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In Part I, a numerical model for coupled heat and moisture transfer in a run-around heat and moisture
exchanger with a liquid desiccant coupling fluid is developed. The numerical model is two dimensional,
transient and is formulated using the finite difference method with an implicit time discretization. The
results from the numerical model for the case of only heat transfer for a single heat exchanger are com-
pared to an available analytical solution and good agreement is obtained. For the simultaneous heat and
moisture transfer in the run-around membrane energy exchanger (RAMEE), a comparison between
numerical model results and experimental measurements obtained from laboratory testing for both sen-
sible and latent effectiveness showed satisfactory agreement at different operating conditions. Part II of
this paper applies the model for a range of initial conditions [32].

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction Park et al. [8] studied coupled heat and mass transfer between air
The energy required to condition ventilation air typically consti-
tutes 20–40% of the thermal load for commercial buildings [1] and
can be even higher in educational buildings, hospitals and recrea-
tional facilities that require 100% fresh air to meet ventilation stan-
dards. This fact combined with the increasing cost of energy and
environmental concerns has accelerated the demand for more effi-
cient energy use in buildings. Air-to-air energy recovery in build-
ings has been shown to provide considerable energy savings and
can decrease the required size of heating and cooling equipment
by transferring heat and moisture between the supply side and
the exhaust side of the ventilation system [2].

The existing air-to-air energy exchangers can be divided into
two main groups: exchangers that transfer sensible heat only and
exchangers that transfer both heat and moisture. In the past, air-
to-air heat recovery systems, such as heat pipes [3] which are
extensively used in many HVAC applications and aqueous-glycol
run-around heat exchangers [4] have been designed to transfer only
sensible heat. On the other hand, energy wheels which can transfer
both heat and moisture between supply and exhaust airstreams in
buildings have been studied for about two decades [5–7].

In recent years, extensive research has been performed on di-
rect contact liquid desiccant systems because of their ability to
effectively handle the latent energy or moisture loads of buildings.
ll rights reserved.
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and a triethylene glycol solution in a cross-flow configuration
through a detailed numerical analysis. Ali et al. [9] evaluated the
influence of the addition of Cu-ultrafine particles in the desiccant
for the similar system. Mesquita et al. [10] developed a numerical
model to analyze the combined heat and mass transfer in parallel
flow (co-current and counter current) direct contact liquid-desic-
cant dehumidifiers considering variable thickness for desiccant
film. Plate exchangers comprised of water permeable membrane
exchange surface to transfer both heat and moisture have been
proposed as an alternative to air-to-air energy recovery systems
[11,12], but these require the supply and exhaust ducts to be lo-
cated side-by-side.

A Run-Around Membrane Energy Exchanger (RAMEE), shown
schematically in Fig. 1(a), has been suggested as a new system
for energy recovery [13]. The RAMEE uses semi-permeable mem-
branes in each exchanger with an aqueous salt solution coupling
liquid pumped between the exchangers to transfer heat and water
vapor simultaneously between the supply and exhaust airstreams
[14]. Compared to rotary energy wheels, which recover both heat
and moisture between adjacent ducts air flows, the RAMEE system
may be more convenient to apply in retrofit applications where
supply and exhaust ducts are remotely located. The only moving
parts are liquid pumps and the run-around fluid. Carryover and
cross-flow leakages of air, which are a concern for rotary wheels,
should be negligible in the RAMEE system. The steady state perfor-
mance of a RAMEE system has been simulated by Fan et al. [13],
but there have been no research publications on the transient per-
formance of run-around systems that transfer both heat and mois-
ture between supply and exhaust airstreams. It is expected that
these transient effects will be important during the operation of
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Nomenclature

C heat capacity rate [W/K]
CSalt concentration of salt solution (kg of salt per kg of solu-

tion) [%]
Dh hydraulic diameter based on channel thickness [mm]
cp specific heat capacity [J/(kg K)]
d channel thickness [mm]
H enthalpy [J/kg]
h convective heat transfer coefficient [W/(m2 s)]
hm convective mass transfer coefficient [kg/(m2 s)]
hfc net heat of phase change [J/kg]
k thermal conductivity [W/(m K)]
km moisture conductivity of membrane [kg/(m s)]
Le Lewis number
M mass [kg]
_m mass flow rate [kg/s]

NTU number of heat transfer units for each exchanger
NTUm number of mass transfer units for each exchanger
Nu Nusselt number
P total pressure [Pa]
Pe Peclet number
p partial pressure [Pa]
Q pump volume flow rate [m3/s]
q heat loss/gain rate [W]
Re Reynolds number
Sh Sherwood number
T temperature [K]
t time [s]
t* dimensionless time defined relative to time required for

the resident fluid to be replaced by the incoming fluid
within a exchanger

U overall heat transfer coefficient [W/(m2 K)]
Um overall mass transfer coefficient [kg/(m2 s)]
V velocity [m/s]
W humidity ratio [kgv/kgAir]
X ratio of water mass to mass of pure salt [kg/kg]
x, y, z coordinates
x0, y0, z0 exchanger dimensions [m]
x*, y* dimensionless coordinates

Greek symbols
a dimensionless parameter which represents different

dwell time for each fluid within a single heat exchanger

D difference
DHSol heat of solution [J/kg]
d thickness of membrane [mm]
e effectiveness
g number of liquid desiccant circulation within both

exchangers of a run-around system required to reach
quasi-steady state condition

qSalt mass of salt [kg] per unit volume [m3] of salt solution
q density [kg/m3]
h dimensionless temperature used for analytical/numeri-

cal comparison of a single heat exchanger
l initial ratio of mass of salt (or solution) in two exchang-

ers to the total mass of salt (or solution) in the system
r heat loss/gain ratio which represents heat loss/gain rate

relative to energy transfer rate within a exchanger
s dimensionless time of a run-around system defined rel-

ative to the transport time for the bulk solution to flow
through both exchangers

s* dimensionless time used for the analytical/numerical
comparison of a single heat exchanger

w, x general properties

Subscripts

Air air side
E exhaust side
ex exchanger
f fluid
g moist air
Indoor indoor condition
in inlet
l latent
out outlet
S supply side
Salt pure salt
Sol salt solution
s sensible
st storage tank
v water vapor
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these systems because the thermal and mass capacity of the liquid
is large compared to that for the air.

