotherms in the 

flow direction are equally distributed on the air side and the liquid side for the case of 

Cr=1. But for Cr=0.1, the isotherms are distributed unequally on the air side and the 

liquid side. The distribution of the isotherms is related to the gradient of the temperature. 

The gradient of temperature, T∇ , can be related to the heat transfer rate at any point in 

the exchanger using equations (2.1) and (2.3), and 

 
y

T
Tj

∂
∂=∇⋅ˆ  and 

x

T
Ti

∂
∂=∇⋅ˆ   (2.25) 

where ĵ  is the unit vector in the y-direction and î  is the unit vector in the x-direction. 

The heat transfer rate per unit area (or heat flux) between the air and the liquid at any 

point in the heat exchanger is determined with: 
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Where ),()( yxzq A  is the heat flux from the air to the liquid at any point and ),()( yxzq L  

is the heat flux from the liquid to the air at any point. In an exchanger, the total heat 

transfer to the air has to equal the total heat transfer from the liquid for an energy 

balance, that is 

 ∫ ∫∫ ∫ −=
0 00 0

0 00 0

)),()(()),()((
x y

LiqL

y x

AirA dydxyxzqdxdyyxzq .  (2.27) 

Equation (2.26) shows that 
y

T

x

T LA

∂
∂

=
∂

∂
 when LA CC = , but 

y

T

x

T LA

∂
∂

≠
∂

∂
 when 

LA CC ≠ . Therefore, the value of the heat capacity ratio, Cr, has great impact on the 

gradients of the temperatures in the air and liquid and on the distribution of the 

isotherms of the air and liquid. For the same value of Cr, the values of CA and CL 

determine the isotherms of the air and liquid. For the case of Cr=0.1 (as shown in 

Figures 2.9 and 2.10), the distributions of the isothermal lines are different for CA>CL 

and CA<CL. For CA<CL (Figure 2.9), equation (2.26) indicates that the gradient in the air 

will be greater than the gradient in the liquid and thus the isothermal lines are closer 

together in the air than in the liquid. On the other hand for CA>CL, equation (2.26) and 

Figure 2.10 show that the isothermal lines are much closer in the liquid than in the air. 

The temperature profiles presented in Figures 2.6 and 2.10 indicate that the 

model could be used to study the condensation and frosting in heat exchangers under 

some operating conditions. That is, with these temperature contours known for the air 
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and liquid side, it is possible to calculate the exchanger surface temperature distribution 

(Appendix D) and determine which part of the exchanger will experience condensation 

and/or frosting during cold weather. Such investigations will be left to future studies. 

The temperature profile of the air (and liquid) within a single flow channel may be of 

interest for future studies on frosting and the effect of variable properties (Zeng et al., 

1992). Appendix D provides an expression for the temperature distribution within a flow 

channel but these effects are not investigated further in this thesis.  

With this model, the effectiveness of the single exchanger can be determined by 

calculating the average outlet conditions on the air side and the liquid side. The results 

are presented in Figure 2.11.  
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Figure 2.11 Effectiveness of a single heat exchanger for various values of NTU and Cr. 
 

Figure 2.11 shows that the effectiveness of the single exchanger increases with 

increasing NTU, but decreases with increasing Cr. These results, which are very similar 
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to the correlation results shown in (Incropera and Dewitt, 1996), do not imply that the 

heat rate will be increased if Cr is chosen to be small because the definition of 

effectiveness in equation (2.24) requires that the heat rate is calculated by the product of  

and minC  and ( EinASinA TT ,,,, − ). 

2.4.2 Run-Around System 

In this section, the run-around heat recovery system is assumed to be composed 

of two cross-flow flat-plate heat exchangers of the same parameters and properties as the 

heat exchanger described in Table 2.2—one as the supply side exchanger and the other 

the exhaust side exchanger. The inlet conditions of supply and exhaust air correspond to 

the ARI Summer testing condition (as shown in Table 2.4). The initial conditions for the 

coupling liquid are ( )24(15.297, CKT inL

�

= , %)40(/5.1, == SaltinL CkgkgX ), but are 

not critical because only the steady state solution will be presented. 

Table 2.4 Operating conditions of the run-around system modeled in Chapter 2. 

Inlet temperature of the supply air stream (TA,in,S) )35(15.308 CK
�

 

Inlet humidity ratio of the supply air stream (WA,in,S) kgg /5.17  

Inlet temperature of the exhaust air stream (TA,in,E) )24(15.297 CK
�

 

Inlet humidity ratio of the exhaust air stream (WA,in,E) kgg /3.9  

The initial inlet temperature of the liquid stream (TL,in) )24(15.297 CK
�

 

The initial inlet concentration of the liquid stream (XL,in) %)40(/5.1 =SaltCkgkg  

As mentioned in Section 2.3, the numerical solution method for the run-around 

heat recovery system is based on the balance of the heat transferred in the two 
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exchangers. An initial inlet operating condition of the coupling liquid is selected, and the 

program is iterated until the heat is balanced. The solution is considered converged when 

the difference in heat rate, q, is less than 10-4, that is 

 410
2/)(

−<
+

−

ES

ES

qq

qq
.  (2.28) 

The overall effectiveness, 0ε , is presented in Figure 2.12 and Figure 2.13 for the 

case of equal exhaust (E) and supply (S) air mass flow rates so that SAEAA CCC ,, == , 

while the flow rate of the liquid coupling fluid can have any value and LC  may and may 

not equal AC . For each exchanger, maxmin / CCCr =  where ],min[min LA CCC = and 

],max[max LA CCC = . The results in Figure 2.12 and Figure 2.13 are for the case when 

ES NTUNTUNTU == . Thus both Cr and NTU are for individual exchangers while 0ε  

is for the overall run-around system. 
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Figure 2.12 Overall system effectiveness of the run-around system, 0ε , as the function of  

the number of transfer units, NTU, and capacity ratio, Cr , for each exchanger with 

LA CC < . 
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Figure 2.13 Overall system effectiveness of the run-around system, 0ε , as the function of  

the number of transfer units, NTU, and capacity ratio, Cr , for each exchanger with 

LA CC > . 

Figures 2.12 and 2.13 show that the overall effectiveness of the run-around heat 

recovery system with cross-flow flat-plate heat exchangers increases with an increase of 

NTU for the same Cr. For both cases, when NTU>3 the overall effectiveness of the run-

around system depends strongly on Cr and is a maximum when Cr approaches 1. In 

contrast, a single cross-flow flat-plate heat exchanger has a minimum effectiveness 

when Cr=1 as shown in Figure 2.11. The overall effectiveness of the system varies 

dramatically with NTU for NTU<3, but is nearly constant for NTU>6. Low NTU values 

result in a very low effectiveness which indicates that a large NTU should be sought 

when designing a run-around system with cross-flow flat-plate heat exchangers. The 
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total effectiveness of the run-around system is more sensitive to Cr  for the case of 

LA CC >  than the case of LA CC < . 

The overall effectiveness of the run-around system as a function of Cr was also 

investigated and the results are shown in Figure 2.14 and Figure 2.15. 
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Figure 2.14 Overall system effectiveness of the run-around system, 0ε , as a function of 

the heat capacity ratio, Cr, with LA CC <  
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Figure 2.15 Overall system effectiveness of the run-around system, 0ε , as a function of 

the heat capacity ratio, Cr, with LA CC > . 
 

From Figure 2.14 and 2.15, which show the overall effectiveness, 0ε , versus 

Cr , it can be seen that for any NTU , the overall effectiveness of the run-around system 

reaches its maximum at 1=Cr  for the case of LA CC > . But for the case of LA CC < , 

the overall effectiveness is maximum at 1=Cr  only for high NTU  (e.g. 10≥NTU , 

and it is nearly independent of Cr  for small value of NTU  (e.g. 1≤NTU ) . The 

maximum effectiveness is at various value of Cr  for intermediate NTU  (e.g. 

103 ≤≤ NTU ). But for both cases, there is little change in the overall effectiveness for 

17.0 ≤≤ Cr .  

In order to analyze the effect of varying the heat capacity rate of the liquid salt 

solution, LC , on the overall effectiveness of the run-around systems, the ratio AL CC /  is 

varied between 0 and 10 as shown in Figure 2.16.  
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Figure 2.16 Overall effectiveness of the run-around system as a function of AL CC /  for 

various values of NTU. 
 

Figure 2.16 shows that the maximum overall effectiveness of a run-around 

system occurs at approximately 1/ =AL CC  for high values of NTU (e.g. 10≥NTU ). 

For low values of NTU (e.g. 1≤NTU ), the effectiveness is nearly independent of 

AL CC /  for 1/ >AL CC . For 103 ≤≤ NTU , the maximum effectiveness occurs at 

1/ >AL CC , but the effectiveness doesn’ t change so much for 2.1/8.0 ≤≤ AL CC . This 

means the heat capacity of the LiBr solution, LC , should be kept in the range of 

( ALA CCC 2.18.0 << ) for the designing peak load condition of a run-around system for 

maximum heat rate. 

It is noted that these findings for the optimum heat rate when 1/ ≈AL CC  differ 

from the findings of Bennett et al. (1994) and Johnson et al. (1995) for run-around 

systems using finned-tube coils because they were dealing with designs where both the 

air and the liquid sides of the exchangers had turbulent flows. In this study, using low-
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cost, plastic, cross-flow heat exchangers, laminar flow is used on both the air and liquid 

sides—so the best design conditions are quite different. 

When the heat transfer rate between the supply and exhaust air streams of this 

run-around system exceeds that which is required (i.e. during moderate outdoor air 

temperature conditions), the system heat transfer rate can be controlled for part load 

conditions by reducing the value of AL CC / . This can be realized by reducing the mass 

flow of liquid (i.e. the pumping rate of the coupling fluid). Of course, as AL CC / is 

decreased, NTU will increase—so the trajectory of this control on Figure 2.16 will not 

be on a constant NTU line. Chapter 5 presents the sensitivity of effectiveness and heat 

transfer rate to the mass flow rate of the liquid. 

2.5 Validation of the Model 

2.5.1 Single Cross-Flow Heat Exchanger 

The numerical model developed as outlined above, is quite general and it can be 

used to investigate variable fluid properties and exchanger operating conditions, but its 

accuracy needs to be demonstrated. In this section, the numerical solution is compared to 

analytical solutions for the temperature distribution in a single exchanger and 

effectiveness correlations from the literature. 

Analytical solution of the simplified theoretical model of one heat exchanger  

For a cross-flow flat-plate heat exchanger with both fluids unmixed and constant 

properties across the surface of the exchanger, Mason (1955) obtained an analytical 
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solution of the distribution of the dimensionless temperature difference between the two 

flows presented in (Kern and Kraus, 1972). The exact solution for the dimensionless 

temperature with constant fluid and convective properties is (see Appendix E for 

detailed development of the equation): 

 
n

n

xNTUyNTU

n

xyNTUNTU
eyx ∑∞
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where: 

 
inin TT

TT

,2,1

21

−
−

=θ  is the local dimensionless temperature difference at any 

point (x, y) on the heat exchanger surface. 

