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16  exhaust air stream from a building. Heat and mass transfer intensification has been undertaken by using a
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24 boundary conditions are then used to calculate the local and mean Nusselt and Sherwood numbers along
25  the exchanger ducts, in the heat and mass developing regions. The data are compared with those results
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Nomenclature

Acyc surface area of a flow cycle (m?)

Aci cross-sectional area at inlet (m?)

Cp specific heat of fluid (kJ kg K1)

dp membrane pore diameter (um)

Dn hydrodynamic diameter (m)

Dva moisture diffusivity in dry air (m?/s)

Dum effective moisture diffusivity in membrane (m?/s)
f friction factor

H changnel height (mm)

h heat flux (kW/m?)

hiot convective heat transfer coefficient (kW m2 K1)
k turbulent kinetic energy (m?/s?)

Kot convective mass transfer coefficient (m/s)

my moisture emission rate through membrane (kg m2-s?t)
Nu Nusselt number

P pressure (Pa)

q mass diffusion flux (kg m2 s?)

Sc Schmidt number

Sh Sherwood number

Re Reynolds number

T temperature (K)

u velocity (m/s)

Va air flow rate (m3/s)

Veye volume of a flow cycle (m?)

W channel width (mm)

Yy humidity ratio (kg/kg)

XY, Z coordinates (m)

Greek letters

Yol density (kg/m?)
v kinematic viscosity (m?/s)
A thermal conductivity (kW m* K1)
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1. Introduction

Conditioning

buildings and can be even higher in buildings that require 100% outdoor air to meet ventilation standards.
It is well known that energy recovery devices could save a large fraction of the thermal load since heat and

dynamic viscosity (Pa-s)

shear stress (N/m?)

specific dissipation rate (s)

turbulent dissipation rate (m?/s®)
thickness of the membrane (m)

correction factor

apex angle (°)

orientation angle of neighboring layers (°)

air leakage ratio

turbulent

fluctuation

air
conjugated
cyclic
exhaust air
fresh air
heat flux
inlet

mass flux
mean, membrane
outlet
temperature
vapor

wall, concentration

ventilation air typically constitutes 20% to 40% of the thermal load for commercial
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humidity would be recovered from the exhaust stream in winter and excess heat and moisture would be
transferred to the exhaust in order to cool and dehumidify the incoming air (fresh) in the summer. With
energy recovery devices, the efficiency of existing HVAC systems can also be improved because
otherwise fresh air needs to be dehumidified by cooling coil through condensation followed by a re-
heating process, which is very energy intensive.

Membrane-based total heat exchanger has attracted much attention to fulfill this task [31. The device is
just like an air-to-air parallel plate sensible heat exchanger. But in place of traditional metal heat exchange
plates, hydrophilic membranes, which can transfer both heat and moisture simultaneously, are used as the
heat and mass transfer media. The device has many virtues like it is stationary, compact, and easy to
construct. However, practical application until now is still scarce. The reason is that heat and mass transfer
in the unit is slow, which limits their market penetrations.

To intensify heat and mass transfer, in this study, a novel duct structure, cross-corrugated triangular
ducts, is used to augment heat and mass transfer in air side. The structure is shown in Fig.1. It has similar
geometry as chevron plates used in traditionally heat exchangers (primary surface heat exchangers). But
the cross section is triangular other than sinusoidal. Literature review found that though heat transfer 16l
and mass transfer 171 in chevron plate heat exchangers have been investigated by various investigators,

cross corrugated triangular ducts are less fully studied.

Fig.1.

Of the limited number of studies with this structure, the boundary conditions are assumed either as
uniform temperature or uniform heat flux boundary conditions %24, That assumption may hold for
common metal heat exchangers. However, for a total heat exchanger, the heat and mass transfer in the
ducts are closely coupled with the membranes. A uniform temperature or a uniform heat flux boundary
condition is not justified. This is a conjugate heat mass transfer problem. To address this problem, in this
study, the heat and mass transfer under real boundary conditions will be considered. This is a naturally
formed boundary condition resulted from the interactions between the two flows, and the membrane.