The objective of Part I of this paper is to develop and verify a
theoretical/numerical model with a finite difference formulation
to investigate the transient performance of a run-around system
for exchanging heat and moisture between two airstream using
two cross-flow flat plate heat exchangers, one in each airstream
at different operating conditions. The accuracy of the numerical
model is verified for the case of no moisture transfer with an avail-
able analytical heat transfer solution [15] and for the case of simul-
taneous heat and moisture transfer with experimental data [16]
from laboratory testing of a RAMEE system. The verified numerical
model will help to investigate the behavior of the system under
different operating conditions.
2. Mathematical formulation

A run-around membrane energy exchanger (RAMEE) system is
comprised of two liquid-to-air membrane energy exchangers (LA-
MEE), two storage tanks, connecting tubing and pumps as shown
in Fig. 1(a). Each LAMEE has multiple air and liquid flow channels
each separated by a semi-permeable membrane. The geometry of
one pair of flow channels for a cross-flow flat plate LAMEE and
the coordinate system used for the mathematical model are shown
in Fig. 1(b). Here the salt solution flows vertically through the ex-
changer in the positive y-direction and air flows horizontally
through the exchanger in the positive x-direction. In this exchan-
ger, the semi-permeable membranes allow water vapor to diffuse
normal to the plane of the membrane (in the z-direction) and the
air and desiccant streams transport this water vapor and heat
downstream (in the positive x and y-directions). Liquid water is
prevented from entering the air channels by the membrane [14].
2.1. Assumptions

The following assumptions are made for the mathematical
analysis:

(1) In order to model heat and mass transfer, the bulk mean tem-
peratures and moisture concentrations of each fluid flow
within a channel are used. These flows are assumed to be lam-
inar and fully developed (i.e., entrance effects are negligible).
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Fig. 1. (a) Schematic of the run-around membrane energy exchanger (RAMEE) system and (b) schematic of cross-flow liquid-to-air membrane energy exchanger (LAMEE).
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(2) The heat and mass transfer processes occur only normal to
each membrane in the z-direction and the membrane prop-
erties are constant.

(3) Axial heat conduction and water vapor molecular diffusion
in the two fluids in the flow directions are negligible. The
water vapor diffusion resistance of the salt solution in the
transverse direction (z-direction) is negligible compared to
the resistance of the membrane and air flow boundary layer.

(4) Heat gain or loss due to adsorption/desorption of water
vapor at the membrane surface occurs only in the liquid
component.

(5) The membrane thermal and mass transfer capacitance
effects are negligible.

(6) The desiccant liquid in the storage tanks is well mixed at all
times.

The first assumption avoids the problem of determining the lat-
eral temperature and moisture concentration distributions in each
channel and simplifies the problem to one dimensional for the bulk
fluid variables. Entrance effects will be negligible for these
exchangers because the inverse heat and mass transfer Graetz
numbers are greater than 0.05, resulting in constant heat and mass
transfer coefficients [17]. It is observed that the entrance regions of
the air and the liquid desiccant flows are less than 6% of the ex-
changer length in the pertinent direction for typical operating con-
ditions. Therefore, in practical operating conditions, the effect of
entry length will be negligible. As well, the Reynolds numbers for
both fluids in the exchanger remain in the laminar flow range for
most operating conditions.

The second assumption is valid because the membrane is thin
and has a higher thermal and moisture transfer resistance com-
pared to convective heat and mass transfer resistance, respectively.
As well, the surface area to volume ratio for the exchanger is high.
Therefore, one dimensional diffusion through the semi-permeable
membrane occurs normal to each surface. Assumption 3 arises be-
cause Pe is greater than 20 in most of the operating conditions in
this study. The effect of axial dispersion is generally neglected for
Pe > 20 [18] and is quite small even for Pe > 10 [19]. The diffusion
resistance of the solution in the z-direction is neglected because
simulations show that including the resistance to moisture transfer
in the solution changes the effectiveness values by less than 0.01
for the cases in this paper.

The energy of phase change is assumed to be delivered to or ob-
tained from the liquid desiccant [20] in Assumption 4, because the
convective heat and mass transfer coefficients on the air side are
typically an order of magnitude smaller than the convective heat
and mass transfer coefficients on the liquid side. In addition, the
phase change between the liquid and vapor states occurs at the
interface between the liquid and the membrane. The fifth assump-
tion simplifies the analysis; however, it is valid since the mem-
brane has negligible thermal capacity and mass compared to
thermal and mass transfer capacitance of desiccant fluid in the sys-
tem [21]. Assumption 6 implies that the outlet properties of the
salt solution in the storage tanks are the same as the average res-
ervoir content at any time due to fluid mixing.

2.2. Analysis of a cross-flow channel between air and solution (LAMEE)

Based on the above assumptions, the governing equations for
the coupled heat and moisture transfer through the permeable
membrane in a LAMEE are now presented. The set of governing
equations at any point (x, y) on the membrane surface consist of
one pair of heat and moisture transfer equations for the air side
and another pair for the liquid side.

The change of water vapor content with time at any point (x, y)
in the air side within the exchanger is determined by knowing
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mass gain/loss in the air flowing in the x-direction and water vapor
flux through the membrane in the z-direction:

qAirdAir
@WAir

@t
þ

_mAir

y0

@WAir

@x
þ 2UmðWAir �WSolÞ ¼ 0; ð1Þ

where _mAir is the mass flow rate of dry air through a single channel,
WAir is the bulk humidity ratio of the air and WSol is the humidity
ratio of the air that is in equilibrium with the salt solution at the
interface between the solution and the membrane. Since the resis-
tance to moisture transfer in the solution is very small, it is assumed
that the concentration of the solution is uniform in the z-direction
and equal to the bulk concentration. Therefore, the equilibrium
humidity ratio of salt solution (WSol) depends on the bulk tempera-
ture and concentration of the salt solution:

WSol ¼ f ðXSol; TSolÞ: ð2Þ

In order to calculate this property, the analytical expression is
used as presented in Ref. [22]. The symbol dAir is the air channel
thickness and, y0 is the exchanger length along desiccant flow
direction, and the symbol Um is the overall mass transfer coeffi-
cient for water vapor flux between the air and salt solution and
is defined as:

Um ¼
d

km
þ 1

hm;Air

� ��1

: ð3Þ

In the above equation, the convective mass transfer coefficient
between the membrane and the airstream (hm,Air) is assumed to
be constant for any operating conditions. Similarly the water vapor
permeability (km) of the membrane is assumed to be constant be-
cause km is a weak function of temperature and humidity [14].
Since the thickness of the membrane (d) is constant, Um is not a
function of the position within the exchanger.

The energy equation for the air side at any point (x, y) includes
energy storage, convection and energy transfer through the mem-
brane and is:

qgcpg
dAir

@TAir

@t
þ

_mAir

y0
cpg

@TAir

@x
þ 2UðTAir � TSolÞ ¼ 0; ð4Þ

where TAir is the bulk mean temperature of the air, qg the density of
moist air, and cpg

is the thermal capacity of moist air defined as:

cpg
¼ cpAir

þWAircpv

1þWAir
; ð5Þ

and U is the overall heat transfer coefficient between the air and salt
solution and can be expressed as follows:

U ¼ 1
hSol
þ d

k
þ 1

hAir

� ��1

: ð6Þ

At any point (x, y) in the liquid desiccant side within exchanger,
the change of moisture content (XSol) with time can be determined
by knowing the mass gain/loss in the liquid flowing in the y-direc-
tion and water vapor flux through the membrane:

qSaltdSol
@XSol

@t
þ

_mSalt

x0

@XSol

@y
� 2UmðWAir �WSolÞ ¼ 0; ð7Þ

where _mSalt is the mass flow rate of dry salt through a single chan-
nel, qSalt is the amount of salt (kg) volume (m3) of salt solution and
XSol is defined as:

XSol ¼
mass of water

mass of salt
: ð8Þ

WSol is obtained from the equation of state [Eq. (2)], at equilibrium
for the salt solution knowing XSol and TSol [22].
The energy equation for the liquid side any point (x, y) includes
energy storage, convection, the heat of phase change and energy
transfer through the membrane and can be expressed as:

qSolcpSol
dSol

@TSol

@t
þ

_mSol

x0
cpSol

@TSol

@y
� 2UmðWAir �WSolÞhfc

� 2UðTAir � TSolÞ ¼ 0; ð9Þ
where TSol is the bulk mean temperature of salt solution, qSol the
bulk mean density of salt solution, hfc is the net heat of phase
change which includes the heat of vaporization of water and the
heat of solution and cpSol

is the specific heat capacity of salt solution
as a function of temperature and concentration. The analytical
expressions presented in Ref. [23] are used for the salt solution
properties.