 
1

1 C

AU
NTU

⋅
= : the number of heat transfer units for flow channel 1 (e.g. 

the air side). 

 
2

2 C

AU
NTU

⋅= : the number of heat transfer units for flow channel 2 (e.g. 

the liquid side). 

This solution can be used to validate the numerical model presented in this 

chapter. The comparison of the analytical and numerical solutions of the distribution of 

the dimensionless temperature difference (θ ) across the exchanger at any point ( yx, ) is 

shown in Figure 2.17. The actual temperature difference at each point is found by 

multiplying θ  by ( inin TT ,2,1 −  ). 
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Figure 2.17 Comparison of the dimensionless temperature difference(θ ) distribution in 
one exchanger for the numerical result and analytical result with equation (2.29). 

 

From the Figure 2.17, it can be seen that the numerical solution using a grid of 

100100×  nodes is very close to the analytical solution at every node except in the 

corner of the exchanger where the temperature gradient is the lowest. In spite of this 

apparent graphical contour discrepancy between the analytical and numerical solution, 

the actual temperature differences at any node are very small. The largest difference 

occurs at x*=1 and y*=1 where the difference is 0.08, which corresponds to 0.8 C
�

for a 

typical 10 C
�

 temperature difference in energy recovery devices in HVAC applications. 

The average variance for all nodes is 



 41 

 
( )

51

2

1063.5)( −×=
−

=
∑

N
V

N

numericalanalytical θθ
θ ,  (2.30) 

The maximum variance at one node is 3
max 1074.4})(max{)( −×== nodeanyatDV θθ . 

This very close agreement with the analytical solution implies that the 

conduction/convection heat transfer model that has been developed gives excellent 

agreement with the exact analytical solution for a single cross-flow flat-plate exchanger. 

It should be noted that both the analytical and numerical models used similar 

assumptions; namely, constant wall heat flux and fully developed flows and heat 

transfer. 

Analytical calculation of the effectiveness of the cross-flow flat-plate exchanger  

For any heat exchanger it can be shown that (Inropera and Dewitt, 1996): 

 ),,( tarrangemenflowCrNTUf=ε        (2.31) 

where
minC

AU
NTU

⋅=  is the number of heat transfer units and 
max

min

C

C
Cr =  is the heat 

capacity ratio of the two fluids. 

For a cross-flow exchanger with both fluids unmixed the effectiveness can be 

determined using the analytical correlation (Incropera and Dewitt, 1996): 
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ε   (2.32) 
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Using analytical correlation (2.32), the effectiveness of the cross-flow flat-plate 

heat exchanger can be compared with the effectiveness from the numerical model as 

shown in Figure 2.18.  
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Figure 2.18 Comparison of the numerical and analytical effectiveness for a cross-flow 
flat-plate heat exchanger. 

 

Figure 2.18 shows that effectiveness calculated with the numerical model agrees 

well with the correlation for a cross-flow flat-plate heat exchanger for NTU<8 and 

differs by a small amount for 10<NTU<15. The maximum difference between the 

effectiveness calculated from the correlation and the model is 2.7% at NTU=15 and 

Cr=0.75. The average difference is only 1.1%. This comparison implies that the 

numerical model can predict the performance of a single heat exchanger accurately. 
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2.5.2 Run-Around System 

Zeng (1990) showed that the overall effectiveness of the run-around heat 

recovery system, 0ε , is only a function of the number of transfer units, NTU, for each 

exchanger and thermal capacity rate ratio, Cr ( maxmin / CCCr = ), for each exchanger and 

the thermal capacity ratio between the air and liquid solution flow. This relationship can 

be written in the form:  
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For the case of equal heat capacity ratios for both the supply and exhaust air 

flows ( ES CrCr = ) and ES NTUNTU = (i.e. equal surface area SA  and EA ), equation 

(2.33) can be simplified: 

for LA CC ≤ : 

 Cr
SE

−+=
εεε
111

0

,  (2.34) 

where LA CCCr /= , 

and for LA CC > : 
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(
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0
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SECr εεε

,  (2.35) 

where AL CCCr /= . 
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This latter case (equation (2.35)) is of greatest interest for heat recovery in this 

study because for part load control LA CC > (i.e., the heat transfer will be controlled by 

reducing the flow rate of the coupling fluid). With equations (2.33)-(2.35) and 

correlation equation (2.32), the overall effectiveness of the run-around system can be 

calculated and compared with simulation data. Figure 2.19 and Figure 2.20 present the 

comparison between analytical and numerical data for the case of equal exhaust and 

supply air mass flow rates and ES NTUNTU = .  
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Figure 2.19 Comparison of the analytical and numerical overall system effectiveness of 
the run-around system, 0ε , for  LA CC < . 
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Figure 2.20 Comparison of the analytical and numerical overall system effectiveness of 
the run-around system, 0ε , for LA CC > . 

 

Figures 2.19 and 2.20 show that the numerical results agree well with the 

analytical-correlation results, except when 10≥NTU . This slight difference is thought 

to be caused by the correlation equation (2.32), which is less accurate when NTU is 

larger. The maximum difference between the effectiveness calculated from the 

correlation and the model is 2.1% at NTU=15 and Cr=1. The average difference is only 

0.9%. This comparison implies that the numerical model can predict the performance of 

the run-around heat recovery system accurately. 
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Chapter 3                                                                        

SINGLE HEAT AND MOISTURE EXCHANGER 

3.1 Introduction 

Consideration of both the heat transfer rates between the fluids and the 

mechanical pumping power expended to overcome fluid friction and move the fluids 

through the heat exchanger should be included in any heat exchanger design. Besides 

these two factors, the moisture transfer rates must also be considered in the design of 

exchangers that transfer heat and moisture. For exchangers operating with fluids with 

different phases (i.e., gas and liquid), the heat and moisture transfer will be coupled by 

phase changes. This research project will only deal with the heat and moisture transfer 

problem. The fluid friction problem which is usually a less difficult problem will be left 

to the future research.  

The methodology of arriving at an optimum heat and moisture exchanger design 

is a complex one, not only because of the calculations required, but more particularly 

because of the many qualitative judgements that must be introduced. Kays and London 

(1984) provided a procedure for design of a heat exchanger as shown in Figure 3.1. This 

procedure is also applicable to the design of heat and moisture exchangers. 



 47 

 

 

Figure 3.1 Methodology of heat exchanger design 
 

It is the purpose of this chapter to investigate the thermal or heat transfer and 

moisture transfer design characteristics of a cross-flow plate exchanger using a 

numerical model. In this chapter, a theoretical model of the heat and moisture exchanger 

is developed which is then solved numerically. As in Chapter 2, the NTU−ε  method is 
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minM

AU
NTU m

m

⋅
= ,  (3.1) 

where mU  is the overall mass transfer coefficient and minM  is the minimum mass flow 

rate of the pure salt and dry air. 

3.2 Theoretical Model 

The geometry of one pair of flow channels for the cross-flow heat and moisture 

exchanger and the coordinate system for the mathematical model is shown in Figure 3.2. 

In this exchanger, it is assumed that water vapour can diffuse through each flat-plate 

semi-permeable membrane but liquid water and air will not be transferred. Other major 

assumptions in the formulation of the mathematical model are as follows: 

1. The heat and mass transfer processes are in steady state and only in the z direction 

normal to each membrane. 

2. The channel flow and the heat and mass transfer processes are fully developed 

throughout the exchanger. 

3. Heat gain or loss due to the latent heat from the phase change of water at the 

membrane occurs only in the liquid component. 

Assumptions 1 and 2 can be shown to be accurate for most typical geometries 

and operating conditions using sensitivity studies. These assumptions imply there are 

only two independent variables, x and y. The third assumption requires a separate 

analytical study to show that it is correct (Simonson and Besant, 1997). However, 
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assuming that the phase change energy is delivered only to the liquid desiccant is likely 

very close to the reality of phase change between an air stream and a liquid stream 

because phase change will occur at the air-liquid interface inside the membrane and the 

liquid side convective heat transfer coefficient is higher than the air side coefficient. In 

the exchangers studied in this thesis, the convection coefficient on the liquid desiccant 

side is typically 9 to 10 times greater than the convection heat transfer coefficient on the 

air side.  

 
Figure 3.2 Schematic of a cross-flow enthalpy exchanger showing three semi-permeable 

membranes separating one liquid and one air channel. 
 

3.1.1 Dimensional Governing Equations 

The governing mass balance and energy balance equations for analyzing the 

coupled heat and moisture transfer through the permeable membrane at any point ),( yx  

on the surface are: 
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At any point ),( yx  in the exchanger, the water vapour flux through the 

membrane surface is balanced by the mass gain/loss in the air: 
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2 0 ,  (3.2) 

where the humidity ratios AirW  and SolW  are the bulk mean values across the air and 

liquid channels at the same point ),( yx , and the overall mass transfer coefficient for 

water mass flux between the air and salt solution is 
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At any point ),( yx  in the exchanger, the heat flux through the membrane surface 

is balanced by the heat gain/loss in the air: 
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where AirT  and SolT  are the bulk mean temperatures at ),( yx  in each fluid, and the 

overall heat transfer coefficient between the air and salt solution is 

 
1

11
−





++=

AirSol hkh
U

δ
.  (3.5) 

The heat capacity rate of the air is 

 )( VaporAirAirAirAir CpWCpmC ⋅+= ,  (3.6) 
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where Airm  is the mass flow rate of the air through a single channel. 

Liquid side 

At any point ),( yx  in the exchanger, the water flux through the membrane 

surface is balanced by the mass gain/loss in the liquid: 
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2 0 ,  (3.7) 

where saltm  is the mass flow rate of the pure salt through a single channel. SolW  is the 

equilibrium humidity ratio for air in contact with the salt solution (i.e., it is the humidity 

ratio that air would reach when left in contact with the salt solution for a long time). This 

equilibrium humidity ratio depends on the temperature and concentration of the salt 

solution: 

 ),( SolSolSol TXfW = ,  (3.8) 

where 

 
SaltofMass

OHofMass
XSol

2= ,  (3.9) 

and the relationship will be presented in Section 3.1.4. 

At any point ),( yx  in the exchanger, the heat flux through the membrane surface 

is balanced by the net heat gain/loss by the liquid solution and the phase change at the 

membrane surface: 
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and the heat capacity of the solution is: 

 SolSolSol CpmC ⋅= ,  (3.11) 

where the mass flow rate of the salt solution is: 

 )1( SolSaltSol Xmm +⋅= .  (3.12) 

It is also assumed that Airmh ,  and Solmh ,  are constant, therefore mU  will be 

independent of position in the exchanger which is similar to the assumption in Chapter 2 

that Airh , Solh   and U  are constant. 