Further, besides air side augmentation, material side augmentation is also undertaken. A novel kind of
membrane developed recently 1, the so called one-step made asymmetric membrane, is used as the
exchanger material. The membranes are made from CA, Cellulose Acetate. The benefit with this material
is that it is simple in fabrication processes. So it is cheap. However the moisture permeability through this

membrane is 1.5-2 times higher than previously developed membranes 21,

2. Experimental works
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A test rig is built to perform heat mass transfer and pressure drop experiments, as shown in Fig.2. It
comprises of variable speed blowers, wind tunnels, heaters, humidifiers, nozzles and the total heat
exchanger core. Air in one side is conditioned to simulate the outdoor fresh air. The other side is to
simulate the indoor stale air. The volumetric air flow rates can be adjusted to have different Reynolds
numbers. The low speed wind tunnels are to ensure a continuous, steady air supply. The volumetric air
flow rates are measured by a set of nozzles in the wind tunnel. Temperature and humidity sensors are
inserted into the test section to measure the states of inlet and outlet air.

The leakage between the two streams mainly occurs in the joining parts the core and the supporting
frames. To check the air leakage rate, air flow rates are tested in the test section by measuring area-
averaged air velocities. Nine test points are uniformly distributed in the wind channel. The air leakage rate
in each side is calculated by

Vi \;V° x100% (1)

@:

where V is air volumetric flow rate (m%/s), subscript i and o represents inlet and outlet. It is less than 5% in

this work. Only the air leakage rate is assured, can the experiment be executed.

Fig.2.

A total heat exchanger core with cross corrugated triangular ducts is assembled, as depicted in Fig.3.
One-step made asymmetric CA membranes are used as the exchanger material. The detailed fabrication
processes have been introduced in 21, This kind of novel membranes is simple in making processes, so
they are cheap. The moisture permeability is 1.5-2 times higher than traditional vapor permeable
membranes, because asymmetric finger-like macrovoids are generated during the coagulation exchange
process. These finger-like macrovoids can sharply decrease the moisture diffusion resistance. A skin layer
is formed on the membrane surface in one-step before the coagulation process, which ensures better
selectivity and high moisture permeability. With the new membranes, material side heat mass transfer

augmentation is realized.

Fig.3.

After the membranes are made, the flat membrane sheets are corrugated to form a series of parallel
equilateral triangular ducts, with apex angles of 90 degrees. Sheets of the corrugated plates are then
stacked together to form a 90 degree orientation angle y between the neighboring plates, which guarantees

the same flow pattern for both fluids. The channel height H is 7 mm, and channel width W is 14mm. The
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membrane thickness is kept constant during manufacturing. The membranes are very thin and soft, which
requires plastic frame cases to support them. Consequently, with a pre-designed plastic frame, triangular
duct walls are formed to construct the required geometry. The structure gives better air side heat mass
transfer capabilities. This efficiency improvement is attributed to the pattern of flow that undergoes abrupt

turnaround, contraction, and expansion. The physical properties of the membranes are given in Table 1.

Table 1.

Inlet and outlet air states are measured under different air flow rates. The thermal properties of air are
assumed to be constant, because the temperature difference between indoor air and outdoor air is less than
10 K. The pressure drop, Nusselt and Sherwood numbers are then calculated with the measured inlet and
outlet air states. Energy and mass balances between two sides of membranes are checked to be within 1%.

The sensible effectiveness is calculated as

g = M (T — Tro) + M (Teo — Tei) @
2r.nmin (Tfi _Tei)

where ms and m. are the mass flow rate of fresh air and exhaust air, respectively. mmin is the least one of
msand me. T is the temperature of air. The subscripts ‘f, e, i, €’ mean fresh air, exhaust air, inlet and outlet,
respectively. In the experiment, flow rates of fresh air and exhaust air are equal. So Eq.(2) can be
simplified as

_ (Tfi _Tfo) + (Teo _Tei)
T, T )

The latent effectiveness is calculated as

_ (Yfi _on)+(Ye0 _Yei)

& = 4
ST, ) “
where Y represents humidity ratio in fresh air or exhaust air side.
With the measured inlet and outlet mean variables, the heat transfer coefficient can be calculated by
Cpapava ((Tfi _Tfo) + (Tei _Teo ))
hiot = )
2Af0tATm
and
ATm =% (Tfi _Teo) - (Tfo _Tei) (6)
In Tfi _Teo
Tfo _Tei
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where cpa is specific heat of air, pa is density of the air (kg/m®), V. is the air flow rate of fresh air or
exhaust air (m?%s). Aw is the total surface area of membrane (m?). ATn is the log mean temperature
difference. w is a correction factor for cross flow 1, and it is about 0.96 in this study.

The Nusselt number is calculated by

_hD
Nu = /Ih (7)

a

where A, is air thermal conductivity (kW m? K1), h¢ is the convective heat transfer coefficient in fresh air
side (kW m2K-1), and can be derived from

1 1. 96 1 ©)
htot hf }\’ mem h

where §is membrane thickness (m), Amem is thermal conductivity of the membrane (KW m K1), h, is the

e

convective heat transfer coefficient in exhaust air side, and nearly equals to hs.

