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ABSTRACT

Membrane distillation is an emerging technology that was developed in the 1980s to
provide a low electricity-intensity approach to concentrated fluid separation. Most notably, the
method has gained industrial and academic attention for its promise in water desalination
applications, which would benefit communities and companies with limited access to fresh
water. Several major drawbacks of the technology have delayed its mainstream adoption.
This thesis seeks to enhance performance of the direct contact configuration of membrane
distillation (DCMD). A challenge with DCMD is the need for exceedingly large setups due to the
requirement for substantial membrane surface area. It is postulated that by manipulating the feed
channel geometry, solution side mixing can be enhanced and the mass transfer rate of the process
can be improved, thus increasing the viability of the technology.
In order to test this postulate, a DCMD channel was modeled in the multiphysics
simulation program COMSOL. Several enhanced channel geometries were evaluated and their
mass transfer rates were compared to the results from a plain channel. While the changes to the
feed side proved successful at increasing mass flux to the extent of 13.7%, this benefit was
accompanied with an increase to the pressure drop penalty of 660%. The implications of this
study and several ways to improve upon the investigation are suggested in the conclusion
section.
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Chapter 1 Introduction
Membrane distillation, a thermal process used to separate fluids, is a technology that has
drawn engineering interest in the past several decades. Membrane distillation can be used for
many separation applications, including, but not limited to, water and nuclear desalination [1],
milk processing [2], and biological applications such as concentrating bovine blood [3]. Along
with its potential for a variety of possible applications, a main advantage of membrane
distillation is its low electricity requirement compared with other separation techniques (e.g.,
reverse osmosis). There are still major barriers to broad adoption of MD in industrial
applications, however, which have attracted academic research. The focus of this thesis is the
geometric optimization of the feed flow channel, which engineers have not thoroughly studied in
the past. Chapter 1 will lay the groundwork for this thesis by both analyzing the primary factors
impacting the efficiency of MD and also providing previous examples and overviews of relevant
research.

1.1 Membrane Distillation Overview
Mechanisms of Separation
Engineers have designed several variants of MD that are defined by the mode of mass
transfer across their membranes. The types are as follows [4]:
1. Direct Contact Membrane Distillation (DCMD): Feed and permeate solutions flow
over opposite sides of a membrane. A temperature difference across the two sides is
induced, which results in a vapor pressure difference of the fluids at the membrane
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surfaces. This difference drives a phase change of the feed, causing the volatile
molecules in the feed to travel across the membrane and condense on the cold side.
Improving DCMD mass flux is the focus of this thesis.
2. Vacuum Membrane Distillation (VMD): Instead of a temperature difference being
used to drive the pressure difference across the membrane to cause the mass transfer,
a vacuum is utilized to lower the saturation pressure on the permeate side.
3. Air Gap Membrane Distillation (AGMD): A stagnant layer of air is placed between
the membrane and permeate. Once evaporated, the volatile molecules travel first
through the air gap, and then through the membrane. Like DCMD, AGMD is a
thermally driven process.
4. Sweeping Gas Membrane Distillation (SGMD): An inert gas colder than the feed
travels across the membrane to drive the temperature difference, resulting in the
desired mass transfer. Since the gas is pulling heat from the feed side, it becomes very
hot as it traverses the length of the membrane. Figure 1 summarizes the main types of
MD that have been described.
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Figure 1: Illustrations of MD Methods [4]

Parameters that Control Effectiveness
Each method of MD has controlling parameters that determine the rates of heat and mass
transfer. For most industrial purposes, the overarching goal of MD is a maximum rate of mass
transfer for a given rate of heat input. For instance, in saltwater desalination applications, the
ideal condition is the greatest amount of separation of water from seawater at the lowest thermal
input. The challenge of MD is that the process couples mass and heat transfer. Therefore,
changing an operating condition to benefit either mass or heat transfer influences the other for
better or worse. It follows that engineers have extensively researched how the variables of the
process affect heat and mass transfer. Since the focus of this thesis was DCMD, the controlling
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parameters of DCMD are analyzed in this section. The following list contains the membrane
parameters that affect the efficiency of mass transfer [4].
1. Pores of the membrane range in size from nanometers to micrometers. While larger
pore sizes cause an increase in mass flux, the pores cannot be too large as to let the
feed liquid penetrate the pores. When the pores become wetted from the feed liquid,
feed water can leak through the membrane.
2. Tortuosity, the measure of the deviation of the pore structure from straight cylindrical
pores normal to the membrane surface, should be minimized to achieve maximum
mass flux.
3. Porosity, the proportion of pore to solid membrane wall surface area, should be as
high as possible to reduce mass transfer resistance.
4. The thickness of the membrane needs to be optimized. Mass and heat transfer are
inversely proportional to the thickness. Since it is desirable to maximize mass flux
while minimizing parasitic heat transfer across the membrane, a balance needs to be
achieved.
5. Thermal conductivity of the membrane needs to be minimized to achieve low heat
loss.
6. The surface of the membrane contacting the feed needs to resist fouling, which the
engineer can achieve by either treating the membrane with a fouling resistant
material, or using a membrane that is naturally resistant to fouling.
These six characteristics have the greatest impact on the energy and mass flux effectiveness of
the DCMD system, and have therefore received significant attention in the research literature.
These parameters are all specific to the membrane itself, however. MD performance also
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depends on the fluid channel geometries, which has received less attention. Designs which can
enhance fluid mixing on both sides of the membrane may improve overall process performance.
Improving mixing in MD will reduce boundary layer “polarization” effects, reducing the cross
membrane temperature differences driving parasitic heat loss and increasing cross-membrane
pressure differences, increasing the distillation rate. Previous work into this topic will be
discussed in the literature review section.

