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ABSTRACT

The aim of this experiment is to develop a new type of packing element that
can overcome the drawbacks of the current packing elements in the market for
packed bed absorbers. The concept for the new packing element is making a rigid
structure that holds the flexible structure together. This flexible structure should be
fine and thin in order to give maximum mass transfer area while the rigid structure is

to provide the strength to the packing element.

The new type of packed bed is developed by using wire gauze of 0.1cm
shaped into a spring or helix shape and attached to a rod. The concept of this idea is
that the spring will move up and down as the water and dry air are mixed together in
the column. These movements is hoped to increase the area of transfer for mass

transfer to take place.

After the development of the new packing element, experiments are carried in
a self-developed column with air and water as the medium. Water is fed from the top
of the column while air is fed from the bottom. Both of them will counter-currently
in contact. The pressure drop and mass transfer coefficient is then determined.

The pressure drop for Helix Prime is high when compared with the other
packing elements. 2 units of Helix Primes give almost two times the pressure drop of
1 unit of Helix Prime. Although the pressure drop is high for the Helix Prime, it is
still in the acceptable region of 250 Pascal. From mass transfer rate and coefficient,
1unit of Helix Prime is inferior to the other packing elements I the industry in terms
of effective interfacial for mass transfer, volumetric mass transfer coefficient and
liquid phase mass transfer coefficient. However, the results were different when
2units of Helix Prime were bind together in parallel. The mass transfer rate and
coefficients are comparable with those of the Bialecki Ring Metal 25mm, VSP Ring
Metal 32mm, Pall Ring metal 25mm and Hiflow Metal 27mm. 2 units of Helix
Prime is a performing better than 1 unit of Helix Prime. Overall, Helix Prime is

comparable with the other packing elements in the industry.
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NOMENCLATURE

na = Mass transfer rate [mol/s]

kc = Mass transfer coefficient [m/s]

A = Effective mass transfer area [m’]

ACa = Driving force concentration difference [mol/m?]
BL = Liquid-phase mass transfer coefficient [m/s]

a. = Effective interfacial area for mass transfer per unit volume [m*m®]
Quolume = Volumetric flow rate [m/s]

V = Volume occupied by packing [m]

a = Geometric surface area of packing per unit volume [m? /m°]
h, = Specific liquid hold-up [m?% m?]

dr = Mean droplet diameter [m]

u = Specific liquid load [m/s]

dn = Hydraulic diameter [m]

| = Mean contact path [m]

op = Form factor [-]

T = Contact time [s]

Ap, pL — pv = Differential density [kg/m]

oL = Surface tension of liquid [N/m]

v, = Kinematic viscosity [m%/s]

Re_ = Reynolds Number [-]

g = Gravitational acceleration, 9.81 m?%/s

D, = Diffusion coefficient of liquid [m?/s]

Ap = Pressure drop across the packed bed (kg/m.s)

L = Length of the packed bed (m)

Dpr = Equivalent spherical diameter of the packing (m)
p = Density of fluid (kg/m°)

p = Dynamic viscosity of the fluid (kg/m.s)

Vs = Superficial velocity of fluid (m/s)

¢ = Void fraction



CHAPTER 1

INTRODUCTION

1.1 BACKGROUND OF STUDY

Packed bed columns are widely used in many industries to perform separation
processes such as stripping, distillation and also absorption. Besides, they are also
used in chemical reactors to catalyze gas reaction with solid catalyst. As shown in
Figure 1, a packed bed is a hollow vessel filled with a certain type of packing
material that improves the contact time between two phases or fluids in a chemical
process. This is achieved by providing a wide surface area for contact between the

fluids for rapid heat and mass transfer.

Fas Outlet

Oemister pad
= Liguid Inlet

Liquid distributar

Liquid collectar
Liquid redistributor

Packed bed

Support grid
Zaz Inlet

Lijuicl Outlet

-

Figure 1: Packed bed absorber (courtesy of Hatford)



For a typical packed bed absorber, the liquid solvent is distributed evenly
across the packing by a liquid distributor at the top of the packed bed column. This
liquid will flow down and counter-currently be in contact with the gas that is fed
from the bottom of the column. The liquid-soluble impurities from the gas are
transferred to the liquid solvent flowing down the column while the lean gas leaves
the column at the top.