The mass transfer coefficient can be calculated by
T pava ((Yfi _on) + (Yei _Yeo ))

= 9
“ 2AIOIAYV ( )
where AY, is the log mean humidity difference, and

AYV =% (Yfi _Yeo) _(on _Yei) (10)

In Yfi _Yeo

on _Yei

The Sherwood number is calculated by
k¢ D

Sh=—"—" 11
5 (11)

va

where Dy, is moisture diffusion in air (m?/s), ks is the convective mass transfer coefficient in fresh air side
(m/'s), and can be derived from

1 _ 1,6 1 (12)
ktot kf D ke

where Dym can be measured using the field and laboratory emission cell (FLEC) [?8], k. is the convective

vm

mass transfer coefficient in exhaust air side (m/ s), and it nearly equals to k:. With above equation, the

membrane side resistance is subtracted and the air side coefficient is obtained.
The friction factor is calculated by

_(R-PR)D,

f (13)
1 2
EpaumXF
where Xg is the length of the core, (m); Pi and P, are pressure at inlet and outlet of the core, respectively,

(Pa).

The hydraulic diameter of the exchanger channel is defined as
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D, = 2 (14)
A\:yc

where V¢ and Ay are the volume and the surface area of a cycle in the channel, which has been shown

in Fig.1.
The uncertainties for measurement are: temperature, +0.2°C; humidity, +2%; volumetric flow rate,
+0.5%; pressure drop, +1 Pa; velocity, £2.5%, the final uncertainties for friction factor is 9.2%, for

sensible efficiency is 4.2%, for humidification efficiency is 6.7%, for heat transfer coefficient is 4.6%, for

mass transfer coefficient is 5.3%.

3. Numerical method and equations
3.1. Governing Equations

Traditionally, heat mass transfer in total heat exchanger ducts is modeled by assuming a uniform
temperature or uniform heat flux boundary conditions on membrane surfaces. Convective heat transfer
coefficients are calculated under these ideal boundary conditions. Then the Chilton—Colburn j factor
analogy is used to estimate mass transfer coefficients from the previously calculated heat transfer
coefficients. However recent studies found that for these large-Biot number ducts like membrane formed
ducts, the traditional Chilton—Colburn j factor analogy fails due to very different heat and mass transfer
boundary conditions on duct surfaces . The membrane should be investigated together with adjacent air
streams. It is in nature a conjugate problem. Therefore in this study, the membrane material and the
neighboring two streams are modeled together, because of the close interactions between the air streams
and the membrane material. The exchanger has 67 layers of membranes, which form 33 channels for each
stream. Direct modeling of every channel is very time consuming. So only a section in the middle of the
exchanger is selected as the calculating domain. It comprises of 7 layers of neighboring ducts. These 7
layers of membranes form 4 ducts for fresh air and 3 ducts for exhaust air. The change of thermal
properties with temperature is ignored, because the temperature difference between indoor air and outdoor
air is small.

The general form of the mass continuity equation in the duct is shown below as

opu;
OX

=0 (15)
i
where pis the fluid density (kg/m®), u is flow velocity (m/s).

Flow in the cross corrugated triangular ducts are mostly in transitional flow regime, even under very

low Reynolds numbers due to disturbances from the corrugations. A low Reynolds number k- model is
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employed in this investigation as the model has been previously validated in ?*! to grasp the transitional

flow behaviors in the channel. The Navier-Stokes equations in the ducts is

oP 0 ¢
— (puU.)=—+—(7:: +7T::
an (pul ]) 8Xi an (Tu Tu)
ou; ou;. . -
Ty = u(—+—); Titj =—pul;

OX OX

j i
where P and u are pressure (Pa) and dynamic viscosity (Pa-s), respectively.
The energy equation is
0 0
—(pe,uT) =—(h; + h})
OX; OX;

where
Mc, OT t -
h=£2 9 - plo—peuT
PP oex, § =%l
where A is the thermal conductivity (kW m?* K1),
The equation for moisture mass conversation is
0 0
I Y)Y=—"oHAqg. + 0t
aXj(pU, v) aXj(qJ q;)
oY, . -
q; :Dva_v; q; :_pquv
OX;
D.a is the moisture diffusivity in dry air (m?%/s).
The turbulent shear stress is determined by
i= g (—+—)—=35k
le /ut(axj 6Xi ) 3 1] p

where g is the Kronecker delta function, & = 1 when i = j and zero when i #j.