1.2 Literature Review
There are many published papers that detail the modeling DCMD with various
computational fluid dynamics (CFD) approaches. There have also been several studies on
different geometric configurations and the resulting systems’ efficiencies. In this section, several
notable investigations into these topics will be reviewed.
Simulations
Chang et al. [6] simulated several physical DCMD channels in Fluent. They found that
their simulated fluxes were reasonably close to the experimental results from the setups that they
simulated. Additionally, they analyzed the effect of pore distributions on the heat transfer
coefficients. They found that for their flat plate modules, the local heat transfer coefficients fell
between the correlations of heat exchangers with circular channels and parallel plates. Their
analysis of the governing equations of mass and heat flux as well as their simulated experimental
setup were helpful for this paper’s investigation. Their simulated CFD domain is shown in
Figure 2.
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Figure 2: DCMD Setup Simulated by Chang et al. [6]

Another simulation of DCMD was performed recently by Bui et al. [7]. Through
MATLAB algorithms and feedback control loops, the team was able to accurately simulate
DCMD in various setups and maximize energy efficiency. Their results were promising in terms
of the possibility of reasonably simulating DCMD. Their success in simulating experimental
conditions are recorded in Table 1. It is clear that they were able to replicate the experimental
heat and mass flows typically within 2% accuracy.

Table 1: "Comparison between simulated and experimental heat and mass fluxes" [7]

Their modeling of the mass and heat transfer mechanisms and how they relate to the
parameters of the membrane were very helpful for the investigation for this thesis. They also
gave interesting insight into the work done to improve the overall rate of mass transfer.
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DCMD Optimization
Considering a major draw of membrane distillation is a low electricity requirement,
optimizing the process for further efficiency is an area of research. The membrane distillation
models in the aforementioned investigations yielded the insight into the heat and mass transfer
mechanisms needed for this optimization. Engineers have also studied improving DCMD for
several applications in both experimental and simulated settings.
In general, there has been an emphasis on the distillation operating conditions for
optimization research. For instance, one group of investigators performed an experimental
investigation on several commercially viable DCMD membranes under a multitude of different
feed temperature and mixing rate conditions [8]. With the attained data, Khayet et al. performed
a canonical analysis and concluded that the feed temperature, rather than the stirring rate, had the
greatest impact on permeate flux. Furthermore, they optimized the conditions within the valid
region and experimentally confirmed the validity of the optimality choices.
In a different investigation, Song et al. [9] studied the impact of membrane synthesis
conditions on flux efficiency. The manner in which the membrane is created has a substantial
impact its microstructure, thus the group effectively analyzed the ideal membrane characteristics.
Using a Taguchi analysis approach, they judged the most impactful variables in the eventual
efficiency of the membrane. Their research gave extensive insight on the strong impact of the
membrane characteristics on the desalination effectiveness. While there has been a considerable
amount of research on the effect of the types of production of membranes and operating
conditions for the actual desalination process, extensive room for studies on optimizing the
system remains.
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Chapter 2 Model Setup
The purpose of this chapter is to discuss the COMSOL model used to test the geometric
optimization of DCMD. The sections cover both the geometric and physics bases of the model.
Additionally, the first section will discuss the base geometry of the model.

2.1 Geometric Foundation
DCMD systems contain two parallel channels. As required by the separation mechanism,
the feed side, which contains the fluid requiring desalination, is warmer than the permeate side,
which contains the fluid accepting the permeate. The baseline, unenhanced geometry was based
off the investigation completed by Chang et al. shown in Figure 2. A two dimensional model
with the same x and z direction dimensions were used for this study. The geometry in the
COMSOL environment is shown below in Figure 3.

Inlet

Outlet

Figure 3 Geometric Basis of COMSOL Setup

The geometry was a two-dimensional, parallel rectangular channel system with a length of 0.21
m and individual channel height of 0.002 m. Keeping the model in two dimensions greatly
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reduced the processing time for the CFD simulations. General performance trends are expected
to translate from 2-D simulations to physical 3-D conditions.