3.1.2 Dimensionless Governing Equations 

Following the method presented in (Shah, 1981) and (Simonson and Besant, 

1999), the governing equations can be arranged to highlight the governing dimensionless 

group (given in Table 3.1) for heat and mass transfer. These dimensionless groups are 

the number of transfer units for heat and mass transfer NTU and mNTU . The equations 

for the air side are: 
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and the liquid side: 
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C

yxU

y

T
TTNTU ⋅−−

∂
∂

=− )(
2 00

*
.  (3.16) 

Where: 

 
0

*

x

x
x = ,  (3.17) 

 
0

*

y

y
y = ,  (3.18) 

 
Air

Air C

yxU
NTU 002

⋅⋅
⋅= ,  (3.19) 

 
Air

m
Airm m

yxU
NTU 00

, 2
⋅⋅

⋅= ,  (3.20) 

 
Sol

Sol C

yxU
NTU 002

⋅⋅
⋅= ,  (3.21) 

 
Sol

m
Solm m

yxU
NTU 00

, 2
⋅⋅

⋅=   (3.22) 
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Table 3.1 Dimensionless Variables and Parameters for governing equations of a heat 
and moisture exchanger 

*x  *y  AirNTU  AirmNTU ,  SolNTU  SolmNTU ,  

0x

x
 

0y

y
 

AirC

yxU 002
⋅⋅

⋅  
Air

m

m

yxU 002
⋅⋅

⋅  
SolC

yxU 002
⋅⋅

⋅  
Sol

m

m

yxU 002
⋅⋅

⋅  

Since the heat and moisture transfer are coupled in the heat and moisture 

exchanger, the equilibrium vapour pressure correlations for the salt solution has to be 

employed for the closure of the governing equations. This will be discussed in Section 

3.1.4. The detailed development of the governing equations is given in Appendix B. 

3.1.3 Overall Heat and Mass Transfer  Coefficients 

As shown in equations (3.3) and (3.5), the overall heat and mass transfer 

coefficients depend on the convection coefficients ( h and mh ) and the membrane 

conductivities ( k and mk ). The convection heat transfer coefficients can be obtained as 

described in Chapter 2 and the convection mass transfer coefficients can be obtained 

using an analogy between the heat and mass transfer. The Chilton-Colburn analogy 

(Welty et al., 2001): 

 3/2−⋅= LeNuSh   (3.23) 

gives an equation relating the mass transfer coefficient )( mh to the heat transfer 

coefficient )(h  as follows: 

 3/2−= Le
Cp

h
hm .  (2.24) 
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For the semi-permeable membrane, the heat and mass flow conductivities ( k and mk ) 

depend on the material chosen. Polytetrafluoroethylene (PTFE) is used in this research, 

and the typical values of the heat and mass flow conductivities are )/(334.0 KmWk ⋅=  

and )/(1091.3 5 smkgkm ⋅×= − . 

3.1.4 Equilibr ium Humidity Ratio of Aqueous Desiccant Solutions 

In order to solve equation (3.7) and determine the moisture transfer through the 

membrane, the equilibrium humidity ratio of the salt solution is required. Figure 3.3 

illustrates an equilibrium curve which shows the relationship between the concentration 

of the solute in the liquid phase and the partial pressure of the solute in the gas phase 

(Welty et al., 2001). Equations relating the equilibrium concentrations in the two phases 

have been developed and are presented in many thermodynamic textbooks. In the case 

of an ideal gas and dilute liquid mixtures, the relations are very simple. Raoult’s law for 

dilute liquid mixtures is:  

 GGG Pxp = ,  (3.25) 

where Gp  is the equilibrium partial pressure of a component G in the vapour phase 

above the liquid phase, Gx  is the mole fraction of G in the liquid mixture, and GP  is the 

vapour pressure of pure G at the equilibrium temperature. 

When the gas phase is an ideal gas, Dalton’s law for mixtures of ideal gases is 

obeyed. This is: 

 Pyp GG = ,  (3.26) 
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where Gy  is the mole fraction of G in the gas phase and P is the total pressure of the 

system. When both phases are ideal, the two equations may be combined to obtain a 

relation between the concentration terms, Gx  and Gy , at constant pressure and 

temperature, the combined Raoult-Dalton equilibrium law stipulates 

 GGG PxPy = .  (3.27) 

For equilibrium conditions between gas and liquid phases in dilute solutions, 

Henry’s law for the partial vapour pressure of simple mixtures applies, 

 GeG CHp ⋅= ,  (3.28) 

where eH  is the Henry’s law constant and GC  is the equilibrium composition of G in the 

dilute liquid phase.  

 

Figure 3.3 Equilibrium distribution of solute G between a gas a liquid phase at one 
temperature. 
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For the cases of non-ideal gas and liquid phases, empirical equations are required 

to relate the equilibrium values of the two phases. In this research, the correlations 

developed by Cisternas and Lam (1991) are used:  

 )]/([)]/([log ssv ETDCETBAKIp −−+−−= ,  (3.29) 

where 

 2303/60591.3 4
ss MIeAA +⋅+= − ,  (3.30) 

 2031185.0382982.1 IIBB s ⋅−⋅+= ,  (3.31) 

 2303/)1(11614.199334.3 24 χ−⋅⋅+⋅−−= − IMIeeCC ss ,  (3.32) 

 332 79277.1027511.0138481.0 IeIIDD s ⋅−⋅+⋅−= − , and  (3.33) 

 )/()(2 22
−−++−+ ⋅+⋅+⋅= ZvZvvvχ .  (3.34) 

 

Where sA , sB , sC , sD , and sE  are constants, T is the temperature of the salt solution 

(K), I is the ionic strength (mol/kg), Ms is the molecular weight of solvent (i.e. water), K 

is an electrolyte parameter, +v  is the number of moles of cation and −v  is the number of 

moles of anion produced by the dissociation of one mole of the electrolyte, and +Z  

denotes the valency of cation and −Z  the valency of anion. These constants are listed in 

Table 3.2. 
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Table 3.2 Constants for LiBr and LiCl solutions used in the correlations for equilibrium 
vapour pressure( Cisternas and Lam, 1991) 

 
sA  sB  sC  sD  sE  K 

LiBr -0.021302 -5.390915 7.192959 1730.2857 39.53 1.0 

LiCl -0.021302 -5.390915 7.192959 1730.2857 39.53 0.72567 

 

The equilibrium humidity ratio of the solution ( SolW ) can be determined by 

knowing the partial pressure of the water vapour, wp  and the total pressure, P , 

(ASHRAE, 2001). 

 
v

v
Sol pP

p
W

−
= 62198.0   (3.35) 

With equations (3.29)-(3.35) we can generate equilibrium concentration lines for 

the LiBr and LiCl solutions and superimpose these on the psychrometric chart as shown 

in Figure 3.4 and Figure 3.5, where SaltC  is the salt concentration at equilibrium and  

 
Sol

Salt X
C

+
=

1

1
.  (3.36) 
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Figure 3.4 Equilibrium concentration lines of the LiBr solution superimposed on the 
psychrometric chart 
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Figure 3.5 Equilibrium concentration lines of the LiCl solution superimposed on the 
psychrometric chart 



 60 

From Figure 3.4 and Figure 3.5 it can be seen that the equilibrium concentration 

lines of these two salt solutions are very similar to the constant relative humidity lines on 

the psychrometric chart.  

3.1.5 Boundary Conditions 

The required boundary conditions are the temperature and humidity ratio of the 

air at the inlet of the exchanger at the air side. They are assumed to be uniform and 

constant. 

 Air side (inlet) ( ** ,0 yx = ): 

 inAirxAir TT ,0*| =
=

, and  (3.37) 

 inAirxAir WW ,0*| =
=

.  (3.38) 

Similarly, the temperature and mass fraction of water in the salt solution are the 

required boundary conditions on the liquid side.  Liquid side (inlet) ( 0, ** =yx ): 

 inSolySol TT ,0*| =
=

, and  (3.39) 

 inSolySol XX ,0*| =
=

.  (3.40) 

The appropriate boundary conditions for the governing equations can be 

summarized as shown in Figure 3.6. 
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Figure 3.6 Boundary conditions for the heat and moisture exchangers 

 

3.1.6 Effectiveness Definition for  a Single Heat and Moisture Exchanger: 

The sensible effectiveness of a single heat and moisture exchanger is relatively 

straightforward and easy to define. As presented in Chapter 2, the sensible effectiveness 

of the single exchanger is: 

 
)(

)(

,,min

,,

inSolinAir

outAirinAirAir
s TTC

TTC

−⋅
−⋅

=ε ,  (3.41) 

where ),min(min SolAir CCC =  and the inlet parameters are shown in Figure 3.7. 

On the other hand, the latent and total effectiveness of the exchanger are not so 

straightforward to define because the maximum moisture or energy transfer is difficult 

x*=0, TAir=TAir,in 

         WAir=WAir,in 

x*=1 

y* =
0,

 T
So

l=
T S

ol
,in

 

   
   

   
 X

So
l=

X
So

l,i
n 

y* =
1 

Air Flow In 

Air Flow Out 

Liquid Flow In 
Liquid Flow Out 



 62 

to define for coupled heat and moisture transfer between a liquid and air. A definition of 

the maximum possible moisture transfer is required because latent effectiveness is the 

ratio of the actual moisture transfer to the maximum possible moisture transfer: 

 
TransferMoisturePossibleMaximum

WWm outAirinAirAir
l

)( ,, −⋅
=ε .  (3.42) 

The maximum possible moisture transfer would occur in an ideal exchanger that had an 

infinite moisture transfer surface area. With this ideal exchanger two possibilities could 

exist, depending on the mass flow rate of the air and salt solution: (1) the outlet 

conditions on the air side )( ,outAirW  would be in equilibrium with the inlet salt solution 

)( ,inSolX , or (2) the outlet conditions on the liquid side )( ,outSolX  would be in equilibrium 

with the inlet air conditions )( ,inAirW . Since the moisture transfer on the air side and 

liquid side must be equal at steady state, the maximum possible moisture transfer can be 

calculated with:  

 Maximum Possible Moisture Transfer 

 )}(),(min{ ,,,, inSolinAirSaltinSolinAirAir XXmWWm −⋅−⋅= ,  (3.43) 

where inSolW ,  is the humidity ratio for air in equilibrium with the inlet salt solution,  

 ),( ,,, inSolinSolinSol TXfW = ,  (3.44) 

and inAirX ,  is the mass faction of water for the liquid desiccant in equilibrium with the 

inlet air, 

 ),( ,,
1

, inAirinAirinAir TWfX −= .  (3.45) 
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Figure 3.7 Schematic of a cross-flow heat and moisture exchanger 

 

With the sensible effectiveness and the latent effectiveness of a single exchanger, 

the total effectiveness of the single exchanger can be estimated with following 

correlation (Simonson, 1998): 

 
*

*

1 H

Hls
t +

⋅+
=

εεε   (3.46) 

where 
T

W
H

∆
∆≈ 2500*  is the operating condition factor. W∆  is the inlet humidity ratio 

difference of the air and salt solution and T∆  is the inlet temperature difference of the 

air and salt solution. 