Packed bed can be categorized into two types:

e Structured packed bed
e Random packed bed

Figure 2: Raschigs rings Figure 3: Structured packing

For random packed beds, the packed bed is randomly filled with small rigid
objects like the Raschig rings (Figure 2) while structured packed bed (Figure 3) has
a structured organization of the packing elements such as thin corrugated metal
plates. Both of these give a large surface area for mass transfer between the fluids.
Random dumped packing displays process properties approximately the same as the
structured packing and is able to meet the advantages of mass transfer tray (Schultes,
2003). This statement creates a platform for the development of modern random
dumped packing based on the studies of mass transfer.



1.2 PROBLEM STATEMENT

The development of packing elements for packed bed absorbers had great
impacts on the chemical industry especially in the field of separation processes.
Since the introduction of the first generation packing such as Raschig Rings and
Berl-Saddle in 1895, the development of new packing had been rapid and currently
the industries packed columns are packed with the fourth generation Raschig Super
Rings. The figure below depicts the development of the random packing element

since its first introduction to the industry in 1895.

Fourth Generation (Late 1990’ s)
Raschig Super-Ring

Third Generation (Late 1970’ s— 1990’s
CMRRing Nutter Ring IMTP Ring Fleximax

s @t@ &

Second Generation (Late 1950’ s— Early 1970’s,
Pall Ring Intalox Saddle

& U

First Generation (1895 — 1950
Raschig Ring Berl-Saddle

1| [

Figure 4: Development of random packing element. (Schultes, 2003)

The first generation packing involves the usage of rigid structure as the
packing element. As the understanding on packing elements and mass transfer
improved, the structure of the packing evolves from a rigid structure to a more
flexible structure such as the Raschig Super Rings. The new generation packing
gives a larger mass transfer area compared to the first generation packing and hence
improves the efficiency of the process. Even though the new packing provides higher
mass transfer area, the flexible structure of the element allows it to get crushed or

deformed at the bottom of the column due to the column weight if the packing is too



high. Therefore, the challenge for us is to develop the next generation of packing
element that can address the drawbacks of the new generation of packing element.
The idea for the next generation can start with the combination of rigid and flexible
structure for the packing element. The rigid structure is expected to provide the
support for the flexible structure, which provides a larger surface area for mass
transfer. On top of that, the flow of gas can be manipulated to flow cross-counter
currently to increase the time of contact with the liquid solvent flowing down the
column. This next generation packing element is also expected to be able to compete
against industrially recognized random dumped and structured packing available in
the market.

1.3  OBJECTIVES

The purpose for conducting this research is listed as below:

To develop a new design or type of packing element for packed bed column

. To study the characteristics and performance of the newly developed packing

element.
To compare the newly developed packing element with the existing packing
elements in the market.

To ease the cleaning of the packed bed column.

1.4  SCOPE OF STUDY

The scope of study can be simplified as follow:

. The combination of rigid and flexible structure for a new random dumped packing

element.

. The mass transfer between the liquid and gas of the new packing element.

iii. The pressure drop along the new packed bed column.

The development of a new packing element..

The performance characteristics of the new packing element.



CHAPTER 2

LITERATURE REVIEW

2.1 MASS TRANSFER

Mass transfer can be defined as the net movement of mass from one point to another.
The driving force for mass transfer is the difference in chemical potential between
areas of high chemical potential and those of lower chemical potential. It is the

mechanism for packed bed absorbers.

Based on the formula for mass transfer rate:
115 =K. AAC, [mol s7'] (1)

In order to achieve highest mass transfer, all the 3 parameters on the right-hand side

of the equation; mass transfer coefficient, k.. , effective mass transfer area, A, and

concentration difference, AC,, must be maximized. Since the concentration

difference is solely dependent on the process, only the mass transfer coefficient and
effective mass transfer area can be affected by design of the packing element in the
packed column.