(16)

(17

(18)

(19)

(20)

(21)

(22)

On solid boundaries, k should be zero and @ can be specified at the first few grid points away from the

wall as
where y is the distance to wall. The resulting equations for k, @, and v are:
gk
P w

The equations for k and o are described as

(23)

(24)
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6x a X; X;
6a) o 0 0w 1 ok ow
+ —1+20 ,———
N v, ”a R (A0 70 ox, o,

j j

The model constants are provided in Refs [0 31

Other empirical constants in the equations are
=0.075, =0.1, 0x=0.5, 0,=0.5, Rs=0.8, Rx=0.6, a,=f3, Ru=2.7, 0=0.52, 6,»=0.75
The turbulent heat transfer term in Eq. (19) is determined by the following equation

M OT
oy 0X|

hj =

where the empirical constant takescp=1.3 24,

10

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)
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The mass transfer is combined with k-@ equations through Eq. (21) in the form of
oY,
q =S“—Ca (36)
The empirical constant turbulent Schmidt number takes 0.7 233,
The Reynolds number, Re, is
Re = 2anCh (37)
Ha
where un, is the area-weighted mean velocity at the inlet (m/s).
Convective heat transfer coefficient in fresh air side is calculated by
_ CpaPaUm A (Tri — Tpo)
AycATy,

where Aqi is the cross-sectional area at inlet or outlet of a cycle (m?); Acyc is the surface area of the channel

hy (38)

(m?); ATm is the logarithmic temperature difference between the membrane and the fluid, which is

calculated by

AT, =y _TW‘T) __(.Trei ~Tuo) (39)
In fi wi
Tei - Two

Convective mass transfer coefficient is calculated by

ke = PaUn A (Vi — Yio) (40)
AcycAYv
and
AYV =y (Yfi _Ywi) — (Yei _on) (41)
In Yi —Yui
Yei - on

Then Nu and Sh can be obtained through Egs. (7) and (11).

3.2 Solution method

A non-staggered mesh structure is used, and the size near wall is smaller than in duct. The meshes on
the outside walls of a computational block are shown in Fig.4. The graph only depicts a part of the
adoptive meshes, to get an amplified view of the mesh structure. Totally there are 10 cycles in x and z

direction, and 7 layers in y direction.

Fig.4.

11
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Boundary conditions are defined. Non-slip velocity wall conditions are assumed. In the interior of the
core, the fresh air and exhaust air exchange moisture through the membrane. Thus the temperature and
humidity on membrane surfaces are neither uniform values nor uniform fluxes. That means the
temperature and humidity vary along the membrane surfaces. The membrane thickness is kept constant in
the preparation process. Due to the small thickness in membrane (100 um, thermal conductivity 0.127
W/(m - K), temperature differences between the two sides of a membrane are rather small. Thus for heat

transfer condition, on the two sides of the membrane at the same point, there has

ot oT,
a_r: (X:er):(xmlvyml!zml) :a_ne (XvaZ):(szvymszmz) (42)
For mass transfer condition, on the two sides of membrane at the same point, there has
Yo=Y oY oY
M, = PnDum (%) =~PaDua a_r:f (XY D)=k Y Zmg) — Pa Dia a_r\;e (%Y.2)=(Xm2+Ym21Zm2) (43)

where m, (kg/(m3s))) is the moisture emission rate through membrane. pm and Dym are density of
membrane and moisture diffusivity in membrane, respectively. & is the thickness of the membrane(m).
Subscript “‘m” refers to membrane, and “*1” and “*2” refer to fresh side and exhaust side at the same point
of membrane, respectively.

For the top layer and the bottom layer membranes in the exchanger section, zero heat and mass flux
boundary conditions (adiabatic) are assumed. In the interior, the boundary conditions on membranes are
naturally formed by the coupling between the fresh air and the exhaust air. A real exchanger usually has
more than 100 layers of membranes, which is difficult to simulate directly, on a channel-to-channel basis.
So only a section of several neighboring channels are simulated. The boundary conditions on the top and
the bottom layer membranes of this section would affect the calculation accuracy. To minimize this effect,
7 layers of flow channels are selected for calculation but only the channel in the center (the fourth flow
channel) is used for overall mean Nusselt and Sherwood numbers (Num and Shm) calculations. The larger
the number of calculated layers are, the less the effects from the top and bottom layers are. The differences
of Num and Shn, between a 7-layers domain and a 8-layers domain are less than 1%, as shown in Fig.5.
Therefore the 7 layers domain is assumed enough and is selected. At the inlet, velocity is set to uniform
and normal to the inlet face. The inlet humidity ratio in fresh air and exhaust air are set to 0.024kg/kg and
0.011kg/kg respectively. The inlet temperatures for fresh air and exhaust air are 308K and 300K
respectively. The boundary condition for outlet is defined as

0
a—ﬁ =0 (44)

where ¢ represents the calculated variable, n means normal direction of the outlet face.