3.3 Numerical Solution Method and Results 

The numerical solution scheme for the heat and moisture exchanger is similar to 

that for the sensible heat exchanger (see Appendix B for more details). The under 

relaxation iteration scheme is used to provide a stable solution and the solution is 

inAirinAir WT ,, ,  

outAiroutAir WT ,, ,  

inSol

inSol

X

T

,

,
 

outSol

outSol

X

T

,

,
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considered converged when the change in both T and W is less than 10-12. The results in 

this chapter are obtained with 100×100 spatial nodes which give a stable solution and 

increasing the number of nodes has little effect on the solution. The details of the 

algorithm for the exchanger are given in Appendix C. The parameters of the heat and 

moisture exchanger used to generate the results in this chapter are shown in Table 3.3 

and the operating conditions are in Table 3.4. 

Table 3.3 Parameters and properties of the heat and moisture exchanger used to 
generate the numerical results in Chapter 3. 

Name Symbol Value 

Size of the exchanger 
000 zyx ××  mmm 3.03.03.0 ××  

Channel thickness of the air side dA 2 mm 

Channel thickness of the liquid side dL 0.3mm 

Membrane thickness δ  0.5 mm 

Heat conductivity of the membrane k  )/(334.0 KmW ⋅ ,  

Mass conductivity of the membrane 
mk  )/(1091.3 5 smkg ⋅× −  

 

Table 3.4 Operating conditions of the single exchanger in Chapter 3 

Inlet temperature of the air stream (TAir,in) )85.32(306 CK
�

 

Inlet humidity ratio of the air stream (WAir,in) kgg /16  

Inlet temperature of the liquid stream (TSol,in) )85.13(287 CK
�

 

Inlet concentration of the liquid stream (,XSol, in) %)51.46(/15.1 kgkg  

Mass flow rate of the air stream skg /3.0  

Mass flow rate of the liquid stream skg /2.0  
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Graphical results are presented for the temperature and the moisture contents and 

are compared with two extreme cases—one without moisture transfer and one without 

heat transfer. Comparisons of the temperature and moisture content distribution in the 

exchanger are shown in Figure 3.8 and Figure 3.9 with and without moisture or heat 

transfer.  
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Figure 3.8 Temperature distributions in one exchanger for air (in positive x-direction) 
(a) without moisture transfer and (b) with moisture transfer, and LiBr salt solution (in 

positive y-direction) (c) without moisture transfer and (d) with moisture transfer 
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Figure 3.8(b) and Figure 3.8(d) show that with the moisture transfer and phase 

change, the temperature on the air side can be higher than the boundary condition inlet 

temperature (306 K) over a significant region of the exchanger. Furthermore, even in the 

solution side the temperature can exceed both the inlet air temperature of 306 K and the 

air temperature for 8.0* >y  and 4.0* <x . This means that the liquid is actually heating 

the air at this part of the exchanger even though the inlet temperature of the liquid is less 

than the inlet temperature of the air. The air side temperature distributions differ 

significantly with and without moisture transfer. On the solution side, the contours are 

similar in shape but the temperature magnitudes differ significantly. 

The operating conditions in this example are such that moisture transfer is from 

the air stream to the liquid desiccant. This transition from a vapour to a liquid results in a 

release of energy. The net result is that the temperatures in the air and the liquid increase 

due to the phase change, which is expected. 
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Figure 3.9 Humidity ratio and salt concentration distributions in one exchanger for air 
(in positive x-direction) (a) without heat transfer and (b) with heat transfer, and LiBr 

salt solution(in positive y-direction) (c) without heat transfer and (d) with heat transfer 
 

Figure 3.9(b) and Figure 3.9(d) show that with heat transfer, both the contour and 

the magnitudes of the moisture contents of the air differ significantly. On the solution 

side, however, the contour differs only slightly but the magnitudes differ significantly 

with and without heat transfer. These results demonstrate that the phase change in the 

exchanger has a great impact on the performance of the exchanger. For some extreme 
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cases, the fluid, which is supposed to be cooled, may be actually heated because of the 

phase change.  

To compare with the heat exchanger studied in Chapter 2, the same operating 

conditions, as shown in Table 3.5, are selected for the heat and moisture exchanger. 

Also, the same NTU and Cr value are chosen to simulate the heat and moisture 

exchanger. The results are presented in Figure 3.10, Figure 3.11 and Figure 3.12. 

 

Table 3.5 Operating conditions of the single heat and moisture exchanger for NTU and 
Cr study 

Inlet temperature of the air stream (TAir,in) )35(15.308 CK
�

 

Inlet humidity ratio of the air stream(WAir,in) kgg /5.17  

Inlet temperature of the liquid stream(TSol,in) )24(15.297 CK
�

 

Inlet concentration of the liquid stream(XSol,,in) %)40(/5.1 kgkg  
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Figure 3.10 Temperature and moisture distributions in one exchanger for NTU=6 and 

Cr=1(air flow in positive x-direction and liquid flow in positive y-direction). 
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Figure 3.11 Temperature and moisture distributions in one exchanger for NTU=6 and 

Cr=0.1, (CAir<CSol, air flow in positive x-direction and liquid flow in positive y-
direction) 
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Figure 3.12 Temperature and moisture distributions in one exchanger for NTU=6 and 

Cr=0.1, (CAir>CSol, air flow in positive x-direction and liquid flow in positive y-
direction). 

 

From Figure 3.10, Figure 3.11 and Figure 3.12, it can be seen that the 

distributions of the isothermal temperature lines in the heat and moisture exchanger are 
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quite different from those presented in Chapter 2 (Figures 2.8-2.10) for a heat 

exchanger. This indicates that the moisture transfer and the phase change have a great 

effect on the distribution of the temperature in the exchangers. Thus the moisture 

transfer and phase change will affect the performance of the exchangers. The phase 

change also means that the magnitude of the sensible heat flux from the air to the liquid, 

Azq )( , does not equal the magnitude of the sensible heat flux from the liquid to the air, 

Lzq )( . The balance of the heat transferred in the exchanger is as follows: 
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Equation (3.47) indicates that the moisture transfer term, fghm& , affects the gradients of 

temperature (
*x

TAir

∂
∂

 and 
*y

TSol

∂
∂

) and plays an important role in determining the 

distribution of the temperature in the exchanger. Also it can be seen from the above 

figures that the salt solution may release moisture in part of the heat and moisture 

exchanger and absorb moisture in another part of the heat and moisture exchanger. This 

is due to the dramatic temperature change in the exchanger caused by the phase change.  

Since the number of mass transfer units (NTUm) is one of the dimensionless 

parameters in the dimensionless governing equations, the performance of the exchanger 

will not only depend on the number of heat transfer units, NTU, and the heat capacity 

ratio, Cr, but also the number of mass transfer units, NTUm, and the mass flow ratio, 

MSalt/MAir. The temperature and moisture content distributions in the exchanger for 
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NTUm=6, and various values of MSalt/MAir (0.1, 1 and 10) are presented in Figure 3.13, 

Figure 3.14 and Figure 3.15. It is important to note that, for a given exchanger and 

testing conditions, there is a direct relationship between NTUm and NTU and between Cr 

and MSalt/MAir. For the exchanger (Table 3.2) and operating conditions (Table 3.5) 

studied here, 6=mNTU  and 1.0/ =AirSalt MM  corresponds to 5.1=NTU  and 

6.0/ =AirSol CC , 6=mNTU  and 1/ =AirSalt MM corresponds to 9=NTU  and 

6/ =AirSol CC , and 6=mNTU  and 10/ =AirSalt MM  corresponds to 9=NTU  and 

60/ =AirSol CC . Therefore, the results in Figure 3.13-3.15 are not unrelated to the results 

in Figures 3.10-3.12, but are presented for completeness. 
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Figure 3.13 Temperature and moisture distributions in one exchanger for NTUm=6 and 
MSalt/MAir =0.1(air flow in positive x-direction and liquid flow in positive y-direction). 
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Figure 3.14 Temperature and moisture distributions in one exchanger for NTUm=6 and 

MSalt/MAir =1(air flow in positive x-direction and liquid flow in positive y-direction). 



 76 

 

306.0

304.0

302.0

300.0

298.0

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

y* =y
/y

0

x*=x/x
0

298.0

299.0

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

y* =y
/y

0

x*=x/x
0

 

              a. ),( ** yxTAir (K), air side                              b. ),( ** yxTSol (K), liquid side 

17.0

16.5

16.0

15.5

15.0

14.5

14.0

13.5

13.0

12.5

12.0

11.5

11.0

10.5

10.0

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

y* =y
/y

0

x*=x/x
0

40.00

39.99

39.97

39.95

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

y* =y
/y

0

x*=x/x
0

 

            c. ),( ** yxWAir (g/kg), air side                          d. ),( ** yxCSalt (%), liquid side 

 
Figure 3.15 Temperature and moisture distributions in one exchanger for NTUm=6 and 
MSalt/MAir =10(air flow in positive x-direction and liquid flow in positive y-direction). 
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Figures 3.13, 3.14 and 3.15 show that the distributions of temperature and 

moisture content in the exchanger depend on the mass flow rate ratio of the pure salt and 

dry air for a specific NTUm value. That is the distribution of the temperature and 

moisture content varies with the variation of the mass flow rate ratio of the salt and air, 

MSalt/MAir. Similarly as the distance between isothermal lines corresponds to the 

temperature gradient, the distance between equal moisture content lines corresponds to 

the moisture content gradient. The moisture transfer rate from the air per unit area at any 

point is 
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the moisture transfer rate from the salt solution per unit area at any point is 
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For the mass balance of the exchanger, we have 
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Figures 3.13 to 3.15 show that the equal moisture content lines of the air become closer 

as MSalt/MAir increases and the equal moisture content lines of the salt solution become 

further apart as MSalt/MAir increases. Because the variation of  distribution of the 

temperature and moisture contents indicate a change in the outlet conditions of the 

exchanger, the effectiveness of the exchanger will also change as MSalt/MAir changes. 
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Thus the effectiveness of the exchanger will be different for different value of NTUm and 

MSalt/MAir. 

With the numerical model, it is possible to study how the effectiveness changes 

due to changes in all four dimensionless parameters (NTUm and MSalt/MAir, and NTU and 

CSalt/CAir) of the heat and moisture exchanger. The results are shown in Figures 3.16 to 

3.19. 
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Figure 3.16 Variations in sε  with AirSol CC /  for a single heat and moisture exchanger. 
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Figure 3.17 Variations in lε  with AirSol CC /  for a single heat and moisture exchanger. 
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Figure 3.18 Variations in sε  with airsalt MM /  for a single heat and moisture exchanger. 
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Figure 3.19 Variations in lε  with airsalt MM /  for a single heat and moisture exchanger. 