2.2.1. Normalization of equations
The method of deriving the governing dimensionless heat and

moisture transfer groups for this study from the governing equa-
tions follows the method presented by Shah [24] and Romie [15].
These dimensionless groups are the number of heat transfer units
NTU, the number of mass transfer units NTUm and dimensionless
times based on the times required for the resident fluids to be re-
placed by the incoming fluids in the exchanger. The set of equa-
tions are as follows:

Air side:

@WAir

@t�Air
þ @WAir

@x�
þ NTUm;AirðWAir �WSolÞ ¼ 0; ð10Þ

@TAir

@t�Air
þ @TAir

@x�
þ NTUAirðTAir � TSolÞ ¼ 0: ð11Þ

Liquid Side:

@XSol

@t�Sol
þ @XSol

@y�
� NTUm;SolðWAir �WSolÞ ¼ 0; ð12Þ

@TSol

@t�Sol
þ @TSol

@y�
� NTUSolðTAir � TSolÞ�

NTUm;Sol

cpSol
ð1þ XSolÞ

hfcðWAir �WSolÞ ¼ 0: ð13Þ

where

x� ¼ x
x0
; ð14Þ

y� ¼ y
y0
; ð15Þ

t�Air ¼
tVAir

x0
ð16Þ

t�Sol ¼
tVSol

y0
; ð17Þ

and

NTUAir ¼
2Ux0y0

Cg
; ð18Þ

where

Cg ¼ _mAirðcpAir
þ cpv

WAirÞ: ð19Þ

Also,

NTUSol ¼
2Ux0y0

CSol
ð20Þ

where the number of heat transfer units for a LAMEE is defined as:

NTU ¼maxfNTUAir;NTUSolg: ð21Þ

Finally,

NTUm;Air ¼
2Umx0y0

_mAir
; ð22Þ



HSol,in,st,S 

XSol,in,st,S q(-)  q(+) 
Outlet Header

HSol,st,S 

6004 M. Seyed-Ahmadi et al. / International Journal of Heat and Mass Transfer 52 (2009) 6000–6011
and

NTUm;Sol ¼
2Umx0y0

_mSalt
: ð23Þ

where the number of mass transfer units for a LAMEE is defined as:

NTUm ¼maxfNTUm;Air;NTUm;Solg ð24Þ
Inlet Header

Supply Circulating Pump  

Supply LAMEE  

Supply Storage Tank 

XSol,st,S 

Fig. 2. Schematic of a storage tank and a LAMEE showing the concentrations and
enthalpies for the supply sub-system as a control volume.
2.2.2. Boundary and initial conditions
The initial temperature of the salt solution and the air are as-

sumed to be equal to indoor temperature:

TAirðx�; y�;0Þ ¼ TSolðx�; y�;0Þ ¼ T Indoor: ð25Þ

Eq. (25) indicates that the initial conditions of both exchangers
are equal to the temperature representative of the exhaust air con-
ditions. This assumption is due to the fact that the entire system is
assumed to be located in a mechanical room that has conditions
similar to the indoor air in the building. Thus, before the step
change in the supply air, the air streams are assumed to be in
equilibrium with indoor condition which has the same tempera-
ture as the exhaust side airstream.

The inlet temperature of the air on the supply side (TAir,S) is
assumed to be subjected to a finite step change at time zero:

TAir;Sð0; y�; sÞ ¼ TAir;in;S; ð26Þ

while the inlet temperature of the exhaust air (TAir,E) is assumed to
be constant throughout the simulation:

TAir;Eð0; y�; sÞ ¼ T Indoor: ð27Þ

A characteristic dimensionless time (s) for the RAMEE system is
defined relative to the transport time for the bulk solution to flow
through both exchangers without considering the storage tanks or
connecting tubes:

s ¼ 1

t�Sol;S
�1 þ t��1

Sol;E
�1 ; ð28Þ

s indicates the number of complete volume circulations of the
salt solution in both exchangers. This dimensionless number is a
function of both the liquid desiccant volume flow rate and the
length of exchangers in the direction of salt solution flow. This
parameter is used to interpret the transient response of the system
at different operating conditions.

The initial humidity ratio of the air is equal to the indoor air
humidity ratio (similar to the assumption of the initial air
temperature);

WAirðx�; y�;0Þ ¼WAir;Indoor: ð29Þ

Similar to the temperature boundary conditions, the air humid-
ity ratio in the supply side is subjected to a finite step change at
time 0:

WAir;Sð0; y�; sÞ ¼WAir;in;S; ð30Þ

while the inlet humidity ratio of the exhaust air remains unchanged
as
Table 1
AHRI air conditions used as the inlet condition of the supply and exhaust exchangers
(LAMEEs) in the run-around system (RAMEE).

Summer TAir,in,S 308.15 K (35 �C)
WAir,in,S 17.5 g/kg
TAir,in,E 297.15 K (24 �C)
WAir,in,E 9.3 g/kg

Winter TAir,in,S 274.85 K (1.7 �C)
WAir,in,S 3.5 g/kg
TAir,in,E 294.15 K (21 �C)
WAir,in,E 7.1 g/kg
WAir;Eð0; y�; sÞ ¼WAir;Indoor: ð31Þ

AHRI summer and winter test conditions [25] are used as the air
inlet condition of the run-around system as shown in Table 1. The
AHRI test conditions are defined to be representative of typical
summer and winter operating conditions in many climates. Inlet
temperatures below 0 �C are not included.

In practical situations the initial concentration of the salt solu-
tion could be selected as an arbitrary single value so that:

XSolðx�; y�;0Þ ¼ XSol;Initial: ð32Þ

The influence of this initial concentration on the system behav-
ior will be discussed in detail later. The difference between the ini-
tial concentration and the concentration of the liquid desiccant at
steady state condition can be defined as follows:

DCSalt ¼ CSalt;Initial � CSalt;Steady State: ð33Þ

However, DCSalt is considered to be zero in this study unless other-
wise indicated.