12
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Fig.5.

The governing equations are solved by using standard finite difference methods that employ control-
volume based discretization techniques along with a pressure-correction algorithm. The N-S equations are
solved by SIMPLEC scheme, while the convective and diffusive terms in the energy equation are solved
by QUICK scheme, which has second-order accuracy.

The grid independency test has been done. The calculations were primarily carried out with three
different grid densities, 469985, 626470, and 1454169 mesh points. The channel fully developed periodic
mean pressure drop and temperature change with the two finer grids are within 1% differences and 14%
lower than those with the coarse grid. For the finest grids, 1454169, the solution time is very long, which
is hard to use practically. Based on the above grid independency tests, the final calculations are performed

with the 626470 grids and the results obtained in this paper refer to the grid geometry mentioned above.

4. Results and discussions
4.1 Model validation

Experimental work is used to validate the model and the methodology. The core’s apex angle is 90
degrees. Both volumetric air flow rates and inlet air conditions are changed in the experiment. Outlet air
parameters under different operating conditions are measured and calculated. The test data are then
compared with the calculated data, as shown in Table 2. The outlet parameters are compared. The
resulting sensible and latent effectiveness, as well as the friction factors are also compared. Generally, the
maximum difference between the numerical and tested temperatures is below 2%. The maximum
difference for humidity is below 3.5%. The maximum difference for pressure drops is 11%. The
maximum difference for sensible effectiveness, latent effectiveness, and friction factor, are 10.5%, 5.8%

and 10.7%. From this analysis the model and the methodology are verified.

Table 2.

4.2 Flow distribution

Fig.6 shows the velocity contours in the x-y plane at the center of x axis, for Re=890. As seen from this
figure, the flow has two distinct patterns: in the corrugation troughs of the upper wall, the flow is parallel
steady flow, while in the troughs of the lower wall, fluid re-circulation or swirl flows are generated due to
the reason that the fluid separates from the rear-facing facet and reattaches to the front facing facet. The

13



© 00 N oo o B~ W N

[N
o

11
12

13

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

shapes of flow re-circulation in the valleys become almost identical to each other, after 3-5 cycles,
indicating a cyclic manner. The maximum value of the velocity occurs near the peaks of the lower wall,
where the flow has the least cross sectional area. The velocity is the smallest where the duct expansion
occurs. The vortexes resulted from duct expansion and contraction are helpful for momentum transfer.
The apex angle has effect on flow distribution in the flow channel. The vortexes in the 60 degrees case are
more obvious than in 90 degree case. The temperature gradient is also larger in the 60 degrees flow
channel. As can be deducted, when the apex angle is larger, the cross-corrugated flow channel is more
similar to parallel plate duct. That means the turbulent motion will be depressed as the flow channel

became flatten. So the heat and mass transfer will decrease when the apex angle decreases.

Fig.6.

4.3 Temperature distribution and Nusselt numbers

The temperature contours shown in Fig.7 in a y-z mid-plane for Re=890 clearly show a cyclic manner.
After 4-6 cycles, the heat boundary layer has become fully developed. In the corrugation troughs of the
upper wall, parallel flow is predominant, while in the troughs of the lower wall, clock-wise strong swirls
are generated due to the fact that the fluid turns abruptly when facing the trough walls of the lower wall.
Flow conditions also have an influence on temperature distribution. At smaller Re numbers, temperature
gradients in the valleys of the lower wall are smaller, due to the reduced intensities of swirls. Fig.8 shows
the isotherms and heat fluxes on the membrane surface in the middle layer. It is clear that the boundary
conditions on the membrane surface are neither uniform temperature nor uniform heat flux. The
temperature contours vary along both x and z directions. The temperature in the fresh air side and exhaust
air side is coupled through the membrane.

Fig.9 shows the mean Nusselt numbers for each cycle, Nuc.c under different flow rates. At the
entrance, the cyclic mean Nusselt numbers are very high, due to very thin boundary layers at the entrance.
Along the flow direction, the cyclic mean Nusselt numbers decrease rapidly in the first 4-6 cycles, and
then arrive gradually at some stable values. They are denoted as the fully developed values, Nuc. If the
boundary conditions are under uniform temperature, they are Nur. If the boundary conditions are under
uniform heat flux, they are Nu.