 

From Figure 3.16 and Figure 3.17, it can be seen that the sensible effectiveness 

of the exchanger is minimum at 1/ =AirSol CC  and increases as AirSol CC /  increases or 

decreases from 1. This is similar to the response of sensible heat exchangers presented in 

Chapter 2 and those reported in the literature. The latent effectiveness, on the other hand, 

simply increases as AirSol CC /  increases. Figure 3.18 and Figure 3.19 show a similar 

response for both sensible and latent effectiveness to changes in airsalt MM / . In these 

figures, sε  and lε  increase as airsalt MM /  increases when 1/ <airsalt MM , but sε  and lε  

are nearly constant when 1/ >airsalt MM , especially for large value of NTUm. 
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Chapter 4                                                                                 

RUN-AROUND HEAT AND MOISTURE RECOVERY 

SYSTEM 

4.1 Introduction 

A run-around heat and moisture recovery system is comprised of two or more 

liquid-to-air heat and moisture exchangers that are coupled by an aqueous desiccant salt 

solution as shown in Figure 4.1. The system is different from the traditional run-around 

heat recovery system presented in Chapter 2 in that it can transfer both heat and moisture 

with the heat and moisture exchangers. The coupling liquid, which is typically a 

desiccant (e.g. LiBr or LiCl) and water mixture and is running cross-flow to the exhaust 

and supply airflow, can regenerate itself through moisture exchange with the supply and 

exhaust air and thus transport moisture from exhaust air to supply air or vice-versa. In 

some cases, it may be beneficial to configure the system to include external sourced 

sinks of heat and moisture (e.g. waste heat) to improve performance. In this 

configuration, the heat and moisture transfer at the supply exchanger may not equal the 

heat and moisture transfer at the exhaust exchanger due to the external sources of heat 

and moisture. Investigation of this configuration will be left to future studies. In all 

configurations, the liquid circulating pump can adjust the flow rate of the salt solution to 
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control the heat and moisture transfer rates between the supply and exhaust air, which 

may be necessary as the outdoor conditions change. 

 

Figure 4.1 Run-around heat and moisture recovery system 

 

4.2 Theoretical Model 

The steady-state operating condition for the run-around heat and moisture 

recovery system that will be investigated in this thesis is when the total heat and mass 

transfer rates in the exhaust exchanger balance the rates in the supply exchanger. When 

this occurs, energy and water do not need to be added or removed from the system 

during operation, except for the small amount of pumping energy required to circulate 

the coupling fluid and the fan energy required to cause a flow of air through the 

exchangers. Since these external energy inputs are assumed to not alter the performance 
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of the exchangers for heat and mass transfer, the modeling of the system in this 

simulation is based on this energy and mass balance between the supply and exhaust 

exchangers. The assumptions used in this analysis are the same as for the individual 

exchangers in each air stream (see Section 3.1) plus two new assumptions. 

1. Heat and mass transfer occurs only within each exchanger (i.e., no heat and mass 

transfer between the exchangers or connecting piping and ambient air). 

2. The bulk mean coupling fluid temperature and water concentration at the exit of one 

exchanger can be used for the entrance to the downstream exchanger. 

Basic Equations 

For the Run-Around system shown in Figure 4.2, it is assumed that the inlet air 

temperatures of the supply and exhaust side air, inAST ,  and inAET , , and the inlet humidity 

ratio of the supply and exhaust side air, inASW , and inAEW , , are known. To start the 

simulation, we define an arbitrary inlet condition of the supply side liquid, inLST ,  and 

inLSX , . Then using the algorithm to start iterating the thermo-physical properties, all the 

parameters of the inlet and outlet conditions for each exchanger and the imbalance of 

heat and water vapour flows in the run-around system can be calculated for any iteration. 
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Figure 4.2 Thermal Circuit of Run-Around System with Enthalpy Exchangers 

 

The equations for energy and mass rate are as follows: 

For the supply exchanger, the energy transfer rate between the air and liquid is 

 inLSinLSoutLSoutLSfgSoutASoutASinASinASS TCTChmTCTCq ,,,,,,,, −=⋅+−= & ,  (4.1) 

and the mass transfer rate between the air and liquid is 

 )()( ,,,, outASinASAirinLSoutLSSaltS WWMXXMm −=−=& .  (4.2) 

For the exhaust exchanger, the energy transfer rate between the air and liquid is 

 outLEoutLEinLEinLEfgEinAEinAEoutAEoutAEE TCTChmTCTCq ,,,,,,,, −=+−= & ,  (4.3) 
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and the mass transfer rate between the air and liquid is 

 )()( ,,,, inAEoutAEAiroutLEinLESaltE WWMXXMm −=−=& .  (4.4) 

The outlet bulk mean outlet temperatures of the air and the salt solution fluid are 

calculated by the following equations. The outlet temperature of the air is 

 ∫⋅=
y

AAA
AA

outA dyTCpM
Cpm

T
1

, .   (4.5) 

and the outlet temperature of the liquid is 

 ∫⋅=
x

LLL
LL

outL dxTCpM
Cpm

T
1

, .  (4.6) 

The outlet bulk mean outlet moisture contents of the air and the salt solution fluid are 

calculated by the following equations. The outlet humidity ratio of the air is 

 ∫⋅=
y

AoutA dyW
y

W
0

,

1
,  (4.7) 

and the outlet concentration of the liquid is 

 ∫⋅=
x

LoutL dxX
x

X
0

,

1
.  (4.8) 

For no heat and mass gain or loss in the connecting pipes, the inlet properties of 

the supply exchanger should be equal to the outlet properties of the exhaust exchanger 
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and the inlet properties of the exhaust exchanger should be equal to the outlet properties 

of the supply exchanger. The inlet temperature of the liquid in the supply exchanger is 

 outLEinLS TT ,, = ,  (4.9) 

and the inlet temperature of liquid in the exhaust exchanger is 

 outLSinLE TT ,, = .  (4.10) 

The inlet concentration of the liquid in the supply exchanger is 

 outLEinLS XX ,, = ,  (4.11) 

and the inlet concentration of the liquid in the exhaust exchanger is 

 outLSinLE XX ,, = .  (4.12) 

Based on the mass and energy balance, that is ES mm && =  and ES qq = , we can get 

the steady state inlet and outlet conditions of the run-around system by adjusting the 

liquid properties for each iterative calculation of the system. Using these steady state 

inlet and outlet conditions, the overall effectiveness of the system is calculated for each 

operating condition for the inlet air. 

As mentioned in Chapter 2, the effectiveness of any type of heat exchanger can 

be expressed as: 



 87 

conditionsoperatingsametheandareatransfer

heatfiniteinanwithexchangeranofratetransferheatpossibleMaximum

ratetransferheatActual=ε    (4.13) 

Following equation (4.13), the sensible effectiveness of the run-around system 

with coupled heat and moisture exchange and equal supply and exhaust air mass flow 

rates (i.e. ASAE mm =  as shown in Figure 4.3) is: 
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where the inlet and outlet conditions are shown in Figure 4.3. Similarly, the latent 

effectiveness of the run-around system with coupled heat and moisture exchange is: 

 
inAEinAS

inAEoutAE

inAEinAS

outASinAS
l WW

WW

WW

WW

,,

,,

,,

,,

−
−

=
−
−

=ε ,  (4.15) 

and the total effectiveness of the run-around system with coupled heat and moisture 

exchange is: 
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Figure 4.3 Schematic of the inlet-outlet conditions of the run-around heat and moisture 

recovery system 
 

The numerical model for run-around heat recovery system was verified in 

Chapter 2 with Mason’s (Kern and Kraus, 1972) analytical solution and NTU−ε  

correlations. Since heat and mass transfer are analogous, there is significant confidence 

in the results generated from the numerical model for the run-around heat and moisture 

recovery system. 

4.3 Numerical Solution Method and Results 

In this section, the run-around heat and moisture recovery system is assumed to 

be composed of two cross-flow flat-plate heat and moisture exchangers having the same 

parameters and properties as the exchanger described in Table 3.3—one as the supply 

exchanger and the other the exhaust exchanger. The performance of the run-around 
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1060, 2001) (as shown in Table 4.1) with LiBr and LiCl salt solutions as the coupling 

fluid is presented. 

Table 4.1 Operating conditions of the run-around system in the model in Chapter 4. 

Inlet temperature of the supply air stream (TAS,in) )35(15.308 CK
�

 

Inlet humidity ratio of the supply air stream (WAS,in) kgg /5.17  

Inlet temperature of the exhaust air stream (TAE,in) )24(15.297 CK
�

 
Summer 

Inlet humidity ratio of the exhaust air stream (WAE,in) kgg /3.9  

Inlet temperature of the supply air stream (TAS,in) )7.1(85.274 CK
�

 

Inlet humidity ratio of the supply air stream (WAS,in) kgg /5.3  

Inlet temperature of the exhaust air stream (TAE,in) )21(15.294 CK
�

 
Winter 

Inlet humidity ratio of the exhaust air stream (WAE,in) kgg /1.7  

Initial inlet temperature of the liquid stream (TL,in) )24(15.297 CK
�

 Salt 

Solution Initial inlet concentration of the liquid stream (XL,in) %)40(/5.1 kgkg  

The numerical solution method of the run-around system with moisture transfer 

is about the same as the solution for the sensible run-around system. The difference is 

that, for the run-around system with moisture transfer, the mass transfer has to be 

balanced as well as the heat transfer. An initial inlet operating condition of the coupling 

liquid is selected, iterating until the heat and moisture is balanced. The solution is 

considered converged when the difference in heat rate, q, and difference in the moisture 

transfer rate, m
�

, are all less than 10-4. That is, the difference in the heat rate: 
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and the difference in the mass transfer rate: 
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The detailed algorithm for the run-around heat and moisture recovery system is given in 

Appendix C. With the numerical model developed above and the definition of the 

effectiveness, the performance of the run-around system can be simulated and the results 

(Figure 4.4) compared with the sensible run-around system in Chapter 2 (Figure 2.16). 
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Figure 4.4 Variation of the overall (a)sensible, (b)latent, and (c)total effectiveness of the 
run-around system as a function of AirSol CC / with NTU as a parameter (LiBr solution, 

ARI summer condition). 
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Comparing Figure 4.4 with Figure 2.16 shows that the run-around system with 

moisture transfer performs very differently from the sensible run-around system. For the 

sensible run-around heat recovery system, the optimum effectiveness occurs 

approximately at the heat capacity ratio of coupling fluid to air, 1/ =AL CC . Though for 

lower NTU values, the maximum effectiveness shifts a little bit from 1/ =AL CC , but the 

change is so trivial that it can be neglected. For the run-around heat and moisture 

recovery system, however, the maximum effectiveness occurs approximately at a heat 

capacity ratio of coupling salt solution to air, 3/ =AirSol CC , especially for high NTU. 

This means that the pumping rate of the coupling fluid must be kept at a higher level for 

total energy transfer than for sensible heat transfer only. The heat capacity rate of the 

coupling fluid should be 3 times larger than that of the air. This difference between the 

run-around heat and moisture recovery system and sensible run-around heat recovery 

system is believed to be caused by the phase change accompanying the moisture transfer. 

When there is phase change, a large amount of heat is released or absorbed and the 

magnitude of this heat may be similar to the magnitude of the sensible heat exchanged in 

the exchangers. Since the heat of phase change is delivered to or taken from the salt 

solution, this phase change alters the optimal heat capacity rate of the solution. As a 

result, the performance of the exchangers changes and thus the performance of the run-

around system also changes. This is expected because Figures 3.10-3.12 showed that the 

magnitude of both the temperature and moisture content in the air side increase as the 

heat capacity of the coupling fluid increases. 

