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To reduce building energy consumption and to improve indoor air quality, it is necessary the use heat
recovery such as air-to-air fixed-plates enthalpy heat exchanger in mechanical ventilation. Prediction
of enthalpy performance by utilizing CFD simulation is challenging since most commercial software
do not simulate moisture transfer. In this research, a Z-shaped membrane heat exchanger which is
used for building energy recovery systems was modeled by using commercial CFD software
(FLUENT). Kraft paper of 45 gsm was used as the heat exchanger heat and moisture transfer surface.
A User Define Function (UDF) code was developed and incorporated in the CFD software to enable
the software to model moisture transfer through the membrane. This model is used to investigate the
performance of Z-Shaped heat exchanger when the number of flow dividers within the heat exchanger
is varied. It was found that a 21 % increase in the effectiveness was achieved when the number of
ribs was increased from no ribs to 5 ribs. However, increasing the number of ribs from 5 to 11 only
demonstrates minor effect. Therefore, no significant improvement is noticed when the number of ribs
is increased beyond 5 which is attributed to air flow distribution which because more uniform when
number of ribs is increased. However, the flow is already uniform when 5 ribs where used, hence

increasing the ribs to 11 will not improve the flow distribution further.
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INTRODUCTION

Minimizing energy consumption and improving indoor air quality
in buildings have made incorporating heat recovery into mechanical
ventilation a fundamental practice (Nasif et al., 2012: Zhang et al.,
2010; Vakiloroaya et al., 2014; Ashrae, 2016). Fixed-plate enthalpy
heat exchanger is an effective energy recovery device in HVAC system.
It is a static low-cost device which has no moving parts and requires
less maintenance than other energy recovery systems. The operating
principle of this device is that warm and humid air flows in to an air
path in a heat exchanger and cold air which is less humid will be
directed to another air stream. The two streams are separated by a
permeable thin sheet (such as membrane) (Nasif ez al., 2012).

Due to gradient in temperature and moisture content between the
two streams, heat and moisture will be transferred across the permeable
surface. The heat and moisture transportation from the hot and humid
stream to the membrane surface is achieved by convection.
Subsequently by conduction of heat and diffusion of moisture which
takes place through the permeable surface. Finally, heat and moisture
are then transported by convection from the permeable thin sheet
surface to the cold and less humid stream. As a result, the ambient fresh
air will be dehumidified and cooled in the heat exchanger before it
flows in to the air conditioning system. This process provides 100 %
fresh air to condition rooms and save energy due to the pre-cooling and
dehumidification process occurs in the heat exchanger. In fact,
supplying 100 % fresh air has become essential in many buildings as
many building codes demands better indoor air quality (Ye et al., 2017,
Mardiana-Idayu and Riffat, 2012).

Fabricating the enthalpy heat exchangers and assembling themis
known to be costly. Hence, to save cost, the present work chose to
utilize Computational Fluid Dynamics (CFD) software to simulate and
predict its performance. However, available commercial CFD software
do not simulate moisture diffusion through porous material such as
membranes. Hence, User Define Function (UDF) codes need to be
developed and incorporated in the software in order to enable the
software to simulate the heat and moisture transfer process (Al Wakeda
et al., 2018; Nasif et al., 2012).

Nasif et al. (2012) used FLUENT CFD software to model Z-shaped
heat exchanger configuration to study moisture and temperature
distribution in the enthalpy exchanger. They developed a non-
dimensional sensible-latent effectiveness ratio by developing UDF
code to simulate moisture transfer. In other words, they coupled heat
transfer with moisture transfer. However, to carry out their modeling,
they need to determine the effective values experimentally.