Model for the prediction of liquid phase mass transfer for random packed columns
for gas-liquid systems was develop by Jerzy Mackowiak in 2011. The new equation

suggested by Mackowiak for the volumetric mass transfer coefficient is By .ae. This

equation was derived on the assumption that the liquid flows down the packed bed
mainly in the form of droplets and the effective interfacial area per unit volume, ae
depends solely on the hold up in the packed bed (Mackowiak, 2011).

By combining the liquid phase mass transfer coefficient, B, and the effective

interfacial area per unit volume, ae, into equation (1), the volumetric mass transfer

coefficient can be formed.



n,=k.AAC, =B aVAC, [mol S_l] 2)

The effective mass transfer area, A in equation (1) is the same as the product of the

effective interfacial area for mass transfer per unit volume, a,, and the volume

occupied by the packing, V. According to Mackowiak (2011), the effective mass

transfer area per unit volume, a,, is identical to the droplet surface, while the total

liquid hold up, h_, corresponds to the liquid hold-up of the droplets. The interfacial

area per unit volume can be determined by using the following equation:
a, =6—+- [m?/m®] (3)

The specific liquid hold-up is dependent on the flow regime across the packed bed.
The flow regime can be determined through Reynolds number, Re, , with the

following formula:
Re =— [-] (4)

According to Mackowiak (2010), the specific liquid hold-up, h, , in random packing

for turbulent flow, Re, >2:

2 1/3
h, = o.57(%aj [m?/m?] )

For lamina flow, 0.16<Re, <2:

1/3
h, :0.75@} a®*(u, v )"® [m?/m?] (6)

Based on equation (3), (5) and (6), the effective interfacial areas per unit volume, a,

is directly proportional to the geometric surface area of packing per unit volume, a.
Therefore, a packing design with high surface area will provide a higher effective

interfacial area for mass transfer.



The mean droplet diameter in accordance to the Sauter mean of the droplets can be
determined using:
oL

d, = Ao [m] (7)

According to Higbie (1935), the formula for determining liquid phase mass transfer
coefficient can be described by:

B = ﬁ) — [m/s] (8)

This equation can be used if the contact time ¢ of the droplet to cover the distance, I,

between two contact-points within the packing (Schultes, 2011).

[s] 9)

C||_

L
The absolute droplet velocity can be expressed by:

o =:—t [m/s] (10)

Substituting equation (10) in equation (9),

[s] (11)

Mackowiak (2010) expressed a correlation for the contact path, I. This correlation is

expressed as:

| =0.155(1— ¢,)*°dy’* [m] (12)

For the hydraulic diameter, d, , the following formula is used:

d, =—= [m] (13)



Table 1: Overview of technical data of packing used for calculating volumetric mass

transfer coefficient, ffr.ae (Mackowiak, 2011).

Packing Symbaol d = 102 E a M > 103 dg (m) H (m) ug = 103, . (=C) wp (=)
(rex) (m3*m3)  (m?*Ym?)  (m?) from—to
(rrw'=)
(a) Classic, nom-perforated packing elements
Raschig ring @ 15 0.626 239.3 = o.10 1.0 1.7-11 2040 a
Ceramic . s0 o782 100 6300 03 075 1225 20 a
Intalox saddle < 3s 0757 125.7 189 03 14 119 21 a
ceramic
(5} Packing elements with slightly perforated walls
- 15 0.964 380 2432 o3 0.8F 111 225 028
o 25 0.954 2235 539 0.3 146 111 215 o028
X s=0.4
Pall metal
allnng = o 25 0.942 2321 55.6 0.15 113 0.79-10 225 028
» 35 0.946 150 186 0.3 1.4 128 19.5 o028
> 38 0.952 149.6 158 0.3 146 1-11 20 o028
- = .95 115.4 6.4 0.3 136 112 228 o2
o 25 0.894 238 5518 0.3 1.4 110 3 0.309
Pall ring plastic = 35 0.905 160 18 ok ] 14 1-10 20 0309
EF)
] s0 as3 111 685 10 165 1-18 20 0309
[ ] 50 0.5z 110 6.7 0.3 135 1-1s 22 0.309
Pall ring ceramic [ 50 0.78 120 6.4 0.22 1 1-12 20 0.430
m 12 0.924 403 443 0.3 6.9 119 17.5 0158
Bialecki ring = 25 .84 238 55 0.15 15 0.75-28 20 o.208
metal
= 25 0.939 227 526 0.3 1.4 17 = o208
&= £ 055 155 19 03 074 2-30 175 a1ss
| s0 0.97 1117 67 o3 145 111 20 0158
= 53.5 0.968 101.5 6 0.3 1214 0.8-28 15.5 0.208