2.3. Analysis of mixing process in the storage tanks

In the RAMEE system, the liquid desiccant that leaves an ex-
changer will mix with salt solution stored in the next reservoir
as shown in Fig. 2. Then, this salt solution will be pumped to the
other exchanger to be circulated in the system. Therefore, the
preceding storage tank conditions are used as inlet salt solution
conditions for the LAMEEs within the run-around system. The inlet
liquid desiccant conditions for the supply exchanger are:

TSol;in;ex;Sðx�;0; sÞ ¼ TSol;st;EðsÞ; ð34Þ
XSol;in;ex;Sðx�;0; sÞ ¼ XSol;st;EðsÞ: ð35Þ

As well, for the exhaust exchanger the inlet (boundary) condi-
tions of salt solution are given by the following equations:

TSol;in;ex;Eðx�; 0; sÞ ¼ TSol;st;SðsÞ; ð36Þ

XSol;in;ex;Eðx�;0; sÞ ¼ XSol;st;SðsÞ: ð37Þ

The above equations which reflect the effect of pumps, piping
and storage tanks couple two LAMEEs to form a RAMEE.

To determine the conditions of the solution in the storage tanks,
the set of governing equations for the storage tanks can be
developed using Assumption 6 and the constant mass of salt in
the system. In order to develop the equations describing the
conservation of mass and energy, one exchanger with a storage
tank is considered as one control volume and a sub-system as
shown in Fig. 2. The exhaust sub-system, which is not shown, is
similar to supply sub-system with a similar exchanger, storage
tank and circulating pump.



Table 2
Selected design parameters of the LAMEE.

Name Symbol Value

Size of exchanger x0 � y0 � z0 0.6 � 0.3 � 0.076 m
Channel thickness, air side dA 4.9 mm
Channel thickness, liquid side dL 1.7 mm
Number of air channels nA 10
Number of liquid channels nL 10
Membrane thickness d 0.5 mm
Thermal conductivity of membrane k 0.3 W/(m K)
Moisture conductivity of membrane km 1.66 � 10�6 kg/(m s)
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The principle of conservation of mass for water in the supply
storage tank gives:

d
dt
ðMSalt;st;SXSol;st;SÞ ¼ _mSalt;in;st;SXSol;in;st;S � _mSalt;out;st;SXSol;st;S; ð38Þ

where MSalt,st,S is the mass of salt in the supply storage tank and
varies during the transient period. This value can be calculated from
the principle of conservation of mass for pure salt in the supply
storage tank as follows:

d
dt
ðMSalt;st;SÞ ¼ _mSalt;in;st;S � _mSalt;out;st;S: ð39Þ

The mass flow rate of salt which enters the supply storage tank
is calculated from the volume flow rate of the pump in the supply
sub-system and the concentration of the salt solution that exists
the supply exchanger.

_mSalt;st;in;S ¼
qSol;out;ex;SQ S

1þ XSol;out;ex;S
; ð40Þ

where QS is the supply circulating pump volume flow rate and
qSol,out,ex,S is the density of desiccant fluid as it exits from the supply
exchanger. The density of the salt solution is a function of its tem-
perature and concentration. This correlation is given in Ref. [23]. It
should be reminded that the salt solution in each tank is assumed to
be well mixed.

The mass flow rate of the salt leaving the supply storage tank
and delivered to the exhaust exchanger is calculated using an
equation similar to Eq. (40):

_mSalt;st;out;S ¼
qSol;st;SQ E

1þ XSol;st;S
ð41Þ

where QE is the volume flow rate of the exhaust pump.
In order to calculate the temperature of the desiccant in the

storage tank at any time, the conservation of energy, including
the heat of solution [26], is required and is presented in a similar
form to Eq. (39),

d
dt
½MSol;st;SðCSalt;st;SDHSol;st;SðT0ÞþcpSol;st;S

ðTSol;st;S�T0ÞÞ�

¼ _mSol;in;st;S½CSalt;in;st;SDHSol;in;st;SðT0ÞþcpSol;in;st;S
ðTSol;in;st;S�T0Þ�

� _mSol;out;st;S½CSalt;st;SDHSol;st;SðT0ÞþcpSol;st;S
ðTSol;st;S�T0Þ�þq; ð42Þ

where CSalt is defined as:

CSalt ¼
1

1þ XSol
: ð43Þ

T0 is the reference temperature and DHSol, which depends on
salt solution concentration, is the heat of solution per kilogram
of salt at temperature T0 [23]. The mass of solution in the storage
tank and the mass flow rate of salt solution used in the conserva-
tion of energy equation are, respectively equal to:

MSol ¼ MSaltð1þ XSolÞ ð44Þ
_mSol ¼ _mSaltð1þ XSolÞ: ð45Þ

In Eq. (42), q accounts for heat gain to or loss from the salt
solution as it flows from the outlet of the supply exchanger to
the inlet of the exhaust exchanger as shown schematically in
Fig. 2. Therefore it accounts for heat gain/loss in: (i) the outlet
header of the supply exchanger, (ii) the inlet header of the exhaust
exchanger, (iii) the supply storage tank, (iv) the piping connecting
the outlet of the supply exchanger and the inlet of the exhaust
exchanger due to temperature differences between the fluid and
the surroundings and (v) the energy that pump adds to the liquid
desiccant circuit. In order to introduce the value of heat loss/gain
into the system as dimensionless parameter, the heat loss/gain
coefficient r is defined as below for supply and exhaust sides of
the RAMEE system separately as follows:

r ¼
qloss=gain

jCSol;out;exTSol;out;ex � CSol;in;exTSol;in;exj
; ð46Þ

where CSol is the heat capacity rate of salt solution. Heat loss from
the system results in a negative value of r, while heat gain to the
system results in a positive coefficient.

The salt solution properties [i.e., temperature (T) and water
mass fraction (XSol)] within storage tanks are the properties that
couple two LAMEEs in the run-around system and should be calcu-
lated to investigate the behavior of the system. It is also important
to analyze the changes in liquid levels in the storage tanks as the
operating conditions change because the volume of water in the
system will be low during dry conditions (winter) and high during
humid conditions (summer). This analysis of the storage tanks and
their maximum volume change are critical to provide design
guidance for the selection of the appropriate storage volume of
the liquid desiccant in the system for the full range of operating
conditions over a typical day, month or year. With storage tanks
in the mathematical/numerical model, the question of how the
thermal and mass capacitances of the desiccant fluid in the storage
tanks are related to the transient response time of the system can
be addressed. In order to answer this question a new dimension-
less parameter is defined. This parameter is the ratio of the mass
of salt in the exchangers to the total mass of salt in the RAMEE sys-
tem (including exchanger, headers, piping and storage tanks) and
is called the mass ratio (l) and is expressed as:

0 < l ¼ Mass of salt in the exchangers
Total mass of salt in the system

< 1: ð47Þ

During a transient simulation, the mass ratio (l) will change as
the concentration of the solution and volume of water in the sys-
tem change and the value reported will be the value that exists
at the initial conditions.