2.2 Physics of Fluid Model
The fluid element of the model contained two domains of liquid water. Laminar steady
state flow is modeled in both channels. To verify if the assumption of laminar flow, the Reynolds
Number for the simulated flow conditions is calculated [10].
𝑎 𝑈
(𝑚)∗(𝑚)
𝑠
𝑣
2
𝑚
(
)
𝑠

2

𝑅𝑒 =

(1)

For two-dimensional channel flow, ‘a’ is half the distance between the plates. Given the
conditions defined by Chang et al. [6], the Reynold’s number was calculated using Equation 1.
𝑅𝑒𝐶ℎ𝑎𝑛𝑛𝑒𝑙 𝐹𝑙𝑜𝑤 =

𝑚
𝑠

2(.001[𝑚])∗(.0144[ ])
1.4272∗10−6 [

𝑚2
]
𝑠

= 20.18

The value for the kinematic viscosity of water at atmospheric pressure at the experimental inlet
temperature of 320 K was taken from IAPWS tables [11]. As channel flow is typically laminar
for Re ≤ 1800 [12], the laminar assumption is expected to be valid.
The entry length accuracy of the flow regions was analyzed in order to judge the validity
of the simulated flow region. When flow enters a channel, its velocity converges to a uniform
value. The length of the channel that is required to reach this uniform velocity, within some
defined percent, is called the entrance length. In two-dimensional channel flow, the entrance
length is predicted using Equation 2 [10].

𝐿
(𝑚)

𝑎

= .0326 ∗ 2 ∗ (𝑚) ∗ 𝑅𝑒
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(2)

where ‘Re’ and ‘a’ are defined and solved for equation (1)
Using the results from the Reynolds number calculation, the predicted entry length for the
water was calculated as 0.001316m. For a fine mesh, the velocity of the channel flow converges
to 0.021 m/s. At the predicted entry length of 0.001316m, the speed is within 5% of the fully
developed speed, thus verifying the fluid physics. The velocity profile of the fluid is shown in
Figure 4. Note that the velocity noise fluctuates around 0.021 m/s after development.

Figure 4: Velocity Profile of Hot Channel Flow

Flow Boundary Conditions
The flow physics boundary conditions govern the direction of the fluid’s velocity and
their interactions with the top and bottom sides of the channel. The flow model was separated
into two domains, which were naturally the top and bottom channels. As modeled by the Chang
et al. [6], the left sides of both the hot and cold sides were defined as inlets to simulate a co-flow
setup, with both fluids traveling in the same direction. The initial condition for this inlet was
defined as variable U, which is used calculation of Renoylds number as 0.0144 m/s in the
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positive x direction and 0 m/s in the z direction as defined by Figure 2. This speed ensures
laminar flow and was also used in the modeled setup. The solutions leave the channel at the
opposing sides of the membrane, modeled as outlets with arbitrary pressures.
The exterior horizontal side of each channel was defined as a no-slip wall to ensure the
standard no-slip condition in ideal channel flow [12]. Finally, the membrane walls were defined
to transport mass from the feed side to the cold side of the membrane. The governing equations
used for the velocity of the fluids on the membrane are shown in the x and z components in
Equation 3.

𝑈𝑥
𝑚
𝑠

( )

𝑈𝑧
𝑚
𝑠

( )

=0

=−

(3)
𝑘𝑔
)
𝑠∗𝑚2
𝑘𝑔
𝜌 𝑠( 3)
𝑚

𝑚̇(

where 𝜌 𝑠 is the fluid density at a given temperature and pressure, and 𝑚̇ is the mass flux of the
permeate across the membrane.
This defined boundary condition simulates the movement in an experimental membrane
distillation setup. ‘𝑚̇’ is a measure of how much mass is leaving the feed side into the permeate
side, and is defined in the Section 2.3. The velocity profile of the channel along with the defining
boundary conditions are depicted in Figure 5.
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No Slip Wall
Inlet

Outlet
Wall, Velocity Defined in
Wall, Velocity Defined in

Inlet

Outlet
No Slip Wall

Figure 5: Velocity Profile of Channel Flow

2.3 Physics of Heat Transfer Heat Model
Separate coupled heat transfer models were evaluated for the two fluid domains, which
are the top hot channel containing the feed and the bottom cold channel containing the permeate.
The boundary conditions of the channels were modeled to replicate Chang et al.’s setup [6]. As
such, the temperatures at the channel inlets defined in the fluid section were defined as
temperature boundary conditions, and could potentially be given any temperature to simulate an
experiment with a specified feed and permeate starting condition. Additionally, the outlets were
defined as standard outflows. Like the no-slip wall in the fluid case, the top of the feed channel
and the bottom of the cold permeate channel were defined as Thermal Insulation so heat could
neither leave nor enter through these boundaries. The membrane sides of each channel were
more complicated, however, and were defined by the heat transfer mechanisms occurring at their
surfaces.
The middle membrane was modeled as a boundary wall with the properties to accurately
replicate the resistances to heat and mass transfer that would occur in the actual DCMD process.
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The membrane wall was set as a heat flux boundary on both sides and was defined by the
governing equation of the flux across the DCMD membrane.
From the reference point of heat leaving the feed side into the cold side, the flux was
defined as the summation in equation 4.