Zhang (2010) modeled quasi-counter flow heat exchanger by using
FLUENT. In the developed model, Zhang solved the mass transfer
problem using the heat-mass transfer analogy where he made the values
of Prandtl number (Pr) and thermal diffusion in the heat transfer model
and make them the same as Schmidt number (Sc) and mass diffusion.
In other words, the mass transfer problem is solved as a heat transfer
problem and presented his results in non-dimensional format. Yaici et
al. (2013) developed a 2D CFD model of the membrane heat exchanger.
They utilized constant air properties in their model and did not consider
heat caused by moisture diffusion through the membrane. Al Waked et
al. (2013) developed a 3-D CFD model by using UDF code which is
capable of simulating moisture transfer process across constant
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moisture transfer resistance membrane by using FLUENT. Their results
showed that counter-flow configuration is sensitive to the mesh central
distance in the perpendicular direction as compared to other flow
configurations (such as cross and parallel flow). Al Waked et al. (2015)
then developed another UDF code which is incorporated in FLUENT
CFD model. This model simulates moisture transfer across the
membrane whereby moisture transfer resistance is not constant. They
validated their model against past research.

Min and Duan (2016) performed comparison investigation between
different mathematical and numerical methods developed to evaluate
the membrane heat exchanger performance. They concluded that
numerical method can provide not only more precise effectiveness as
compared to the effectiveness-NTU methods. It also provides detailed
distributions of various flow parameters. They also highlighted the
performance can be enhanced when adsorption heat is considered in the
modeling.

Sabek et al. (2018) performed numerical simulation of membrane
heat exchanger to study the effect of adding obstacles in the heat
exchanger on its performance. They found that round obstacles are
more impactful on the heat exchanger performance as compared with
rectangular, triangular obstacles.

This study extended the study by Nasif ez al. (2012) on Z-shaped
heat exchanger . The exchanger utilizes 45 gsm permeable Kraft paper
as heat and moisture transfer surface. The existing heat exchanger had
five flow dividers ribs which were used to make air flow more uniform
and support the permeable paper in the heat exchanger. Theoretically,
increasing the number of ribs will increase the pressure drop across the
heat exchanger. In this research, the number of ribs was varied to
investigate its effect on heat exchanger heat and moisture transfer
effectiveness and consequently on the amount of heat recovered and
moisture dehumidified. This was achieved by developing UDF code
utilizing C++, and by using Lewis number to obtain air moisture
content at the permeable surface boundary. Hence, this enabled the
CFD software FLUENT to simulate moisture transfer. This UDF code
is deferent than the UDF code developed by Nasif ef al. (2012), which
utilizes non-dimensional sensible-latent effectiveness ratio to obtain air
moisture content at the paper boundary.

MEASUREMENT OF HEAT EXCHANGER PERFORMANCE

The experimental rig, shown schematically in Fig. 1, was
performed by Nasif et al. (2012). The test rig consists of two air streams
ducts. In the hot stream, air is heated and steam is injected, meanwhile
in the cold stream, ambient air is supplied. The passage of the cold air
stream is laterally inverted from the passage direction of the hot air
stream as shown in Fig. 2.

The test section consists of 0.72m x 0.3m Z-shaped heat exchanger
which is made of 98 plastic frames with 49-inlet air passages in each of
the air stream. The heat exchanger has five flow dividers which is
provided to obtain uniform flow distribution and to support the
permeable paper. The heat and moisture transfer surface used is 78 pm
thick 45 gsm paper.
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Fig. 1 Experimental test rig (Nasif et al., 2012).

Fig. 2 Heat exchanger flow paths configuration (Nasif et al., 2012).

In this experiment, air velocity was varied from 1.5 m/s to 3.2 m/s.
Air temperature and moisture content were measured at the air stream
inlets and outlets. The static pressure drop between the heat exchanger
inlet and outlet also was measured using static pressure points which
was drilled through the test rig walls close to the inlets and outlets.

The two points were connected to a manometer to measure the
pressure drop across the heat exchanger. The heat exchanger
effectiveness was calculated from the measurement of air temperature
and moisture content at both streams inlets and outlets by using the
following effectiveness equations:

Sensible Effectiveness
e = 'mcpu 7.~ T1,) (1)
(mcpa )min (T;ﬂ - TCi)

Latent Effectiveness

_ n./lh_;g (whi - a)h())

)

M h e (0, — o)

where &, and e, represent sensible and latent total effectiveness,
respectively. Thi, Tei, Tho, Teco represent air temperature at the heat
exchanger inlets and outlet. whn, who, Wi, Wco represent air humidity
ratio at the inlet and outlets.