2.4. Overall heat and mass transfer coefficients

Magnesium chloride aqueous salt solution is chosen as the cou-
pling fluid in this study. In order to calculate the overall heat and
mass transfer coefficients in Eqs. (3) and (6), the convection coeffi-
cients (h and hm), the membrane conductivities (k and km) and the
thickness of membrane (d) are required. For fully developed lami-
nar flow [27] with Re 6 2300, the dimensionless heat transfer coef-
ficient (Nu) is independent of Re:

Nu ¼ constant ¼ hDh

kf
; ð48Þ

where Dh is the hydraulic diameter of the flow channel. For parallel
plates, Dh is the twice the channel spacing. In this study Nu = 8.24
[27], which is the case for fully developed convective heat transfer
between infinite rectangular plates with uniform heat flux, is
selected.
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The Chilton-Colburn Analogy [28] is used to determine the
dimensionless convective mass transfer coefficient (Sh) from Nu
and Lewis number (Le),

Sh ¼ NuLe�2=3; ð49Þ

or the mass transfer coefficient can be calculated as:

hm ¼
h
cp

Le�2=3: ð50Þ

The heat and mass conductivities (k and km) of the semi-perme-
able membrane depend on the membrane type and are needed to
calculate the overall heat and mass transfer coefficients (U). Poly-
propylene (PP) which is a polymer that is common in many house-
hold applications such as microwave tolerant plastics and indoor/
outdoor carpeting is used as the semi-permeable membrane in this
study. The thermal and moisture conductivities of the membrane
used in this study are k = 0.3 W/(m K) and km = 1.66 � 10�6 kg/
(m s) [14]. The thickness of membrane is 0.5 mm. These values
and the other parameters for the liquid to air membrane energy ex-
changer (LAMEE) studied in this research are listed in Table 2.

2.5. Properties of MgCl2 solution

Empirical property correlations, which are valid for the range
273.15 6 T 6 373.15 K, are used to calculate the properties of
MgCl2 solution. These correlations are given in Refs. [22] and [23].

To determine the equilibrium humidity ratio of the air adjacent
to the solution, the partial pressure of the water vapor, pv, and the
total pressure, P, of an air mixture are used as follows:[1]

WSol ¼ 0:62198
pv

P � pv
: ð51Þ

In this study, correlations developed by Cisternas and Lam [22]
for the equilibrium water vapor pressure of aqueous solutions are
used to calculate the equilibrium water vapor pressure at any tem-
perature and salt solution concentration. The reported average
deviation between these correlations and experimental data for
MgCl2 salt solution with concentrations less than 27.6% by weight
is 0.9% [22]. The same correlations are used to extrapolate from
27.6% salt solution concentration to saturation concentration
(35.9%) in this paper. Using the correlation for the equilibrium
water vapor pressure of aqueous MgCl2 in conjunction with Eq.
(51), the equilibrium concentration lines for the MgCl2 can be ob-
tained. Fig. 3 shows the equilibrium concentration lines superim-
posed on the psychrometric chart, where CSalt is the salt
concentration at equilibrium and defined in Eq. (43).
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Fig. 3. Equilibrium constant concentration lines of an MgCl2 solution superimposed
on the psychrometric chart.
As it can be seen in Fig. 3, the equilibrium constant concentra-
tion lines of the salt solution nearly follow the same trend as the
constant relative humidity lines when superimposed on the psy-
chrometric chart. Fig. 3 also shows the magnesium chloride satura-
tion concentration as a limit for salt solution properties
calculations. As illustrated in Fig. 3, during AHRI winter operating
conditions the salt solution will be quite close to saturation condi-
tions when the salt solution is in equilibrium with the indoor air
conditions. If saturation conditions exist in a LAMEE, salt crystals
could deposit on the membrane surface and alter the heat and
moisture transfer characteristics of the semi-permeable membrane
[29,30]. As well, solid particles of salt could block the desiccant
flow passages and cause pump problems. Therefore, the risk of
crystallization of the salt solution must be considered in the
numerical model as a constraint or limit because the heat and mass
transfer equations used in the simulation are only valid for the case
of no salt crystallization. Also, in practical situations, the system
should avoid operating conditions where the solution has a con-
centration close to the saturation concentration in order to avoid
the previously mentioned problems. In the current study the crys-
tallization of salt solution is not considered and only conditions
where crystallization does not occur are studied.

2.6. Method of solution

The governing equations for each exchanger are discretised
using the implicit finite difference technique for the time deriva-
tive and the upwind scheme for the first order spatial derivative.
The discretised equations along with the initial and boundary con-
ditions are solved using the Gauss–Seidal iteration technique. The
convergence of the solution has been checked by varying the num-
ber of spatial grids and time steps. Simulation results show that a
spatial grid of 100 � 100 for the exchanger with properties men-
tioned in Table 2 along with time steps (Ds) of 1/9 give an grid
independent solution. For example, increasing the number of spa-
tial grids from 100 � 100 to 140 � 140 and decreasing the time
step from 1/9 to 1/45, changes the predicted effectiveness values
of the RAMEE system during transient time by less than 0.002,
but increases the solution time by a factor of 3. A trial and error
method is employed in the well mixed reservoirs to find the time
dependent salt solution properties in each storage tank from en-
ergy and mass balances equations. The solution gives two dimen-
sional temperature and humidity ratio distributions within both
the air and salt solution throughout the exchangers as a function
of time. Additionally, one may calculate the outlet bulk mean tem-
peratures of the air and liquid desiccant for the LAMEE by the fol-
lowing equations:

TAir;out ¼
1

_mAircpAir
y0

Z
y

_mAcpAir
TAir dy; ð52Þ

TSol;out ¼
1

_mSolcpSol
x0

Z
x

_mSolcpSol
TSol dx; ð53Þ

As well, the outlet bulk mean water contents of the air and the salt
solution fluid are calculated as follows:

WAir;out ¼
1
y0

Z
y

WAir dy; ð54Þ

XSol;out ¼
1
x0

Z
x

XSol dx: ð55Þ
2.7. Effectiveness of the RAMEE system

In order to investigate the effect of various parameters on the
heat and moisture transfer rates in the run-around system during
the transient period, dimensionless numbers (i.e., effectiveness
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values) are used. These effectiveness values relate the heat and
moisture transfer rates at any time relative to the maximum pos-
sible heat and moisture transfer rates for the exchangers based
on the specific operating conditions. With known air inlet condi-
tions, the sensible effectiveness or dimensionless heat transfer rate
at any time (s) with equal mass flow rates of air for the supply side
exchanger is defined as:

es;SðsÞ ¼
TAir;in;S � TAir;out;S

TAir;in;S � TAir;in;E
; ð56Þ

and for the exhaust side exchanger is,

es;EðsÞ ¼
TAir;out;E � TAir;in;E

TAir;in;S � TAir;in;E
: ð57Þ

It can be seen in the above equations that the air side properties
are used to calculate the effectiveness in this study because the
changes in the air properties can be measured more easily and
with lower uncertainties than the changes in the salt solution
properties. This allows the results from the numerical model to
be compared with experimental measurements. Besides, in practi-
cal HVAC applications, the air properties and their changes are the
most important parameters for the performance of the HVAC sys-
tem. Using the same form of equations, the latent effectiveness or
dimensionless moisture transfer rate for the supply and exhaust
side exchangers are, respectively:

el;SðsÞ ¼
WAir;in;S �WAir;out;S

WAir;in;S �WAir;in;E
ð58Þ

el;EðsÞ ¼
WAir;out;E �WAir;in;E

WAir;in;S �WAir;in;E
: ð59Þ

It is important to note that for the case of no external heat gain/
loss from/to the surroundings, the system energy and mass bal-
ances ensure that the dimensionless heat and moisture transfer
rates in the supply side exchanger become the same as those in
the exhaust side exchanger and equal to the steady state effective-
ness as the run-around energy recovery system moves toward
equilibrium.