The detailed values of Nuc are shown in Fig.10. For comparison, the values of Nur and Nun are also
listed. When the apex angle is 60 degrees, Nuc is only about 57-64% of Nur, and 52-55% of Nup.
Because under the real conjugated boundary conditions, the mean temperature on the membrane surface is

less than that under ideal uniform temperature or uniform heat flux boundary conditions, heat transfer is

14
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deteriorated by these “imperfect” boundary conditions. So the Nusselt numbers drop. The heat transfer
coefficients are also influenced by apex angle of the duct. The higher the apex angle is, the less the effects
of flow maldistribution are, and the higher the heat transfer coefficients are. When the flow channel is
more flattened, say, with an angle of 90 degrees, the trend of Nuc is between Nut and Nuun. This is
because boundary values on the membrane surfaces are more homogeneous. When the channel is more
sharp, with an angle of 60 degrees, Nuc even lower than Nur. This is because boundary values on
membrane surfaces are rather inhomogeneous, which makes real heat and mass transfer capabilities low.

Similar conclusions can be seen in Zhang [?2 *41 and Huang et al. %1,

Fig.7.
Fig.8.
Fig.9.
Fig.10.

4.4 Sherwood Numbers

Fig.11 shows the contour profiles of humidity ratio on a y-z plane at the center of x axis for Re=890.
Fig.12 shows the humidity ratios on the membrane surface in the middle layer (fresh air side). The
humidity ratio contours in the cross-corrugated ducts have similar distributions as temperature contours.
The detailed values of Shc for apex angles of 60 and 90 degrees are shown in Fig.13. Test data are also
drawn. The values of Shy (uniform mass concentration) and Sh; (uniform mass flux) are also plotted for
comparison. The duct aspect ratio also has similar influences as on heat transfer. As seen from the graph,
Shc is about 54-60% of Shw. and 49-54% of Sh; when apex angle is 60 degree. This is because the channel
is more sharp and flow is more non-uniform. When the apex angle is 90 degrees, Shc is lower than Shw. at
low Res; but it gradually exceeds Shw as Re increases. This is because boundary values on the membrane
surfaces are more homogeneous. When the Reynolds number increases, air side Nusselt and Sherwood
numbers increase with augmented air side heat and mass transfer. The adverse effects of “imperfect”

boundary conditions become less influential. The Sherwood numbers increase.

Fig.11.
Fig.12.
Fig.13.
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4.5 Comparisons with parallel-plate and plate-fin structures and other membranes

Besides cross-corrugated triangular ducts, parallel-plates and plate-fin structures are also common
structures for total heat exchangers. The three structures are compared here. Table 3 lists the heat and
mass transfer properties of total heat exchangers with the three different core structures and different
membranes. These data are calculated based on the same design conditions for the three cores: the same
exchanger dimensions, the same membrane areas packed, and the same air flow rates. So the channel
geometries are different from previously tested exchangers. The transport properties for the parallel-plate
and plate-fin structure are taken from [ and the transport data for the composite membrane are taken
from B¢l As seen, the cross-corrugated structure intensifies air side convective heat and mass transfer
substantially. Further, the heat and moisture resistance in the asymmetric membranes is smaller than in
composite membranes. These two factors make the new total heat exchanger more efficient and have
higher heat mass transfer capabilities. The cross corrugated triangular duct structure with asymmetric
membranes has a sensible effectiveness of 0.86, and a latent effectiveness of 0.81. In contrast, the plate-fin
structure with composite membranes has a sensible effectiveness of 0.55, and a latent effectiveness of

0.30. As a penalty, the pressure drop increased dramatically.

Table 3.

5. Conclusions

Conjugate heat and mass transfer in a total heat exchanger, which uses cross corrugated triangular duct
structure and one-step made asymmetric membranes to augment both air side and material side heat and
mass transfer, is investigated here. Through experimental and numerical analysis, following results can be
found:

(1) For the cross-corrugated triangular ducts, both the flow and the heat and mass transfer demonstrate
cyclic patterns. At the entrance region, the cyclicly mean values of friction factor, Nusselt and Sherwood
numbers decrease rapidly along the flow. After 3-6 cycles, both the fluid flow and heat and mass transfer
become fully developed. After the entry regions, the cyclic mean friction factors, Nusselt and Sherwood
numbers come to stable values.