Fig. 3 shows the effectiveness variation with air velocity where the
effectiveness was inversely proportional to air velocity. It is expected
that increasing the air velocity would increase the heat and mass
transfer coefficients, but this is offset by the corresponding decrease in
air residence time in the heat exchanger which caused the effectiveness
to decrease.
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Fig. 3 Experimental effectiveness for 45 gsm paper heat exchanger
(percentage shown in graphs indicate averaged experimental
uncertainty) (Nasif et al., 2012).
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COMPUTATIONAL FLUID DYNAMICS MODELING

As mentioned, the effect of varying the number of flow divider ribs
which act as support structure to hold the permeable surface on the heat
exchanger effectiveness was investigated by using CFD commercial
software FLUENT. In order to carry out this investigation, the model
of the Z-shaped five ribs heat exchanger performance should be
validated against effectiveness calculated from the experiment.

In FLUENT software, Finite-Volume Differencing scheme was
used to solve the algebraic equations formed from discretization of
Navier Stoke and energy equations. Second order upwind discretization
scheme was used to discretize the pressure, momentum, and energy
equations. Semi implicit method for pressure linked equation-
consistent (SIMPLEC) algorithm was used for the calculation of the
pressure and air velocity in the heat exchanger.

As mentioned, commercial CFD software do not simulate moisture
transfer across the membrane. Therefore, User Define Function has
been developed by using Lewis number to obtain the air moisture
content at the permeable paper surface boundary. Lewis number is
represented as

Le‘ — Aair (3)

Cp moist air Dwater—air Pmoist air

Air properties including air thermal conductivity (ar) and water in
air diffusivity (Dwarer-air) With varied temperatures were obtained from
air properties tables Air properties were plotted against temperature and
best fit line equations were incorporated into the UDF. FLUENT
software provides the temperature at the permeable paper surface
boundary by solving the energy equation.

Lewis equation requires Lewis number value to provide moist air
density (pmoisair) at the permeable paper surface boundary. It has been
reported that for enthalpy heat exchangers, Lewis number was 0.81 (Al-
Waked et al., 2015; Nasif et al., 2013). Hence, pmois: air at the permeable
paper surface boundary in the hot and moist stream can be calculated.
The vapor density in the air is represented as

Pvapour = Pmoist air — pdry air * 4

FLUENT provides the air temperature at the paper boundary, while
dry air density is obtained in a similar way as Asr and Duwaser-air. By
substituting it with p meisr air in the following equation, pvapour can be
determined and incorporated in the UDF code. Air moisture content is
calculated from

_ pvapour
Dot stream = o )
moist air
= _ (a)paps‘r hot stream a)papel' cold stream )
M, oisture — (6)

moisture resis tan ce

To enable FLUENT to simulate moisture transfer in the heat
exchanger, air moisture content at the cold stream permeable surface
boundary is needed which can be obtained from a report of Nasif et al.,
2012. The 45gsm paper moisture transfer resistant was found to be 70
m?s/kg which was obtained from permeability measurement detailed in
the previous work (Nasif et al., 2012). In the heat exchanger cold air
stream, the moisture at the paper surface boundary at each cell in the
model is obtained from the air mass flow rate from

m =m @ (7)

moistur cell moist air ™~ paper cold stream

is the moist air mass flowrate at the cold stream which

where mmoisr air
flows through each cell at the surface of permeable paper. Substituting
equation 7 into equation 6 to get the moisture content at the cold air

stream gives

wpaperhot stream R
D papercold stream = 4 (3)

Meell moist air Ripoist resis tance +1

Air and vapor thermodynamic properties were obtained as a
function of air temperature (Cengel, 2006; Kroger, 2004). Hence the air
moisture content at the permeable paper surface boundary in the cold
stream is obtained.

At the stream air inlet, velocity inlet boundary condition is used and
at the heat exchanger outlet, outflow boundary condition is utilized in
the CFD model. To reduce computational time given the fact that both
hot and cold streams in the heat exchangers are symmetrical hence
symmetry boundary condition is used where half of each flow path
modeled at each side of the permeable surface of the paper.