𝑄𝑇

𝑊
( 2)
𝑚

=

𝑄𝑐𝑜𝑛𝑑
𝑊
( 2)
𝑚

+

𝑄𝑀.𝑇.

(4)

𝑊

( 2)
𝑚

where Qcond is the flux per unit area leaving the membrane due to the conductive heat transfer
across the solid membrane and QM.T. is the latent heat transfer associated with the coupled mass
transfer [13]. When the warm solution in the form of vapor left the feed side, it brought energy
from the channel with it.
Using the governing equations of conductive heat flow, Qcond was defined with Equation
5.

𝑄𝑐𝑜𝑛𝑑
𝑊
( 2)
𝑚

=

𝑘𝑚

𝑊
( 2 )
𝑚 ∗𝐾

T

𝑓,𝑚
∗ ( (𝐾)
–

𝑇𝑝,𝑚
(𝐾)

)

(5)

where Tf,m is the temperature of membrane at the feed side and Tp,m is the temperature of the
membrane at the permeate side.
The formula for the heat transfer coefficient of the membrane, km was calculated with
Equation 6.

𝑘𝑚
𝑊

( 2 )
𝑚 ∗𝐾

=

𝑘𝑔
𝑘𝑚
𝑊 ∈+ 𝑊 (1−∈)
(
)
(
)
𝑚∗𝐾
𝑚∗𝐾
𝛿
(𝑚)

(6)
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where kg is the thermal conductivity of the air in the pores, km is the thermal conductivity of the
membrane, ∈ is the porosity of the membrane, and 𝛿 is the thickness of the membrane [13]. By
combining equations (5) and (6), Qcond was accurately modeled for the process in Equation 7.

𝑄𝑐𝑜𝑛𝑑 = (

𝑘𝑔 ∈+𝑘𝑚 (1−∈)
𝛿

)(𝑇𝑓,𝑚 – 𝑇𝑝,𝑚 )

(7)

The coupled aspect of the heat flux, QM.T., was modeled in Equation 8.
QM.T =

̇

𝑚 ∆𝐻𝑣
𝐽
𝑘𝑔
( 2 ) (𝑘𝑔)
𝑚 ∗𝑠

(8)

where 𝑚̇ is the rate of mass transfer per unit area, also used in the governing equations for the
liquid domains, and ∆Hv is the latent heat of vaporization for the feed solution [13]. The mass
transfer rate was defined in section 2.4, and the latent heat of vaporization for the simulated feed
was known. Combining Equations 4, 7 and 8, the overall equation for heat flux across the
membrane was calculated with Equation 9.

𝑄𝑇 = (

𝑘𝑔 ∈+𝑘𝑚 (1−∈)
𝛿

) (𝑇𝑓,𝑚 – 𝑇𝑝,𝑚 ) + 𝑚̇∆𝐻𝑣

(9)

Note that this flux is defined as an inward heat flux in COMSOL and therefore was multiplied by
-1.
A representative temperature profile of the channels using this governing equation and an
arbitrary, realistic mass transfer rate is shown in Figure 6.
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Figure 6: Representative Temperature Profile of Simulated Co-flow

It is of note that the channels converged to a uniform temperature condition, following the
requirements of the law of conservation of energy.
Energy Balance Verification
In order to analyze the validity of the energy model, line integrals across the inlets and
outlets of the channel were performed at two different mesh qualities. Equation 10 was used to
govern the line integrals.
𝑇𝑜𝑝 𝑜𝑓 𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦

𝐸𝑛𝑒𝑟𝑔𝑦 𝐹𝑙𝑜𝑤 𝑃𝑒𝑟 𝑈𝑛𝑖𝑡 𝐿𝑒𝑛𝑔𝑡ℎ𝑖𝑛/𝑜𝑢𝑡 = ∫𝐵𝑜𝑡𝑡𝑜𝑚 𝑜𝑓 𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦(𝑈 ∗ 𝜌 ∗ 𝐶𝑝 )𝑑𝑦

(10)

where 𝜌 is the COMSOL defined density at the channel temperature at the location the integral is
evaluated. The following values in Table 2 were derived for course and fine meshes.
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Table 2: Evaluation of Conservation of Energy in Channels
𝑾
𝒎