(2) The conjugated boundary conditions are neither uniform temperature (humidity) nor uniform heat
flux (mass flux) boundary conditions. These “imperfect” boundary conditions have adverse effects on the
Nusselt and Sherwood numbers, which are generally lower than the values under ideal conditions. When
the apex angles of the ducts are larger, the Nusselt and Sherwoood numbers increase due to augmented air
side heat and mass transfer and reduced adverse effects from conjugated boundary conditions.
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(3) Compared to parallel-plate or plate-fin structures with common composite membrane materials, the
cross-corrugated structure with one-step made asymmetric membranes would have a 20% higher sensible

effectiveness, a 40% higher latent effectiveness, with about 4 times higher pressure drop penalty.
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Figure Captions

Fig.1. Schematic of the section in the cross-corrugated exchanger

Fig.2. Schematic of the experimental setup.

Fig.3. The assembled total heat exchanger with cross-corrugated triangular ducts and one-step made
asymmetric membranes. (a) Half finished, with corrugated membrane plates. (b) Finished.

Fig.4. Part of the mesh structure.

Fig.5. Effect of adopted layers in the computation domain on numerical results, Re=890 (Apex
angle=90°; un=1.327m/s).

Fig.6. Velocity contours (m/s) in the y-z plane at the center of x axis, Re=890 (Apex angle=90°;
Um=1.327m/s).

Fig.7. Temperature contours (K) on the y-z plane at the center of x axis, Re=890 (Inlet temperature of
fresh air: 308K; inlet temperature of exhaust air: 300K). (a) Apex angle=60°; un=2.167m/s. (b) Apex
angle=90°; um=1.327m/s.

Fig.8. Isotherms and heat fluxes on the membrane surface in the middle layer (Apex angle=90°; inlet
temperature of fresh air: 308K; inlet temperature of exhaust air: 300K). (a) Temperature (K), (b) Heat
flux (W/m?).

Fig.9. Cyclic mean Nusselt numbers for each cycle along the flow, apex angle=90°, Re=890.

Fig.10. Comparison of fully developed Nu with Re under various boundary conditions for apex angle=60
(a) and 90 degrees (b).

Fig.11. Humidity ratio contours (kg/kg) on the y-z plane at the center of x axis, Re=890 (Inlet humidity
ratio of fresh air: 0.024kg/kg; inlet humidity ratio of exhaust air side: 0.011kg/kg).

Fig.12. Humidity ratio contours (kg/kg) and mass fluxes (kgms™) on the membrane surface in the middle
layer (Apex angle=90°; inlet humidity ratio of fresh air: 0.024; inlet humidity ratio of exhaust air:
0.011). (a) Humidity ratio (kg/kg), (b) Mass flux (kgm?s1).

Fig.13. Comparison of fully developed Sh with Re under various boundary conditions for apex angle=60

degrees (a) and apex angle=90 degrees (b).
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Table 1. Physical properties of the membrane total heat exchanger.

Name of properties Symbol  Unit Value
Module dimensions XeXYexze mm3  182x182x462
Number of channels for each stream 33
Membrane thickness o um 100
Moisture diffusivity in air Dva m2/s  2.82x10°
Pore diameter of membrane (porous part) dp um 0.45
Membrane porosity 0.75

Effective moisture diffusivity in membrane Dym m?/s  3.77x10°

Thermal conductivity of membrane Amem  WI/(M-K) 0.127
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Table 2. Model validation with experiment data.

(@)
Test  V, . . T1(°C) Teo(°C) Y1o(9/kg) Yeo(9/kg)
number  (m3/h) Ta(0) Te(*0) Exp. Cal. Unc. Exp. Yalgka)  Yalglka) Cal. Unc. Exp. Cal.  Unc.
1 100 35.1 273 323 317 0.2 303 301 +0.2 24.92 1173 21.80 21.13 044 1490 1447 +0.30
2 125 35.1 276 325 319 0.2 304 303 +0.2 23.87 1222 21.26 20.76 043 1476 1429 +0.30
3 150 35.1 269 323 318 0.2 298 299 +0.2 24.66 11.34 2190 2182 044 1420 1413 +0.28
4 175 34.9 276 324 320 0.2 300 297 +0.2 24.34 1164 21.80 21.77 044 1428 1436 +0.29
5 200 35.1 264 321 321 02 292 291 +0.2 23.98 11.05 2155 2131 +043 1362 13.67 +0.27
6 100 255 154 214 213 +0.2 193 194 +0.2 11.02 8.35 10.34 10.31 #0.21 9.01 897 +0.18
7 125 25.4 154 214 214 +02 191 192 +0.2 10.75 8.17 10.14 10.12 +0.20 881 8.79 +0.18
8 150 25.4 153 217 215 +0.2 191 19.0 +0.2 11.06 8.77 1050 1046 +0.21 9.28 9.26 +0.19
9 175 25.4 154 217 217 0.2 190 19.1 +0.2 10.77 8.77 10.33 10.31 #0.21 925 921 +0.19
10 200 25.3 163 222 219 0.2 196 194 +0.2 11.22 9.32 10.79 10.76 £0.22 9.75 9.70 0.20
(b)
&s(%) &L(%) f
Test number

Exp. Cal. Unc. Exp. Cal. Unc. Exp. Cal. Unc.