From Fig. 3, the Reynolds number range at each flow path of the
air velocity used in the test was from 2300 to 5500. Therefore, turbulent
k-¢ renormalization group (k-¢ RNG) is used. Mesh independency
investigation was carried out to optimize the number of cells used in
the model. It was found that increasing the number of mesh from
250,000 to 300,000 gave 2 % difference in the results. Therefore
250,000 cells were used in the simulation.

CFD simulation was carried out at the tested air velocity. Fig. 4
shows that the CFD simulation results from using Lewis number
method are in reasonable agreement with the measured effectiveness
values. Validation of the pressure drop results across the heat exchanger
was carried out and Fig. 5 shows that good agreement was achieved
between the pressure drop predictions against experimental
measurement. Since the CFD model is validated against experimental
measurement, hence it can be used to predict the heat exchanger
performance when the number of ribs is varied. Heat exchanger models
were developed for no ribs, one rib, two ribs, three ribs, five ribs, and
eleven ribs. The simulation was run at the same tested inlet air
velocities, air temperature, and moisture content.
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Fig. 4 Heat exchanger modeled and measured effectiveness.
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Fig. 5 Heat exchanger modeled and measured pressure drop.

Figs. 6 and 7 show the sensible and latent effectiveness variation
against air velocity. As seen the effectiveness increased rapidly when
one rib is used, the sensible and latent effectiveness increased by 9 %
relative to the heat exchanger without ribs. However, when the number
of ribs was increased to two, both sensible and latent effectiveness
increased by about 4 % relative to the single rib heat exchanger. The
effectiveness and the values increased further by the approximately 7
% when the number of ribs increased to three relative to the 2 ribs heat
exchanger and by 5 % when 5 ribs were used.
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Fig. 6 Heat exchanger modeled sensible effectiveness for different
number of flow dividers.
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Fig. 7 Heat exchanger modeled latent effectiveness for different number
of flow dividers.

However, the increase in the effectiveness values became marginal
when an 11-rib heat exchanger was used as the effectiveness value
increased by only 0.8 % relative to the 5 ribs design. It can be concluded
that increasing the number of ribs from 5 to 11 has only a marginal
effect on effectiveness as the flow, temperature and moisture
distribution are already uniform. Therefore, no significant
improvement is noticed when the number of ribs is increased to 11. This
is attributed to the air velocity distribution within the heat exchanger.

As seen in Fig. 8, there is low velocity zone in no flow ribs heat
exchanger (blue color contour) because there is no flow divider to make
the flow uniform. This zone decreased when flow dividers were used.
When 5 flow dividers were introduced the low velocity flow zone
became very small and when 11 flow dividers where utilized, there was
little difference in the flow profile as compared with 5 flow dividers.
This indicates that increasing the number of ribs from 5 to 11 has only
a minor effect on air flow distribution which is already uniform.
Therefore, no significant improvement is noticed when the number of
ribs is increased to 11.
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Fig. 8 Air velocity contours in the heat exchanger.
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Fig. 9 Heat exchanger modeled pressure drop for different number of
flow dividers.
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CONCLUSION

User Define Function code was developed and incorporated into
FLUENT software to enable the software to simulate moisture
diffusion through the permeable 45 gsm paper. The models were
validated with experimental measurement, before they were used to
simulate the effect of changing the heat exchanger flow number of
divider ribs to investigate its effect on sensible and latent effectiveness.
It was found that although increasing the number of ribs from zero to
five ribs increased the heat exchanger effectiveness, it caused the
pressure drop to increase across the heat exchanger. However,
increasing the number of ribs from 5 to 11 resulted in only minor
increase in the effectiveness which is attributed to the flow dividers ribs
which makes the flow more uniform and improve the temperature and
moisture distribution. When 5 ribs were used, the flow was in uniform
state, and hence, increasing the ribs to 11 makes no improvement to the
flow profile. Therefore, it is clear that the most optimum number of ribs
is 5 as increasing the number of ribs above 5 would not result in further
improvement in air flow and distribution of temperature and moisture.
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