The moisture transfer in the exchangers is determined not only by the 

temperature change in the exchangers but also by the concentration change of the salt 
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solution. Thus it may be helpful to analyze the performance of the run-around heat and 

moisture recovery system using the number of mass transfer units, NTUm, and mass flow 

rate ratio of pure salt in the coupling fluid to dry air, Airsalt MM / . In addition, different 

salt solutions may result in different effectiveness so LiBr and LiCl are studied as the 

coupling fluid. The results are shown in Figure 4.5 and Figure 4.6. 
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Figure 4.5 Variation of the overall (a)sensible, (b)latent, and (c)total effectiveness of the 
run-around system as a function of AirSol MM / with NTUm as a parameter (LiBr 

solution, ARI summer condition). 
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Figure 4.6 Variation of the overall (a)sensible, (b)latent, and (c)total effectiveness of the 
run-around system as a function of AirSol MM / with NTUm as a parameter (LiCl  

solution, ARI summer condition). 
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Figure 4.5 and Figure 4.6 show that the effectiveness of the run-around heat and 

moisture recovery system increases with increasing NTUm. The maximum effectiveness 

of the system occurs approximately at 1/ =Airsalt MM . The effectiveness of the system 

is very sensitive to the mass flow rate of pure salt in the coupling fluid when 

1/ <Airsalt MM , but doesn’ t change much with mass flow rate of pure salt in the 

coupling fluid when 1/ >Airsalt MM . This means that in the practical operation of the 

run-around system, the pumping rate of the coupling fluid should be kept at a value so 

that the mass flow rate of the pure salt in the fluid is about same as or a little higher than 

the mass flow rate of dry air. Comparing the effectiveness values in Figures 4.5 and 4.6 

shows that the run-around system has a better performance with LiBr solution as the 

coupling fluid than with LiCl solution as the coupling fluid. Another advantage of the 

LiBr solution is that the equilibrium concentration is higher than LiCl for these operating 

conditions. Therefore, the total solution flow rate (salt + water) and pumping energy will 

be slightly lower for LiBr than for LiCl. 

To investigate the effect of the operating temperature and humidity, the 

effectiveness of the run-around heat and moisture recovery system operating at ARI 

winter test conditions is shown in Figure 4.7 and Figure 4.8. 
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Figure 4.7 Variation of the overall (a)sensible, (b)latent, and (c)total  effectiveness of 
the run-around system as a function of AirSalt MM / with NTUm as a parameter (LiBr 

solution, ARI winter condition). 
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Figure 4.8 Variation of the overall (a)sensible, (b)latent, and (c)total effectiveness of the 
run-around system as a function of AirSalt MM / with NTUm as a parameter (LiCl solution, 

ARI winter condition). 
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Comparing Figures 4.5 and 4.6 with Figures 4.7 and 4.8, it can be seen that the 

run-around system performance is similar under ARI winter and summer test conditions. 

The effectiveness is only slightly higher at ARI summer than at ARI winter conditions. 

The different performance in the summer than in the winter is likely due to the fact that 

the desiccant salt solutions have different properties such as vapour pressure and heat 

capacity at different temperatures and concentrations.  
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Chapter 5                                                              

SENSITIVITY STUDIES AND ANALYSIS 

The purpose of the simulations presented in this chapter is to show the effect of 

certain assumptions and parameters on the predicted performance of the exchanger and 

the run-around system. These studies help to verify the model partially, check the 

validity of the assumptions, and demonstrate the performance of the system under 

different situations. The parameters investigated in this chapter include the heat and 

mass transfer coefficients, the channel size, the pumping rate of the coupling liquid, 

thermal entry length, and the axial conduction in the exchanger. 

5.1 Heat and Mass Transfer Coefficients  

In the development of the numerical model, the number of transfer units and the 

number of mass transfer units are defined as, 

 
C

yxU
NTU 002

⋅⋅
⋅= , and   (5.1) 

 
m

yxU
NTU m

m
002

⋅⋅
⋅= .  (5.2) 

The overall heat transfer coefficient between the air and salt solution is: 
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The overall mass transfer coefficient between the air and salt solution is: 
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The studies in Chapter 4 show that the effectiveness of the run-around system 

varies with the change of the NTU and NTUm for specific values of AirSol CC /  and 

AirSalt MM / . So from equations (5.1)-(5.3), it can be seen that the effectiveness of the 

run-around system should be sensitive to the convection heat and mass transfer 

coefficients ( mhh, ) of the air and salt solution and the heat and mass conductivities 

( mkk, ) of the membrane. For 1/ =AirSalt MM , the variation of the overall effectiveness 

of the run-around system with the heat and mass conductivities is presented in Figure 5.1 

and Figure 5.2. 
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Figure 5.1 Overall effectiveness )( 0ε  versus log(k/k0) [ )/(1034.3 4
0 KmWk ⋅×= − ] . 
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Figure 5.2 Overall effectiveness )( 0ε  versus log(km/km,0) [ )/(101.9 6
0, smkgkm ⋅×= − ] . 

 

Figure 5.1 and Figure 5.2 show that the overall effectiveness of the run-around 

system is not sensitive to the heat and mass conductivities in certain range of the value 

of k and mk . For the membrane material chosen in this research, the heat and mass 
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conductivities are in this insensitive range. Also, it can be seen that the overall sensible 

effectiveness is less sensitive to mk  and more sensitive to k  than the overall latent 

effectiveness. 

The convection heat transfer coefficient is determined by the Nusselt number 

(Nu) and the hydraulic diameters (Dh) of the channels of the exchangers: 

 
h

f

D

kNu
h

⋅
= ,  (5.5) 

and the mass transfer coefficient (hm) can be determined from the heat transfer 

coefficient (h) using the heat and mass analogy. The hydraulic diameter (Dh) is 

determined by the channel size of the exchangers which is investigated in Section 5.2. In 

this section, the effect of Nusselt number (Nu) is investigated. For laminar flow in 

parallel pates, the Nusselt number is a specific value. In previous studies, constant wall 

heat fluxes in the exchangers is assumed, that is 24.8=Nu (Kays and Crawford, 1993). 

The performance of the run-around system is simulated with Nu varied from 7.54 

(constant wall temperature) to 8.24 (constant wall heat fluxes), and the results are shown 

in Figure 5.3. 
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Figure 5.3 Overall effectiveness )( 0ε  versus Nu. 

 

It can be seen from Figure 5.3 that the overall effectiveness of the run-around system is 

not very sensitive to Nu in the range of 7.54 to 8.24 and the biggest difference in 0ε is 

less than 0.3%. 

5.2 Channel Size 

Equation 5.4 shows that the channel sizes of the exchanger, Ad  and Ld , have 

great impact on the effectiveness of the run-around system. The variation of the overall 

effectiveness of the run-around system with channel size ( Ad  and Ld ) are shown in 

Figure 5.4 and Figure 5.5. 
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Figure 5.4 Overall effectiveness )( 0ε  versus diameter of the liquid channel 

)( Sold . 
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Figure 5.5 Overall effectiveness )( 0ε  versus diameter of the air channel )( Aird . 

 

Figure 5.4 and Figure 5.5 show that the overall effectiveness of the run-around 

system is less sensitive to the channel size of the liquid flow than to the channel size of 

the air flow. The overall effectiveness of the run around system decreases with the 

increase of channel size of the exchangers. This indicates that the channel sizes of both 
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the liquid and air flow should be kept at a practical small value to achieve a better 

performance of the run-around system. 

5.3 Pumping Rate 

The previous studies show that the pumping rate of the coupling liquid has great 

impact on the performance of the run-around system. For the run-around system without 

moisture transfer, the pumping rate of the coupling liquid should be kept so that the 

thermal capacity rate ratio of the air and liquid equals 1 (i.e. 1=Cr ). But for the run-

around system with moisture transfer, the pumping rate of the coupling liquid should be 

kept so that the mass flow rate ratio of the air and pure salt equals 1 (i.e. 

1/ =SaltAir MM ). So it may be interesting to investigate the effectiveness variation with 

the variation of the pumping rate of the coupling liquid for a specific mass flow rate of 

the air. The results are presented in Figure 5.6 and Figure 5.7 for a run-around system 

with and without moisture transfer. 
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Figure 5.6 Overall effectiveness )( 0ε  for the run-around system without moisture 

transfer versus pumping rate of liquid )( Solm  
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Figure 5.7 Overall effectiveness )( 0ε  for the run-around system with moisture transfer 

versus pumping rate of liquid )( Solm  
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Figure 5.6 and Figure 5.7 show that the overall effectiveness )( 0ε of a run-around 

system increases with an increase in the pumping rate of the coupling liquid to 

approximately 0.4 kg/s for run-around system without moisture transfer and 1.2kg/s for 

run-around system with moisture transfer. Then it decreases with increase in the 

pumping rate of the coupling liquid. This indicates that with moisture transfer, the 

optimum effectiveness of the run-around system occurs at a larger flow rate of the 

coupling liquid than without moisture transfer. 

5.4 Entry Length 

The previous results do not include the increased heat and mass transfer in the 

hydrodynamic and thermal entry length region for the air and liquid entering each 

channel of the exchanger. Because the size of the channels of the exchangers is much 

smaller than the size of the exchangers, the effect of entry length can be neglected. In 

order to investigate the effect of entry length, simulations are performed where the 

increased heat and mass transfer coefficients in the thermal entry region are included. 

For the thermal entry length problem for parallel plates with constant and equal wall 

heat fluxes, Shah and London (1978) recommended following approximate equations to 

determine the Nusselt numbers for laminar flow: 

 






≥+

<<+
≤

=
+

+

+−+

+−+

01.0
0364.0

235.8

01.0001.09.0)(236.2

001.0)(236.2
3/1

3/1

xfor
x

xforx

xforx

Nu M   (5.6) 

where 
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x .  (5.7) 

With the above equations included in the model, the performance of the run-around 

system including the effect of thermal entry length was simulated and compared to the 

case when entry length effects were neglected. The results are presented in Figure 5.8. 
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Figure 5.8 Effect of including the entry region as a function of mNTU of the run-around 

system )( ,0,00 lengthentryneglectinglengthentryincluding εεε −=∆ . 

 

It can be seen from Figure 5.8 that the difference between the effectiveness of the 

run-around system including the thermal entry effects and the effectiveness neglecting 

the thermal entry length effects is very small and can be neglected, especially for high 

NTUm. With increasing NTUm, the difference decreases. 
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5.5 Axial Conduction Effect 

Throughout this thesis, the effect of axial conduction in the exchanger has been 

neglected, because Luo and Roetzel (1997) have shown that the effect of axial 

dispersion is negligible for Peclet number greater than 20. In most of the simulations in 

this thesis, Pe  is greater than 20, but it is worthwhile to investigate the effect of axial 

dispersion of both heat and mass. To study the axial dispersion effect of both heat and 

mass in an exchanger, the model of the exchanger has to be revised to include the axial 

dispersion terms.  