2.8. Quasi-steady state

In order to investigate the transient behaviour of the system, the
performance of the RAMEE system is studied for a sufficient time
duration so that quasi-steady state is obtained for each operating
condition. In this study, the number of circulations needed to reach
quasi-steady state is given the symbol g. In other words, when
s P g, the RAMEE system is operating in quasi-steady state condi-
tion. Two different sets of criteria are adopted to define quasi-stea-
dy state conditions for different initial salt solution concentrations.

The first definition is based on energy and mass balances of the
airstreams and is applied for the case of DCSalt = 0 in Eq. (33). For
this initial condition, quasi-steady state is defined as the time
when all the energy and moisture that is lost by one airstream is
taken up by the other airstream. This exists, for balanced air flow
rates, when:

ðWAir;in;S �WAir;out;SÞ � ðWAir;out;E �WAir;in;EÞ
ðWAir;in;S �WAir;in;EÞ

����
���� � 1� 10�2; ð60Þ

and,

ðHAir;in;S � HAir;out;SÞ � ðHAir;out;E � HAir;in;EÞ
ðHAir;in;S � HAir;in;EÞ

����
���� � 1� 10�2: ð61Þ

If the quasi-steady convergence criteria are set to 5 � 10�3, the
quasi steady effectiveness values (i.e., sensible, latent and total
effectivenesses) change by less than 0.003 from those predicted
with convergence criteria of 1 � 10�2, indicating that the conver-
gence limits in Eqs. (60) and (61) are satisfactory. It needs to be
mentioned that in presence of external heat loss/gain from/to the
RAMEE system, Eq. (61) is modified to account for the impact of
those losses or gains on the energy balance of the system and set
as the quasi-steady state criterion in this case.

When the initial salt solution concentration is different from the
steady state value (i.e., DCSalt – 0), the time required to satisfy the
energy and mass balances is very large. This is observed from both
simulation (see Part II) and experimental results as will be dis-
cussed in detail later. Due to this very slow transient response of
the RAMEE system for the case of DCSalt – 0, substantial computa-
tional resources are required to reach quasi-steady state as defined
by the energy and mass balances. As a result, a second quasi-steady
state convergence criterion is proposed as follows:

@e
@s

����
���� � 5� 10�6: ð62Þ

This above criterion illustrates that quasi-steady state is
achieved where the rate of change in the effectiveness values of
the RAMEE system is less than a certain value during the transient
period. Simulation results show that decreasing this value from the
selected value of 5 � 10�6 to 1 � 10�6 changes the predicted indi-
vidual effectiveness values (e.g., supply latent effectiveness) by less
than 0.017, while the average effectiveness (i.e., the average of sup-
ply and exhaust) values change only by less than 0.0005. The impli-
cation is that the average effectivenesses reach their quasi-steady
state values much quicker than the individual exchanger effective-
ness and can be predicted by proposed quasi-steady convergence
criterion satisfactorily. Due to aforementioned decreasing in the
right hand side of Eq. (62), the number of circulations of the liquid
desiccant and, as a consequence, the numerical solution time are
nearly doubled showing that the convergence limit in Eq. (62) is
acceptable. The reader should be reminded that DCSalt is consid-
ered zero in this study unless otherwise indicated. Therefore the
energy and mass balance criteria [Eqs. (60) and (61)] will be used
unless otherwise noted.
3. Verification and numerical results for a single heat exchanger

The numerical model developed as outlined above, is for the
case of both heat and moisture transfer, however its accuracy is
verified in this section with the case of only heat transfer in a single
exchanger because this is the only available analytical solution. Ro-
mie [15] simplified the solution of transient response of cross-flow
heat exchangers for the case of negligible thermal capacitance of
the wall compared to the thermal capacitance of the fluids in the
exchanger which is consistent with Assumption 5 in this paper.
In Romie’s study, the fluid capacitance rates, Ca and Cb, and the
overall heat transfer coefficient (U) were assumed to be constant,
which is consistent with the assumption used in the model devel-
oped in this thesis when there is no moisture transfer. In addition,
there was no external heat transfer from the external surface of the
exchanger (r = 0 in this study). The fluids were unmixed and the
analysis was based on ideal plug flow (Assumption 3 in this paper).

In this solution ‘‘x” is the distance from the fluid ‘‘a” entrance
[corresponding to the air flow in Fig. 1(b)] entrance and the flow
length is x0; also, ‘‘y” is distance from the fluid ‘‘b” entrance [corre-
sponding to the desiccant fluid flow in Fig. 1(b)] and the flow
length is y0. The dimensionless time (t�a ¼ tVa=x0 and t�b ¼ tVb=y0)
for each stream are presented based on the times required for flu-
ids ‘‘a” and ‘‘b” in the exchanger to be replaced by the input fluids
flow similar to definition of dimensionless times for the (LAMEE) in
this paper. For cross-flow exchangers, the time to reach a new stea-
dy-state condition due to a step change in one or two incoming
fluid temperatures can be expressed by predefined dimensionless
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times when the exchanger wall capacitance is negligible. Now the
dimensionless variables x* = x/x0, y* = y/y0, s� ¼ 1=ðt��1

a þ t��1
b Þ and

the dimensionless parameters NTUa = Ux0y0/Ca, Ca/Cb and
a ¼ t�a=ðt�a þ t�b) can be defined. Romie [15] obtained the dimension-
less fluid temperatures following a step perturbation of fluid ‘‘a” at
time zero where dimensionless temperature is defined as:

hðs�Þ ¼ T � Tb;in

Ta;in � Tb;in
; ð63Þ

In order to express the solution for differential equations, the
Anzelius–Schuman functions, G0 (w, x) and F0 (w, x), and their
extension were used. The transient response was obtained by the
threefold Laplace transform. The temperature fields were obtained
by inversion of the resulting Laplace equations. As the bulk mean
outlet temperatures, ha,out(s*) and hb,out(s*), are of most interest
heat exchanger analysis, Romie [15] presented these mean temper-
atures, which are calculated as follows:

ha;outðs�Þ ¼ Uðs� � aÞ
Z 1

0
F0 NTUa; y0

Ca

Cb
NTUa

� �
dy�; ð64Þ

where y0=min y�; ðs
��x�aÞ
ð1�aÞ

� �
, (x*=1) and

hb;outðs�Þ ¼
Z x0

0
G0 x�NTUa; y0

Ca

Cb
NTUa

� �
dx�; ð65Þ

where x0=minð1; s�a Þ and y0 ¼minðy�; ðs��x�aÞ
ð1�aÞ Þ, (y*=1).