𝑾
𝒎

Channel Location

Line Integral Coarse Mesh ( )

Line Integral Fine Mesh ( )

Inlet

71893

72155

Outlet

71891

72155

𝑾

While the energy measurements differed by 2 𝒎 on the coarse mesh, resulting in an error of
0.0028%, the fine mesh converged to 0 (machine precision). Thus, energy was conserved and the
heat transfer model of the system was verified

2.4 Physics of Mass Transfer Model
Mass Transfer Governing Equations

When the solutions flow on the sides of the membrane, there is a vapor pressure
difference that drives the permeate (water vapor) to the low-vapor-pressure side. The rate at
which the mass travels across the membrane from the feed to permeate side is dependent on
properties of the membrane being used, such as its porosity and thickness, as well as the mode of
mass transfer. Thus, the rate of mass transfer per unit length in the model was described with
Equation 11.
𝑚̇ = 𝐵𝑚 (𝑃𝑚𝑓 − 𝑃𝑚𝑝 )

(11)

where 𝑚̇ is the mass flux per unit area, 𝐵𝑚 is a constant encompassing both the membrane
characteristics and the impact of the mass transfer type occurring across the membrane, and 𝑃𝑚𝑓
and 𝑃𝑚𝑝 are the partial pressures of the fluids on the feed and permeate side respectively [13].
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In order to derive the resistance to mass transfer, 𝐵𝑚 , the type of mass transport occurring
at the membrane interface was considered. There are three possibilities of the mass transport in
effect, and picking the correct one depends on the ratio of the mean free path of the molecules to
the pore size of the membrane. This ratio is known as Knudsen’s number, Kn. The values for Bm
for various conditions of Kn are calculated with Equations 12-14 [13]. The units for these values
are contained in Table 4.

Condition
Kn > 1:

Equation
𝐵𝑚

=

𝐵𝑚

=

𝑚
( )
𝑠

Kn < 1:

𝑚
𝑠

( )

0.01 < Kn < 1:

𝐵𝑚
𝑚
𝑠

( )

2 εr

8𝑀

1

(
)2
3 τδ πRT

(12)

ε 𝑃𝐷 𝑀

(13)

τδ 𝑃𝑎 𝑅𝑇

3 τδ

= [2

ε

−1

1

πRT 2
( 8𝑀 )

+

τδ 𝑃𝑎 𝑅𝑇
ε 𝑃𝐷 𝑀

]

(14)

where ε is the porosity of the membrane, τ is the tortuosity of the membrane, δ is the thickness
of the membrane, M is the molar mass of water, R is the universal gas constant, T is the absolute
feed temperature, Pa is the air pressure, P is the total pressure inside the pores and D is the water
diffusion constant. Furthermore, the value for PD was calculated using the expression in
Equation 15:
𝑃𝐷 = 1.895 ∗ 10−5

𝑇 2.072
(𝐾)

(15)

where T is defined for Equations 12-14 [14].
In the case of Equation 12 the dominating mechanism for mass transfer is Knudsen flow,
while Equation 13 describes molecular diffusion. In the transition region, which is modeled in
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Equation 14, the two mechanisms occur together, and thus the resistance to mass equation
combines both the Knudsen and molecular membranes in a parallel fashion. For desalination of
seawater with the chosen membrane for the investigation, Equation 14 is the correct model for
the resistance to mass transfer.
In addition to anticipating the type of mass transfer that will be occurring through the
membrane and using the appropriate experimental conditions in the equation, the partial
pressures at the opposing sides of the membrane wall needed to be derived to solve for the mass
flux. This pressure difference is calculated in the model using the Antoine equation, which is a
semi-empirical relationship that relates the vapor pressure of a fluid to its temperature. Since the
temperature at either interface is solved in the model, the mass flux can be solved in COMSOL
by using Equation 16 and any of the three expressions describing the mode of mass transfer.
𝑃𝑣
(𝑃𝑎)

= exp(23.328 −

3841

)

𝑇
−45
(𝐾)

(16)

Mass Conservation Verification

In order to verify the conservation of mass in the model, the inlet and outlet conditions
needed to be compared. This task was accomplished by comparing line integral values from both
the inlet and outlet value in Equation 17.
𝑇𝑜𝑝 𝑜𝑓 𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦

𝑀𝑎𝑠𝑠 𝐹𝑙𝑜𝑤 𝑃𝑒𝑟 𝑈𝑛𝑖𝑡𝑒 𝐿𝑒𝑛𝑔𝑡ℎ𝑖𝑛/𝑜𝑢𝑡 = ∫𝐵𝑜𝑡𝑡𝑜𝑚 𝑜𝑓 𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦(𝑈 ∗ 𝜌)𝑑𝑦

(17)

where 𝜌 is the COMSOL defined density of water at the channel temperature. The following data
tabulated in Table 3 was obtained at two different mesh qualities.
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Table 3: Evaluation of Conservation of Mass in Channels

Channel Location

Line Integral Coarse Mesh

Line Integral Fine Mesh

Inlet

0.056944

0.057121

Outlet

0.056947

0.057123

The difference of the inlet and outlet mass flow per unit length for the coarse and fine were
0.000003 and 0.000002 respectively, which warrants less than 0.01% error. Thus, the mass flow
per unit area in the channel converges to 0 as the mesh refines, but for the purposes of this study,
a coarse mesh was valid giving consideration to the required conservation of mass.