For the air flow, the axial dispersion can be neglected when compared to the 

liquid flow, because the velocity of air flow is much bigger than the liquid flow, 
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But for the liquid flow, the axial dispersion cannot be neglected: 
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where: 
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With the above modified model, the performance of the exchanger including 

axial dispersion effect can be simulated and the results are presented in Figure 5.9.  
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Figure 5.9 Effect of including the axial dispersion as a function of mNTU of the 

exchanger )( ,0,0 dispersionaxialincludingdispersionaxialneglecting εεε −=∆ . 
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Figure 5.9 shows that the difference of the effectiveness of the exchanger with and 

without axial dispersion is very small, less than 0.4% for 10=mNTU . This indicates 

that the effect of axial dispersion can be neglected. 

5.6 Summary 

In this chapter, the sensitivity of various assumptions and property data on the 

numerically predicted effectiveness of the run-around system has been investigated and 

justified. It was found that the effectiveness of the run-around system is not sensitive to 

the heat and mass conductivities in the practical range of the values of them. The 

channel size of the air flow in the exchangers has greater impact on the performance of 

the run-around system than the channel size of the liquid flow. To get a better 

performance of the system, the channel size of the air flow should be kept at a practical 

small value. The pumping rate of the coupling liquid is an important parameter to be 

considered in the design of a run-around system, because the effectiveness of the system 

is very sensitive to the pumping rate of the coupling liquid. The thermal entry length of 

the exchangers can be neglected in a run-around heat and moisture recovery system. The 

axial conduction has very little effect on the performance of the run-around system and 

can be neglected. 

Though many parameters and properties have been investigated in this chapter, 

there are still several more properties that should be addressed in future work to 

manufacture a practical and workable run-around heat and moisture recovery system. 

Since the performance is very sensitive to the channel size of the air flow, non-uniform 

channel size due to pressure variations within the exchanger or manufacturing variations 
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should be addressed in the future research. The effect of adding screens or other spacers 

in the channel should also be investigated.  
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Chapter 6                                                                      

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

The main objectives of this thesis are to investigate the feasibility of a run-

around heat and moisture recovery system made of semi-permeable membranes and to 

find the design characteristics of such a system. To achieve these objectives, a 

mathematical/numerical model was developed, validated for the case of no moisture 

transfer with accepted analytical solutions, and applied to investigate the optimal 

operating conditions of the single exchanger and the whole coupled system. This 

research demonstrates that the run-around heat and moisture recovery system is feasible 

and that high effectiveness (up to 60%) is possible for well designed systems. In this 

chapter, a summary of the work completed is presented followed by conclusions and 

recommendations for future work. 

6.1 Summary  

A numerical model of the single cross-flow plate heat exchanger and sensible 

run-around heat recovery system was developed and validated with analytical solutions 

and correlations from the literature in Chapter 2. Using the model, the optimal pumping 

rate for the coupling liquid was investigated and the temperature distribution in the heat 

exchanger was studied, which explains why the optimal pumping rates are different for 

the single exchanger and the run-around heat recovery system. 
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Moisture transfer and phase change were introduced into the model of single 

individual sensible heat exchangers and a coupled heat and moisture transfer model was 

developed for a heat and moisture exchanger in Chapter 3. The effect of phase change in 

the exchanger was studied and new parameters, the number of mass transfer units, 

mNTU , and mass flow rate ratio, AirSalt MM / , were introduced to study the optimal 

operating conditions of a single heat and moisture exchanger. 

In Chapter 4, two heat and moisture exchangers were coupled to form the model 

of a run-around heat and moisture recovery system. The performance of the system was 

studied under ARI summer and winter test conditions with both LiBr and LiCl salt 

solutions as the coupling fluid. Results were compared with the sensible system and 

optimal pumping rate of the coupling salt solution was investigated.  

Sensitivity studies were performed in Chapter 5. In these sensitivity studies, the 

sensitivity of the effectiveness to the heat transfer coefficients, the channel size, the 

pumping rate of the coupling liquid, and the thermal entry length of the exchanger was 

investigated. Also, the axial conduction effect was addressed in this chapter. 

6.2 Conclusions 

The following conclusions can be made from the research presented in this 

thesis: 

1. The run around heat and moisture recovery system envisioned and investigated in 

this thesis, which consists of two cross-flow heat and moisture exchangers 

constructed with a water vapour permeable membrane and coupled with an aqueous 

salt solution, is feasible. Overall sensible, latent and total effectiveness of 60% are 

possible for a well designed, practical system. 
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2. The numerical model for sensible heat exchangers and run-around heat recovery 

systems, developed in this thesis, provide reliable effectiveness data. This conclusion 

is based on a comparison on the numerical data and analytical data from the 

literature which shows differences of less than 1.1%. 

3. For a single cross-flow plate heat exchanger, the temperature distribution in the 

exchanger is determined by number of transfer units, NTU, and heat capacity ratio, 

Cr, of the exchanger. The temperature distribution can be related to the effectiveness 

of the exchanger.  

4. For a run-around heat recovery system with cross-flow plate heat exchangers, the 

optimum effectiveness occurs when the heat capacity ratio of the coupling fluid and 

the air are nearly equal ( 1/ =AL CC ) for high value of NTU ( 10≥NTU ). For lower 

values of NTU )10( <NTU , the optimal effectiveness shifts slightly from 

1/ =AL CC . The heat capacity of the coupling fluid should be kept in the range of 

ALA CCC 2.18.0 <<  for the highest effectiveness and maximum heat transfer rate. 

This recommendation is a little different from the recommendation of 

ALA CCC 2.195.0 <<  by London and Kays (1951). 

5. The temperature and moisture content distributions in a single heat and moisture 

exchanger are complex. Because the heat and moisture transfer in the exchanger are 

coupled by the phase change associated with the moisture transfer, the moisture 

content distribution affect the temperature distribution in the exchanger and the 

effectiveness of the exchanger. Thus the factors that may affect the distribution of 

the temperature and moisture content in the exchanger and the effectiveness of the 

exchanger are the inlet temperature and humidity ratio of the air, NTU and 
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AirSol CC / , NTUm and AirSol MM / , and the inlet temperature and concentration of the 

salt solution. Both the sensible and latent effectiveness increase as NTU, AirSol CC / , 

NTUm and AirSol MM /  increase for all combinations, except for sensible 

effectiveness and AirSol CC / . In this case, the sensible effectiveness is a minimum for 

1/ =AirSol CC  and increases as AirSol CC /  increases or decreases from 1. 

6. For ARI summer and winter test conditions, the maximum effectiveness of a run-

around heat and moisture recovery system occurs approximately at 3/ =AirSol CC , 

which is three times higher than the capacity ratio for a run-around heat recovery 

system in conclusion 4. This difference is due to the heat of phase change associated 

with the moisture transfer in these exchangers. For 3/ >AirSol CC , the effectiveness 

of the system is neatly independent of AirSol CC / . 

7. The maximum effectiveness of a run-around heat and moisture recovery system 

occurs at 1/ ≈AirSol MM . Increasing AirSol MM /  between 0 and 1 increases the 

effectiveness significantly, but increasing AirSol MM /  above 1 does not have a large 

effect on the effectiveness. This mean that in the practical operation of the run-

around system, the pumping rate of the coupling fluid should be controlled so that 

the mass flow rate of the pure salt in the fluid is equal to or slightly higher than the 

mass flow rate of dry air for maximum performance. The mass flow rate of the salt 

solution should reduced when the heat and moisture transfer rates need to be reduced 

during moderate outdoor conditions. 
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8. The effectiveness of the run-around heat and moisture recovery system is sensitive to 

the desiccant salt solution used, and the temperature and humidity of the supply and 

exhaust air streams. 

6.3 Recommendations for Future Work 

Though many topics were covered in this research, there are still many other 

topics that should be addressed in the future. In particularly, emphasis should be placed 

on constructing a real, workable run-around heat and moisture recovery system. The 

recommended future research work is listed below: 

1. Although the model was partially verified with the sensitivity study and known 

analytical correlations for sensible heat transfer in the literature, it should be 

validated with experimental data in the future. The first step would be to test a single 

exchanger that is constructed in the laboratory and then a run-around system. The 

numerical results in the thesis should be used to guide the design and construction of 

the heat and moisture exchangers. 

2. In this thesis, all the exchangers had uniform channel sizes (i.e., membrane spacing) 

and the same flow rate through each channel. In practice, however, ideally uniform 

channel sizes and flow rates are not possible, because of manufacturing limitations 

and pressure variations which may cause the plates to be deformed. A study on the 

effect of maldistributed fluid flows due to variations in the plate spacing on the 

performance of a run-around system is recommended. 

3. In order to maintain uniform spacing between the membranes in the exchanger it is 

likely necessary to add a screen or other spacers. The effect of adding screens into 

the channel is not included in this study, but it should be addressed in future studies. 
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4. Investigation of frosting and fouling on the exchanger performance is recommended. 

The moisture transfer rate of the exchanger depends on the permeability of the 

membrane plates. Frosting and fouling may change the permeability of the 

membrane and should be investigated. 

5. Only steady state data were presented in this thesis, because operating conditions in 

HVAC systems typically change slowly. However, it was found that it took a many 

iterations for the numerical model to determine the steady state solution for the run-

around system. This may indicate a slow transient response of the heat and moisture 

exchangers or a slow convergence scheme, and should be studied further. 

6. The effectiveness of the run-around heat and moisture recovery system depend on 

many dimensionless heat and moisture transfer parameters. It was found that the 

relationship between the effectiveness of the run-around system and the mass 

transfer parameters (number of mass transfer units, mNTU , and mass flow rate ratio, 

AirSalt MM / ) is quite different from relationship between the effectiveness and the 

heat transfer parameters ( NTU  and AirSol CC / ). Future work should aim to develop 

correlations between these parameters and the effectiveness of the run-around 

system. 

7. In the research, it was found that the effectiveness of the run-around system was 

sensitive to the salt solution used. Investigation on systems using different salt 

solutions or the combination of different salt solutions is recommended. 

8. Johnson et al. (1995) investigated the life-cycle cost (LCC) of a run-around heat 

recovery system. But the LCC for a run-around heat and moisture recovery system 

will be different from a sensible run-around system. Thus a LCC study for a run-



 120 

around heat and moisture recovery system is recommended because is may show 

unique possibilities and advantage. 
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Appendix A Salt Solution Properties 

This appendix contains the properties of the salt solutions required in the 

numerical model. These properties include: specific heat capacity, density, viscosity, and 

thermal conductivity. 