This analytical solution can be used to validate the numerical
model presented in this paper for the case of only heat transfer.
Using a grid of 100 � 100 nodes, the numerical solution is very
close to the analytical solution for the bulk outlet temperatures
shown in Fig. 4. The comparison is made for NTUa = 2, Ca/
Cb = 0.75 and a = 1/2.

From Fig. 4, it can be seen that numerical solution is in agree-
ment with the analytical solution except for the temperature of
fluid ‘‘a” over an interval near the time s* = a = 0.5. In the analytical
solution, the fluid ‘‘a” exhibits a step response, when s* = a and
therefore t = x0/Va. This abrupt step change is due to the fact that
the outlet temperature of fluid ‘‘a” cannot change until the fluid
flow that enters at time zero with a step change in its temperature
passes through the exchanger (i.e. at t = x0/Va). On the other hand,
the outlet temperature of fluid ‘‘a” changes smoothly in the numer-
ical model results. The reason for the observed behavior is a phe-
nomenon called false diffusion. In this problem, it is expected
that due to neglecting the axial dispersion in the direction of fluid
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Fig. 4. Comparison between the bulk outlet temperature of a cross-flow heat
exchanger calculated with the numerical model in this paper and the analytical
solution [15] following a step change in fluid ‘‘a” at time zero (NTUa = 2, Ca/Cb = 0.75
and a = 1/2).
flows, the outlet temperature of fluid ‘‘a” does not change until the
perturbation in its inlet temperature is advected to the exit cross
section of the channel. However, a backward scheme in the numer-
ical solution causes an earlier change in the outlet temperature of
fluid ‘‘a” due to numerical solution diffusion. It should be noted
that the numerical results may be more physically realistic than
the analytical results near this time because a small amount of
diffusion would occur in reality.

As shown in Fig. 4, the numerical diffusion causes a faster initial
response at the outlet of fluid ‘‘a” temperature. This change in the
initial response does not have influence on that the prediction of
the transient response time of the exchanger (s* = 1) and the qua-
si-steady state effectiveness values which are the main interest in
this study. Moreover, this discrepancy occurs early in the transient
period after a perturbation in fluid ‘‘a” temperature within a single
heat exchanger which has a much lower transient response time
compared to the RAMEE system containing a coupling fluid with
a high thermal and mass transfer capacitance (see Part II). The
numerical solution for fluid ‘‘a” agrees with the analytical solution
within the error of ±1% outside the range of 0.4 < s* < 0.6, also the
maximum discrepancy between the simulated bulk outlet temper-
ature of fluid ‘‘b” and its theoretical value is 4% during the transient
period. At quasi-steady state condition (s* = 1), the discrepancy
between numerical and analytical value of the dimensionless tem-
perature of fluid ‘‘a” and fluid ‘‘b” is 0.007% and 1% respectively.
4. Experimental validation

In order to validate numerical model, the data from the numer-
ical model are compared with data from a laboratory experiment
on a RAMEE system comprising two LAMEEs and two storage
tanks, one in each airstream.

4.1. RAMEE prototype

A RAMEE prototype was built and tested by Erb et al. [16]. The
RAMEE consisted of two exchangers with 10 desiccant flow chan-
nels, separated from the airstream by a ProporeTM membrane. The
exchanger characteristics were identical to the characteristics
given in Table 2. The exchangers were cross-flow in design, and a
liquid MgCl2 desiccant was pumped from the bottom of the
exchanger to the top to ensure pressurization and better flow
distribution. The test facility set up is similar to Fig. 1(a).

4.2. Transient experimental test setup

Testing the RAMEE system requires an experimental facility
that provides two airstreams with well controlled temperature,
humidity and flow rate. One airstream was designed to simulate
outdoor air entering a building and was supplied from an environ-
mental chamber. Constant airflow was provided by two vacuum
pumps which were located both upstream and downstream of
the supply exchanger, which provided equal pressures on either
side. The exhaust airstream mass flow rate was identical to the
supply airstream, except that the inlet air was taken from the lab-
oratory room at standard room conditions. The airstream temper-
atures were measured on each side of both exchangers using both
T-type thermocouples and resistance temperature detectors
(RTD’s). Humidity was also measured on each side of both
exchangers using a capacitive humidity sensor. The mass flow rate
of air was measured on both sides of each exchanger using an ori-
fice plate and a differential pressure transducer. The orifice plates
and piping were designed following ISO Standard 5167-1 [31].
MgCl2 solution was supplied to each exchanger using a 0.092 kW
(1/8th hp) magnetic drive pump, and the flow rate was measured
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using a rotometer. To allow for fluctuations in desiccant volume
due to changes in concentration, a storage tank was placed in the
desiccant line after the outlet of each exchanger (see Fig. 2). These
storage tanks and lines were insulated to reduce the heat gains/
losses between the solution and the surroundings. The entire data
acquisition was handled with the use of LabVIEW software, and
data was collected at 10 second intervals.

4.3. Comparison of experimental results with theoretical predictions

The results from the numerical model are compared to the
experimental measurements for both summer and winter operat-
ing conditions. This comparison requires the physical size and
dimension of the exchangers, headers, storage tanks and piping
as well as the heat loss/gain from/to the RAMEE system during
the laboratory testing. The external heat gains/losses were esti-
mated assuming steady state heat transfer from the RAMEE system
based on the measured temperatures of the solution and the
surroundings, and the size, material and insulation of the experi-
ment (e.g., storage tanks, pipes and LAMEE headers). The value of
r depends on the test conditions and was estimated to be �0.1
and 0.45 for the supply side of the system and �0.1 and 0.85 for
the system exhaust side during the summer and winter test
conditions, respectively. This means the solution looses heat to
the surroundings during the summer test conditions and gains
heat from the surroundings during the winter test conditions. It
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Fig. 5. Comparison of transient: (a) sensible and (b) latent effectivenesses
calculated from numerical model with experimental data for RAMEE system
(summer operating conditions, NTUS = NTUE = 11.5, CSol/CAir = 6.1, l = 0.15,
rS = �0.1, rE = �0.1, DCSalt = 8%). (Error bars indicate the 95% uncertainty in
measured data.)
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calculated from numerical model with experimental data for RAMEE system
(winter operating conditions, NTUS = NTUE = 11.3, CSol/CAir = 10.2, l = 0.15,
rS = 0.45, rE = 0.85, DCSalt = �1%). (Error bars indicate the 95% uncertainty in
measured data.)
needs to be mentioned that the test conditions (i.e., temperature
and humidity ratio) are close to, but not exactly, AHRI test condi-
tions due to restrictions in conditioning the air to precise values.
However, the initial and boundary conditions are taken from the
experimental measurements. The initial salt solution concentra-
tion (CSalt,Initial) is reported to be (�34%) by weight in the laboratory
testing. Knowing inlet air conditions in the supply and the exhaust
side of the system, the steady date concentration of liquid desic-
cant can be calculated from the steady state model for the RAMEE
system [13]. Therefore, the value of DCSalt is obtained to be 8% and
�1% during the summer and winter test conditions, respectively.