Convective Mass Transfer Model and Effects
In the feed water domain, a convective transport model was evaluated to describe the
transport of salt in solution. The diffusion coefficient is the diffusion coefficient of water under
standard conditions, 1*10-9. The boundary conditions were similar to the previous cases. The
physics was bounded by an inflow and outflow corresponding to the inlet and outlet of the
laminar flow and the top of the channel is regarded as a “No Flux” boundary condition that did
not allow the salt to leave the domain. The membrane wall had a salt mass flux of 0, as the
membrane is assumed to prevent salt transpiration. The resulting simulated concentration profile
across the hot channel is shown in Figure 7.
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Figure 7 Simulated Concentration Profile

The most important observation from Figure 7 is the development of the concentration
boundary layer on the membrane side. Raoult’s Equation, 18, shows how this concentration
boundary layer affects the DCMD process [13].

𝑃𝑠

𝑃𝑣

= (1-xi) (𝑃𝑎)
(𝑃𝑎)

(18)

where 𝑃 𝑠 is the vapor pressure of the concentrated fluid, xi is the mole fraction of the solute in
the fluid, and 𝑃𝑣 is the vapor pressure of the non-concentrated fluid. From Raoult’s equation, it
can be inferred that the concentration of a solute fluid is inversely proportional to the resulting
vapor pressure of the solvent, and thus according to Equation 10, the concentration of the fluid
inversely affects the rate of the mass transfer. Improving mixing along the membrane to disrupt
this concentration boundary layer was a goal of this thesis investigation.
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Chapter 3 Geometric Alterations and Results
In this section, the process for testing different channel geometries is detailed along with
tabulated values for their associated properties. Then, the following chapter contains an analysis
of the findings from these trials.

3.1 Baseline Operating Conditions
In order to have consistency among runs, the following baseline conditions in Table 4
were used for each geometric condition.

Table 4: Standard Operating Conditions for Trials

Parameter

Value

Channel Length

0.2 m

Channel Height

0.002 m

Inlet Fluid Velocity (Both Channels)

0.0144 m/s

Initial Hot Channel Temperature

323 K

Initial Cold Channel Temperature

298 K

Membrane Thickness

1.75 ∗ 10−4 m

Membrane Porosity

0.7

Membrane Tortuosity

1.0

Membrane Pore Radius

1.8 ∗ 10−7 m

Membrane Heat Transfer Coefficient

0.25 m∗K

W
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These values were taken from the Chang et al.’s investigation [6]. The physical property values
of the membrane are standard values for PTFE, material modeled for the membrane in the trials
[13].

3.2 Control Setup
In order to judge the effectiveness of the geometric changes, a base run was performed
with completely flat channel walls and the operating conditions from Table 4. The geometry for
this setup is shown in Figure 8.

Figure 8: Baseline Channel Geometry

A line integral of the transpiring mass flux was evaluated over the surface of the
membrane. Additionally, in order to analyze the “cost” of the geometric change, the pressure
drop from the inlet to outlet of the channel was calculated. The following values in Table 5 were
calculated for the initial channel in this section.
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Table 5: Flat Channel Results
𝐤𝐠

Mass Flux Per Unit Length (𝐦∗𝐬)

2.5039*10-4

Pressure Drop (Pa)

8.7953

3.3 Rectangular Ribs
The first and simplest geometric change that was made to the channels was adding
rectangular ribs to the top wall of the hot channel. The basic geometry of the change is shown in
Figure 9.

Figure 9: Example Rectangular Rib Geometry

The trials conducted with rectangular ribs fell under two categories, each of which has a
different rib width and subsequent rib frequency. The rib widths of 0.001m and 0.0002m and
frequency of 0.0002 and 0.0004 were chosen. At each condition, trials were run at several rib
heights to test the effect of rib height on the mass transfer and pressure drop of the channels.
Table 10 includes the results from these trials with rectangular ribs. The scatter plots of Figures
10 and 11 show the resulting Mass Flux and Pressure Drop for varying rectangular rib heights
and widths.