The volumetric mass transfer coefficient, B;.ae, can be obtained by substituting
equation (5) to (7) into equation (3) and equation (5), (6), (11) and (12) into equation
(8).

For turbulent flow, Re>2:

1/2 1/6

15.1 D A a

pa, = l-p )1/3d1/4( Lo_pgj (5} UEIG [1/5] (14)
p h L

For laminar flow, 0.16<Re<2:

17.3a"%  (DAgg ) (3, }'°
pa, = 1o )1/3d1/4 ( Lang FL uils [1/5] (15)
—%p h L

Based on equation (14) and (15), the volumetric mass transfer coefficient is
proportional to the geometric surface area of the packing per unit volume, a. Thus,
the design of the packing will affect the mass volumetric mass transfer coefficient

and also the mass transfer rate.



2.2 PRESSURE DROP

Pressure drop along the packed bed is one of the important parameters that determine
the performance and feasibility of the packing element. Low pressure drop during
process or operation is favoured because it provides stability in the system and also
reduces the energy consumption of the compressor to move gas long the packed
column. A typical equation that is used to estimate the pressure drop along the

packed bed column is the Ergun’s equation (1952).

150
f =—+1.75 - 16
o [ (16)
where
ApD gt
e - 17
, vasz(l_g} [] (17)
DV
Gr == [] (18)
A-&)u

Substitute (3) and (4) into (2) and rearranging, we obtain the pressure drop across the
packed bed:

_150u(-¢)’V L 1750V/L(L-¢)

A
P D§6‘3 Dp€3

[kg/m] (19)

Where

Apis the pressure drop across the packed bed
L is the length of the packed bed

D, is the equivalent spherical diameter of the packing

p is the density of the fluid



4 1s the dynamic viscosity of the fluid
V. is the superficial velocity

g is the void fraction of the bed

Based on equation (19), the pressure drop across a packed bed is inversely
proportional to the void fraction of the bed, €, and the equivalent spherical diameter

of the packing element, D . For a packing with high void fraction and large

equivalent spherical diameter of the packing element, the pressure drop across the

packed bed will be very small and can be negligible.

Besides, the pressure drop across a packed bed is directly proportional to the
superficial velocity of fluid, density of fluid, and the length of packed bed in the
column. In normal system, the density of the fluids are constant throughout the
system, the variables will then be the packed bed column length and superficial
velocity of fluid. Therefore, a column with long packed bed will have a higher
pressure drop compared to column with shorter packed bed. Operation at high liquid
and gas loading will cause high pressure drop across the packed bed.

If the system differs from that of Ergun’s condition, the equation can be

expressed as:

Ap Dp 53 Dpvsp _ Dpvsp _
Tpr[(l—s)z}( iz J_K(l—g)ﬂﬂkﬁkl . 20)

The constantk, describes the turbulence flow relation with the pressure loss

across the packed bed, while k, describes the laminar flow relation of the pressure

loss across the packed bed. These two values can be calculated and compared for
different packing elements. . The common value for k, ranges between 1.5 and 1.8,
while the common value for k; ranges between 150 and 180.