Figs. 5 and 6 show a numerical/experimental comparison of the
transient effectiveness for heat and moisture transfer during sum-
mer and winter testing, respectively. The experimental data are
presented along with their uncertainty limits in this comparison.
The numerical uncertainties in Figs. 5 and 6 are determined
considering the uncertainty of moisture diffusion resistance
(d/km) of the membrane and heat loss/gain ratio (r). The reason
for taking the uncertainty of moisture diffusive resistance into
account for the comparison of the numerical model data and
experimental measurements is the indication of sensitivity studies.
Simulation results show that the moisture diffusion resistance of
the membrane has the greatest influence (up to 0.06) on the pre-
dicted effectiveness of the RAMEE system relative to other simpli-
fying assumptions and property data. The uncertainty of heat loss/
gain ratio should be included in the comparison because the exact
physical properties (e.g, wall thickness, thermal conductivity,
diameter, length) of pipes, headers and reservoirs used to estimate



Table 3
The root mean square error (RMSE) and the average absolute difference of effectiveness values from the experimental comparison of the RAMEE system at summer and winter
operating conditions.

Supply sensible Exhaust sensible Supply latent Exhaust latent

RMSE Summer testing 0.044 0.097 0.088 0.035
Winter testing 0.069 0.065 0.037 0.1

Average absolute difference Summer testing 0.035 0.075 0.074 0.024
Winter testing 0.037 0.062 0.025 0.103

6010 M. Seyed-Ahmadi et al. / International Journal of Heat and Mass Transfer 52 (2009) 6000–6011
the heat loss/gain from/to the liquid desiccant loop is unknown.
The uncertainty of heat loss/gain ratio (ur) is considered to be
±0.05.

The total uncertainty in predicted effectiveness will be a func-
tion of both the uncertainty of moisture diffusion resistance and
the uncertainty of heat loss/gain ratio. Following ANSI/ASME PTS
19.1-1998, the uncertainty in the predicted transient effectiveness
can be estimated as

ue ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðud=km

Þ2 þ ðurÞ
2

q
ð66Þ

As shown in Figs. 5 and 6 the effectiveness values from the
numerical model are in good agreement with experimental data.
The simulated effectivenesses show the same trend as the mea-
sured data. The sensible effectivenesses cross over in both simu-
lated and experimental data at summer operating conditions as
shown in Fig. 5. As illustrated in Fig. 6 for winter operating condi-
tions, a divergence trend for supply side and exhaust side effective-
nesses and higher difference between theses values compared to
summer operating conditions were observed during laboratory
testing of the RAMEE system. A similar trend is found from the
simulation data for the same test condition.

In Figs. 5 and 6 for most of the transient times the agreement
between simulated and experimental results is within the uncer-
tainty limits. In addition, the model predicts very well the quasi-
steady state effectiveness values and the simulated effectivenesses
are well within the 95% uncertainty limits of the experiment data.
The differences between the numerical and experimental data are
mainly attributed to flow distribution problem within liquid chan-
nels in the experiment. In the exchangers designed by Erb et al.
[16], the entrance of liquid channels does not have uniform thick-
ness to distribute the liquid desiccant within the liquid channels
evenly. As well, the thickness of liquid channels is not exactly
the same in all the panels due to manufacturing variations. Addi-
tionally, the membrane deflections in the pressurized RAMEE sys-
tem cause changes in the hydraulic diameter of the fluid channels.
These problems in the design and construction of the exchangers
are not addressed in this study.

As illustrated in Figs. 5 and 6, a discrepancy between the simu-
lation and the experiment is observed at initial times. It is due to
the fact that it will take time to fill the exchangers with the salt
solution and also the exact initial conditions are difficult to
determine.

During winter test conditions, heat gain from the environment
has a significant influence on the transient behavior of the RAMEE
system. As shown in Fig. 6, this phenomenon results in a large dif-
ference between the sensible effectivnesses of the supply and ex-
haust exchangers due to excessive addition of heat to the liquid
desiccant from the surrounding. This results in high effectiveness
values in the supply side while the exhaust side has much lower
effectiveness values. As illustrated in Fig. 6, the aforementioned
behavior also can be predicted by the numerical model and simu-
lated values show good agreement with the measured values.

To have a better assessment of the comparison between the
numerical and experimental data, the root mean square error
(RMSE) for the prediction of simulation model is calculated as
follows:
RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
1 ðeSimulation � eExperimentalÞ2

q
N

ð67Þ

where N is the number of points in the transient solution used to
compare the results. During summer and winter testing conditions,
the value of RMSE for various effectiveness values are presented in
Table 3. One may use these data to evaluate accuracy of a numerical
model considering the influence of more parameters (e.g., non-uni-
form flow in the exchangers, possible crystallization of the salt solu-
tion on the membrane, etc.) on the RAMEE system performance
when it is compared to the current model.

In addition to the RMSE, the average absolute difference is used
to quantify the comparison between numerical and experimental
data. This value is defined as

Average Absolute Difference ¼ jeSimulation � eExperimentalj
N

ð68Þ

This average absolute difference for various effectiveness values
is presented in Table 3. The maximum average absolute difference
between the measured and simulated effectivenesses is 0.075 (i.e.,
exhaust sensible) and 0.103 (i.e., exhaust latent) for summer and
winter operating conditions, respectively. These errors indicate
that the prediction of numerical model is quite good and the vali-
dated model can be utilized to investigate the characteristics of the
RAMEE system with various parameters and operating conditions.
5. Conclusion

In this work, a numerical model is developed to determine the
transient behavior of a run-around membrane energy exchanger
(RAMEE) system that consists of two cross-flow liquid-to-air mem-
brane energy exchangers (LAMEEs) and two storage tanks; one in
each side of the system. The effect of heat loss/gain from/to the
liquid desiccant loop is considered in the numerical model, which
can significantly impact the performance of the system. The
detailed study of transient performance of the RAMEE is useful to
determine the transient response time of the system and ways to
control the RAMEE system under different practical situations.

The model for the case of only heat transfer for a single heat ex-
changer is compared to an available analytical solution and good
agreement is obtained. It is shown that the discrepancy between
the numerical model results and theoretical solution for the
dimensionless bulk outlet temperature of fluids is less than 4% dur-
ing the transient period. Also, a comparison between the numerical
model and experimental measurements is presented for the case of
simultaneous heat and moisture transfer during the laboratory
testing of a RAMEE system. The results for both sensible and latent
effectiveness showed satisfactory agreement at different operating
conditions. However, there are some discrepancies between initial
transient responses due to experimental flow distribution prob-
lems within exchanger. The maximum average absolute difference
between the simulated and experimental data for the transient
effectiveness is 0.103 which implies good accuracy of the numeri-
cal model for the RAMEE system with complex design characteris-
tic and testing facilities. Further investigation should be conducted
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to include mal-distribution in the numerical model to improve this
agreement.

The numerical model developed and verified in this part of the
paper can be used to investigate the various characteristics of the
RAMEE system.
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