1 3718 39.74 156 23.84 2475 +1.60 0.323 0.319 +0.030

2 36.00 39.33 151 2210 2223 +1.48 0.303 0.281 +0.028

3 3476 3841 146 2110 21.13 141 0.273 0.254 +0.025

4 3356 3425 141 2039 20.83 +1.37 0.260 0.232 +0.024

5 33.33 3276 +1.40 19.33 2046 +1.30 0.237 0.216 +0.022

6 39.60 4059 166 25.09 2491 +1.68 0.328 0.319 +0.030

7 38,50 39.00 +1.62 2422 2422 +1.62 0.290 0.281 +0.027

8 37.13 37.62 156 2336 23.8 157 0.266 0.254 +0.024

9 36.50 37.00 +1.53 23.00 225 154 0.250 0.232 +0.023

10 3556 36.11 149 22.63 2211 152 0.233 0.216 +0.021
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Table 3. Performance comparisons of total heat exchangers with different structures and

membrane types under the same air flow rates V,=150 m?/h.

. Structures
Properties -
Parallel-plate Plate-fin Cross-corrugated

Channel dimension(mm) 462x185x185  462x185%x185 462x185x185
Channel height, H (mm) 2 5 2.8
Channel width, W (mm) 58 10 5.6
Number of flow channels 230 95 162
At (M?) 7.9 7.9 7.9
Inlet air velocity (m/s) 0.975 0.975 1.950
Re 261 345 532
f 0.368 0.130 0.503
AP (Pa) 10 3 53
Nu 5.60 1.35 10.44
ht,he (W m2 K1) 34.3 6.3 63.2
€s 0.75 0.55 0.86
Composite  Sh 3.16 0.74 6.04
membrane ks, Ke (M/S) 0.023 0.004 0.043

EL 0.63 0.30 0.73
Asymmetri  Sh 541 1.26 10.32
c ks, Ke (m/s) 0.039 0.007 0.073
membrane g 0.72 0.39 0.81
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Fig.1. Schematic of a cross-corrugated triangular duct heat and mass exchanger.
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Fig.2. Schematic of the experimental setup.
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(a) Half finished, with corrugated membrane plates.

(b) Finished.

Fig.3. The assembled total heat exchanger with cross-corrugated triangular ducts and one-step made
asymmetric membranes. (a) Half finished, with corrugated membrane plates. (b) Finished.
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Fig.4. Part of the mesh structure.
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Fig.5. Effect of adopted layers in the computation domain on numerical results, Re=890 (Apex
angle=90°; un=1.327m/s).
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Fig.6. Velocity contours (m/s) in the y-z plane at the center of x axis, Re=890 (Apex angle=90°;

Um=1.327m/s).
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(b) Apex angle=90°; un=1.327m/s

Fig.7. Temperature contours (K) on the y-z plane at the center of x axis, Re=890 (Inlet temperature of

fresh air: 308K; inlet temperature of exhaust air: 300K).
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Fig.8. Isotherms and heat fluxes on the membrane surface in the middle layer (Apex angle=90°; inlet
temperature of fresh air: 308K; inlet temperature of exhaust air: 300K). (a) Temperature (K), (b) Heat
flux (W/m?2).
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Fig.10. Comparison of fully developed Nu with Re under various boundary conditions for apex
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(a) Apex angle=60°; um=2.167m/s
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(b) Apex angle=90°; un=1.327m/s
Fig.11. Humidity ratio contours (kg/kg) on the y-z plane at the center of x axis, Re=890 (Inlet humidity

ratio of fresh air: 0.024kg/kg; inlet humidity ratio of exhaust air side: 0.011kg/kg).
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(b) Mass flux (kgm-2s?)
Fig.12. Humidity ratio contours (kg/kg) and mass fluxes (kgm=s) on the membrane surface in the
middle layer (Apex angle=90°; inlet humidity ratio of fresh air: 0.024; inlet humidity ratio of exhaust
air: 0.011). (a) Humidity ratio (kg/kg), (b) Mass flux (kgm=s1).
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Fig.13. Comparison of fully developed Sh with Re under various boundary conditions for apex
angle=60 degrees (a) and apex angle=90 degrees (b).
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