24
Mass Flux/Unit Length (kg/(m*s))

0.0003
0.000295
0.00029
0.000285
0.00028
0.000275

.0001m Wide Pin

0.00027

.0002m Wide Pin

0.000265
0.00026
0.000255
0

0.0005

0.001

0.0015

Rib Height (m)

Figure 10: Mass Flux as a Function of Rib Height for Rectangular Setup

140

Pressure Drop (Pa)

120
100
80
.0001m Wide Pin

60

.0002m Wide Pin
40
20
0
0

0.0005

0.001

0.0015

Pin Height (m)

Figure 11: Pressure Drop as a Function of Rib Height for Rectangular Setup

While there is a clear linear relationship between the height of the rectangular ribs and
the mass transfers across the membrane, increasing the height to promote mass transfer comes at
the expense of much higher pressure drops. It is also apparent that changing the rib frequency
and width did not substantially affect the rate of mass transfer, with a difference between the two
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that can be attributed to convergence variation. A higher rib frequency, however, caused a
greater pressure drop in the channel, with the magnitude of the effect increasing with rib height.

3.4 Ribs of Various Geometries
With the insight gained from the trials conducted in Section 3.3, several other channel
geometries were tested. The first geometry that was tested was equilateral triangular ribs of
various side lengths. An example of this setup is shown in Figure 12.

Figure 12: Triangular Rib Setup

It was thought that the rectangular ribs simply had the effect of lowering the upper boundary
condition on the feed channel, and the improved mass transfer resulted from having an
effectively thinner channel. With triangular ribs, mixing could potentially be affected in a more
dramatic fashion. The results of the triangular trials are tabulated in Table 6.
Table 6: Mass Flux and Pressure Drop with Triangular Ribs of Varied Side Lengths
𝐤𝐠
Side
Pressure Drop (Pa)
Mass Flux Per Unit Length (𝐦∗𝐬)
Length
0.0006
20.1
2.66*10−4
−4
0.0008
30.9
2.73*10
0.001
51.1
2.82*10−4
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Like the trials with rectangular ribs, increasing the size of the ribs resulted in an increase
in both mass flux and pressure drop. At the same “height” the rectangular ribs performed better
in terms of mass across the membrane; however, the channel with triangular ribs experienced
less of a pressure drop.
The next geometry that was trialed was a polygon shown in Figure 13. Since the
rectangular and triangular geometries each had benefits, it was postulated that taking properties
from both shapes would further improve on the design.

Figure 13: Modified Geometry

The results from the aforementioned geometry are listed in Table 7.
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Table 7: Mass Flux and Pressure Drop with Ribs of Varied Vertical Flat Side Lengths

Vertical Flat Side Mass Flux Per Unit Length ( 𝐤𝐠 ) Pressure Drop (Pa)
𝐦∗𝐬
Length (m)
0.000600
2.66E-4
0.000800
2.73E-4
0.00100
2.82E-4
0.00120
2.94E-4

20.2
30.9
50.7
92.9

This geometric change had the benefit of both higher mass flux and lower pressure drop when
compared to the triangular ribs. In addition to an increased mixing effect, this geometry acted to
help “force” the fluid into the membrane. In order to test this geometry further, the mirrored
version of the polygons was tested, as seen in Figure 14.

Figure 14: Mirrored Modified Geometry

This design, however, had an adverse effect on the mixing of the fluid, and resulted in far
worse performance than its mirrored version and the rectangular ribs. For instance, the mass flux
at a vertical flat side height of 0.0012 only yielded a mass flux per unit length of 2.66*10-4
compared to 2.94*10-4

kg
m∗s

kg
m∗s

with the original variant. From the results of this section, several

conclusions can be drawn about geometric modifications to the feed side channel of DCMD.
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Chapter 4 Discussion and Conclusions
The results of this thesis investigation can be viewed in different ways. Because there is a
cost associated with making geometric alterations to the feed channel in the form of heat loss and
an associated increase in pumping requirements, the value of the changes depend on the
application.
Optimal Geometries
From the runs with various geometries, it became apparent that there is not a clear
geometric choice from what was tested. Table 8 compares the results of each geometry with a rib
kg

height of 1.0 mm to the empty channel results of 2.50*10-4 m∗s and 8.80 Pa.

Table 8: Results of Different Geometries at 1mm Rib Height

Geometry of Ribs

Mass Flux Benefit (%) Pressure Penalty (%)