Specific Heat Capacity: 

The specific heat capacity of a multi-component solution can be calculated using 

the following correlation (Zaytsev and Aseyev, 1992):  

 iiii iiiwSol ctBtBcBBCpCp )( 2
43

'
21 ++++= ∑ .  (A-1) 

Where SolCp  is the specific heat capacity of a multi-component solution in J/(kg·K); 

wCp  is the specific heat capacity of water in J/(kg·K); niB  are coefficients; '
ic  is the 

mass fraction of the thi  component in a binary isopiestic solution; and ic is the mass 

fraction of the thi  component in a multi-component solution. The '
ic  value is calculated 

by the following correlation: 

 )(1' ∑⋅= −
j jjii cEEc ,  (A-2) 
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where iE  are the empirical coefficients (Zaytsev and Aseyev, 1992). 

The specific heat capacity of pure water can be calculated with the following 

correlation (Zaytsev and Aseyev, 1992): 

 14.05.6 )100/(3490)100/(4.134225 TTCpw ⋅+⋅= −  ( Ct
�

1000 ≤≤ ).  (A-3) 

Density: 

The density of a multi-component solution can be calculated using the modified 

Ezrokhi equation (Zaytsev and Aseyev, 1992):  

 ∑+=
i iiwSol cA )(loglog ρρ .  (A-4) 

Where Solρ  is the density of multi-component solution in kg/m3; wρ  is the water density 

in kg/m3; iA  are empirical coefficients; and ic  is the mass fraction of the component in 

the solution.  

The density of water is calculated by the following correlation (Zaytsev and 

Aseyev, 1992): 

 200355.0062.01000 ttw ⋅−⋅−=ρ    ( Ct
�

1000 ≤≤ ).  (A-5) 

The coefficients iA  in (A-4) are calculated from the empirical equation (Zaytsev 

and Aseyev, 1992): 

 2
210 tbtbbA iiii ⋅+⋅+= .  (A-6) 
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Viscosity: 

Dynamic viscosity coefficients can be calculated using the modified Ezrokhi 

equation (Zaytsev and Aseyev, 1992): 

 ∑+=
i iiwSol cD )(lglg µµ .  (A-7) 

Where Solµ  is the viscosity of a multi-component solution in sPa ⋅ ; wµ  is the viscosity 

of water in sPa ⋅ ; iD  are coefficients; and ic  is the mass fraction of the component in 

the solution. 

The viscosity of water can be determined from the Slott formula (Zaytsev and 

Aseyev, 1992): 

 5423.1)252.43(59849.0 −+⋅= twµ  ( Ct
�

1000 ≤≤ ).  (A-8) 

The iD  coefficients in (A-7) are calculated using the empirical equation (Zaytsev 

and Aseyev, 1992): 

 2
210 tdtddD iiii ⋅+⋅+= .  (A-9) 

Thermal Conductivity: 

Thermal conductivity of solutions can be calculated using the following 

correlation (Zaytsev and Aseyev, 1992): 

 )](1[ ii iwSol ckk ∑−⋅= β .  (A-10) 
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Where Solk  is the thermal conductivity of the solution in )/( KmW ⋅ ; wk  is the thermal 

conductivity of water in )/( KmW ⋅ ; iβ  are empirical coefficients; and ic  is the mass 

fraction of the component in the solution. 

Thermal conductivity of water is approximated by a polynomial (Zaytsev and 

Aseyev, 1992): 

 200001184.000246.05545.0 ttkw ⋅−⋅+=  ( Ct
�

1000 ≤≤ ).  (A-11) 
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Appendix B Development of Equations for Numerical 

Solution 

A control volume method was employed to develop the governing equations for 

the heat and moisture exchanger using the coordinate system shown in Figure B.1. 

 

Figure B.1 The coordinate system of the exchanger 
 

B.1 Mass Transfer  Equation  

B.1.1 Air  Side 

Cutting out a stationary infinitesimal control volume of unit depth within the air 

side of the heat exchanger as shown in Figure B.2 and assuming no mass diffusion in the 

x and y directions (diffusion only in the z direction) and steady state conditions, the mass 

transfer equation can be developed.  

y 
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Figure B.2 Control volume of the air flow 
 

The principle of conservation of mass for water gives: 
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which can be simplified to: 
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Letting 0
* / yyy =  yields: 
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 ),( SolSolSol TXfW = ,  (B-5) 

 ),(2
AirAirAir Tf

MassAIR

OmassH
W φ== , and  (B-6) 

Airm is the mass flow rate of the dry air through a single channel. 

Introducing 

 AirmAirm NTUmyxU ,00 /2 = ,  (B-7) 

gives: 

 
*, )(

x

W
WWNTU Air

SolAirAirm ∂
∂

−=− .  (B-8) 

B.1.2 L iquid Side 

Cutting out a stationary infinitesimal control volume of unit depth within the 

liquid side of the heat exchanger as shown in Figure B.3 and assuming no mass diffusion 

in x and y directions (diffusion only in z direction) and steady state conditions, the mass 

transfer equations can be developed. 

 

Figure B.3 Control volume of the liquid flow 
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The principle of conservation of mass for water gives: 
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which can be simplified to: 
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Letting 0
* / xxx =  gives:  
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where  
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 ),( SolSolSol TXfW = ,  (B-13) 
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2= , and   (B-14) 

Saltm  is the mass flow rate of the pure salt trough a single channel. 

Introducing  

 SolmSaltm NTUmyxU ,00 /2 = ,  (B-15) 

gives: 
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B.2 Energy Equations 

The energy equations can be developed by following a similar analysis as 

presented in Section B.1 fro mass transfer. The resulting equations are: 

 ( )
*x

T
TTNTU Air

SolAirAir ∂
∂

−=− , and  (B-17) 
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Where AirC  and SolC  are heat capacities of the air and salt solution, 
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B.3 Governing Equations and Boundary Conditions 

The final governing equations and boundary conditions for the air and liquid are 

summarized in this section. 

B.3.1 Air  side 
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B.3.2 L iquid side 
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B.4 Discretization of the Governing Equations: 

The governing equations in Section B.3 are discretized using upwind 

differencing scheme and the results are listed below: 
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Appendix C The Computer Program Algorithm 

This appendix shows the basic algorithm of the exchanger and run-around 

system computer models using flow charts. The actual program is included on a disk 

with this thesis. The computer program is written in C++ and run on Microsoft Visual 

Studio.NET 2003. 
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Figure C.1 Flowchart 1 shows the algorithm for a single exchanger. 
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Figure C.2 Flowchart 2 shows the algorithm for the run-around system 
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Appendix D Temperature Distribution of the Fluids 

Within a Flow Channel of the Heat Exchanger 

For the air flow, the bulk mean temperature is by definition: 

 ∫− ⋅= A

A

d
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2

1

1 ρ ,  (D-1) 

where the mass flow rate of air per unit width of air flow: 
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1 ρ .  (D-2) 

The mean value of air density at (x, y): 

 ∫− ⋅= A
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1 ρρ .  (D-3) 

If we assume constant properties of the air flow, then Cp  and ρ  are constant 

everywhere in the air flow for all values of 00 xx <<  and 00 yy << . Then we can 

calculate the mean bulk velocity as: 
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If =µ constant and for fully developed flow (Arpaci and Larsen, 1984), then: 

 











−=
A

A
d

z
uu

2

1
1

2

3
.  (D-5) 



 138 

When =WT wall temperature of the heat exchanger at (x, y), =AT bulk mean temperature 

of the air flow at (x, y), and 
Ad

z

2

1
=η , then for fully developed flow (Arpaci and Larsen, 

1984): 

 )65(
136

35 42 ηη +−=
−
−

AW

W

TT
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.  (D-6) 

Therefore, we get the temperature distribution in each air channel: 

 )65(
136

35
)( 42 ηη +−−+= WAW TTTT .  (D-7) 

For constant heat flux from air to wall, 

 .)( constTThq WAAW =−=   (D-8) 

For constant Ah , then 
A

W
WA h

q
TT =− , and also the Nusselt number based on hydraulic 

diameter ( Ah dD 2=  for air), 

 24.8
17

)35(4 ≈=Nu .  (D-10) 

On the liquid side, we will have a similar set of equations, i.e. for fully developed 

laminar flow, temperature distribution in each liquid channel of the heat exchanger: 

 )65(
136

35
)( 42 ξξ +−−+= WLW TTTT ,  (D-11) 

where 
Ld

z

2

1
=ξ , =LT bulk mean temperature of the liquid flow. 

Also for .constqW = , if knowing ),( yxTA and ),( yxTL  from the numerical 

solution, then ),( yxTW  is 
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Appendix E Analytical Solution for a Single Heat 

Exchanger 

Many researchers have determined the effectiveness values for cross flow heat 

exchanger with both fluids unmixed. Mason (1955) obtained a solution in the form of an 

infinite series by employing the Laplace transformation. Mason’s solution converges 

more rapidly then those of previous investigators and is more readily adaptable to the 

computer. The coordinate system used by Mason is shown in Figure D.1. The plate has 

dimensions x0 and y0, and the coordinate directions are designated as x* and y*. The 

temperature of the cold and hot fluids are functions of the length coordinates and can be 

represented by ),( ** yxt  and ),( ** yxT , respectively.  

 

Figure E.1 Coordinate system for two fluids in cross flow 
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At any point in the exchanger,  a heat balance can be written as: 

 **)( dydxtTUdq −= ,  (E-1) 

across the elements 0x  and 0y units in length the energy balances yield 
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Combining equations (E-1) and (E-2) and then equations (E-1) and (E-3) gives 
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Differentiating equations (E-4) and (E-5) with respect to *x and *y and adding them 

gives: 
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Letting *θ=− tT , 0
* / xxx = , 0

* / yyy =  and substituting in equation (E-6) yields: 
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With aNTU
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⋅⋅ 00 , b

p
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⋅
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Equation (E-7) becomes 
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If the values of aNTU  and bNTU are constant, Equation (E-8) can be solved by taking 

the Laplace transform first with respect to x and then with respect to y. Let the Laplace 

transforms be designated as 

 ),()],([ yrgyx xx =θl ,  (E-9) 

 ),()],([ sxgyx yy =θl , and  (E-10) 

 ),()],([ srgyx xyyx =θll ,  (E-11) 

where r and s are the transform variables. 

Transforming Equation (E-8) term by term, using the relationships for the 

transform of a derivative, gives, for the first term: 
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for the second term 
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and for the third term 

 )0,0(),0()0,(),( θθ +−−=
∂∂

∂
ssgrrgsrrsg

yx yxxyyxll .  (E-14) 

Adding the forgoing as required by Equation (E-8), using 1)0,0( =θ , and rearranging 

gives: 
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The fluids enter the exchanger at temperature 1T  and 1t . The boundary conditions are 

obtained from the partial differential equations that are written for each inlet edge of the 

exchanger. 
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Again employing the Laplace transform to Equation (E-10) gives 
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and with 1)0,0( =θ  
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A similar result is obtained for Equation (E-11): 
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Equations (E-12) and (E-13) can be substituted into Equation (E-9): 

 1),()( =⋅++ srgrssNTUrNTU xyba   (E-22) 

Solving for ),( srgxy  gives: 
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The inverse transform of Equation (E-15) is taken with respect to r first: 
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The exponential containing s can be expanded into an infinite series. Inverse 

transformation term by term then gives 
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