Polygons (Figure 13) 12.8

478

Triangles (Figure 12 12.6

481

Rectangles (Figure 9) 13.7

660

When compared to the empty channel, there is a clear benefit to the mixing conditions and
subsequent rate of mass flux to the changes along with a substantial pressure cost. In industrial
applications, this pressure penalty results in more power and energy needed to run the process,
putting into question the overall benefit of the modifications in this specific channel setup. In an
industrial setting, the desired parameters of the channel will be known due to budgeting and
performance requirements. Therefore, boundary conditions can be set for the outputs and
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optimization methods can be used to form the ideal geometry for the application. Additionally,
other operating setups may yield a more positive impact in mass flux from the changes, and
should be studied in future investigations.
Alternative DCMD Models
The rate of mass transfer is directly related to the partial pressure difference of the fluids
across the membrane, which means that the temperature difference is the driving force of the
process. Thus, there is a major limiting factor that the model in this study faces. Because the
channel setup from the Chang et al. uses an initial temperature as boundary conditions for each
channel side and sets the exterior walls of the channels as insulators to heat flux, the energy of
the system is limited to what is input. Therefore, as heat transfer occurs and the temperatures of
the two channels converge, the rate of mass transfer suffers. As the mass transfer rate is
decreasing, however, the symmetric channel lengths continues, linearly increasing the pressure
drop in the pipe.
This behavior of reduced mass transfer along the length of the channel can be clearly
seen in Figures 15-18 which present the mass moved across the channel and the pressure penalty
of the channel as a function of channel length for each tested geometry. The amount of mass
moved across the channel was calculated by finding the area under the curve for each data point
taken from COMSOL, which yields mass per second per meter. Assuming the third dimension,
channel width, is unity, the resulting value is mass per second moved across the membrane. By
analyzing the results in this fashion, some interesting conclusions can be drawn.
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Figure 15: Mass Moved and Pressure Penalty vs. Channel Length For Empty Channel
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Figure 16: Mass Moved and Pressure Penalty vs. Channel Length For Rectangular Ribs

Mass Moved
Pressure Penalty

0.0003

60

0.00025

50

0.0002

40

0.00015

30

0.0001

20

0.00005

10

0

Pressure Penalty (Pa)

Mass Transported (kg)

31

Mass Moved
Pressure Penalty

0
0

0.05

0.1

0.15

0.2

0.25

Channel Length (m)

0.0003

60

0.00025

50

0.0002

40

0.00015

30

0.0001

20

0.00005

10

0

Pressure Penalty (Pa)

Mass Transported (kg)

Figure 17: Mass Moved and Pressure Penalty vs. Channel Length For Triangular Ribs
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Mass Moved
Pressure Penalty

32

One way to interpret this analysis is to compare the various channel geometries for the
amount of mass that is moved across the channels before the mass transfer rate begins to
significantly drop off due to the temperature convergence. Table 9 shows the channel length and
resulting pressure drop penalty required to move 0.0001 kg/s of mass through the membrane for
each geometry.
Table 9: Distance to Move 0.001kg of Mass and Associated Pressure Penalty

Channel

Channel Length Improvement of

Pressure

Increase of Pressure

Geometry

Required (m)

Mass Transfer (%)

Penalty (Pa)

Penalty (%)

Empty Channel

0.0410

N/A

1.79

N/A

Rectangular Ribs

0.0363

11.5

9.50

430

Triangular Ribs

0.0359

12.4

9.00

402

Polygon Ribs

0.0377

8.00

9.08

407

When isolating the analysis to the region of the highest rate of mass transfer, the benefit
of the channel changes is more clear. Although when compared to the empty channel, the
improvement of mass transfer for a given length is similar to what is calculated from the analysis
in Table 8, the pressure penalty is less substantial. Therefore, if the convergence of the channel
temperatures can be combated across the entire channel length, the channel would suffer less
penalty costs associated with improving the flux rate.
In order to obtain better results from this investigation, it is recommended to implement a
continually cooling and heating system along the channels. This trial can be accomplished by
setting the exterior sides of the model to temperature boundary conditions. In this manner, the
benefit of the geometric changes can more clearly be observed and the shapes can be further
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refined. Making the change in a real channel would increase the energy expense of the process
since it would require constant energy input for heating and cooling, and therefore the benefit of
this change compared with the resulting cost of the extra energy would need to be analyzed.
Overall, the initial postulation of adjusting the interior geometry of the feed side channel
to benefit the mass flux of the system was found to be true. If applied to specific industrial
applications, this system of interior optimization could help circumvent the barriers to entry of
DCMD and aid in essential human processes such as water desalination.
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Appendix A
Table 10: Raw Data from Rectangular Rib Modifications

Rib Width (m)

Rib Height (m)

Mass Flux Per Unit

Pressure Drop (Pa)

kg

Length (m∗s)
.0001

.0002

2.6078*10-4

12.011

.0001

.0004

2.6079*10-4

17.045

.0001

.0006

2.7041*10-4

25.04

.0001

.0008

2.7772*10-4

39.378

.0001

.0010

2.8479*10-4

66.826

.0001

.0012

2.9275*10-4

128.11

.0002

.0002

2.602*10-4

11.665

.0002

.0004

2.6336*10-4

16.029

.0002

.0006

2.6918*10-4

23.506

.0002

.0008

2.7588*10-4

36.680

.0002

.0010

2.8449*10-4

61.694

.0002

.0012

2.9199*10-4

116.61
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