10



23  WETTED WICK

The construction of a packing element using wick is a best example for mass
transfer through flexible structures. It has a high wettablity and based on the
materials that it is constructed, wicks can provide a high mass transfer area for mass
transfer. Lee and Hwang (1989) conducted a series of experiments on a newly
designed column called the wetted wick column. In this column, the inner surface of
the wetted wick column is covered with a layer of capillary-porous materials
supported by wire clothes and is wetted with a liquid solvent. They used cotton fibre
glass and wire mesh as materials for the wick in the column. The wicks are used to
provide large surface area for mass transfer and thus increase the efficiency for mass
transfer. According to Lee and Hwang (1989), the wetted wick column has the
following characteristic:

Provides 100% wetted surface even at low liquid flow rate
Fairly low pressure drop

Uniform distribution of liquid across the packing

Neglect wall flow of fluid

Does not create back-mixing which can cause bad mass transfer

Can be operated in the absence of gravity

11



CHAPTER 3

METHODOLOGY

3.1 PROCESS FLOW CHART

N
* Preliminary research on existing studies on the topic from journal and books
e » Understand the concept of mass transfer

Review y
\
* Develop new packing elements for packed bed absorber
* Conducting experiments on the newly design absorber
7
\
* Collect the data from the expertments
i+ Analyze the data collected
Collection y
\
* Conclude experiment
* Report and presentation
7

12



3.2  GANTT CHART AND KEY MILESTONE

Table 2: Gantt chart and key milestone for FYP |

Task

Week

8

9

10

13

Topic selection

First meeting with supervisor

Preliminary Research Work

Submission of Extended

Proposal

Proposal defence

Developing new packing

element

Planning of experimental

procedure

Submission on interim draft

report

Submission of interim report

Milestone @

1 Process

13




Table 3: Gantt chart and key milestone for FYP Il

Task

Week

8

9

10

11

12

13

14

Conducting Experiments

Calculations for Experiments

Submission of Progress Report

Continuation of work

Pre-Sedex

Submission of Draft Final

Report

Submission of Dissertation (soft
bound)

Submission of Technical Paper

Viva Voce

Submission of Project
Dissertation (hard bound)

Milestone @

1 Process

14




3.3 EXPERIMENTAL METHODOLOGY

3.3.1 Designing the New Type of Packing Elements

The new generation of packing element should comprise of the rigid structure
from the previous generations and the flexible structure of the new generation. The
work of Lee and Hwang (1989) gave us the basic for the new design. Rigid structure
is expected to provide the strength to hold the fine flexible strands together, whereas,
the strands provide the surface area for mass transfer. Providing counter current flow
between the fluids can give a longer time of contact for more mass transfer.

3.3.1.1 Prototype- Helix Prime

Based on the criteria for the new generation of packing element, Helix Prime
was constructed by using a commonly found object in our daily life — steel wire and
plastic rod. Steel wire can be easily bought in normal hardware shops and it is cheap.
The steel wire is first twisted into the shape of a spring with the aid of a wooden stick
of diameter 2.3 cm. The wire is turn about 60 loops on the wooden stick before it is
cut. Then the wire is connected to the plastic rod by heating the wire and piercing it
through the rod. The length of the rod is measure to be 34 cm.

Figure 5: The first prototype — Helix Prime

15



Figure 6: Connection of wire onto the rod of Helix Prime

Table 4: Characteristic of Helix Prime

Total surface area (m?) 0.04428 0.08783
Total volume (m?) 1.5305x10°° 3.061x10°°
Geometric surface area per unit volume 105.53 209.32
(m/s)

Void fraction , & 0.9635 0.9270
Equivalent spherical diameter (m) 2.074x10°° 2.091x10°°

After constructing the packing element, the next step is to conduct a series of
experiment to analyze the characteristics and performance of the newly developed
packing element based on:

Hydrodynamic performance
In this part, the pressure drop along the packed column is evaluated based on the

Pressure drop test using air-water counter current flow (wet and dry packing)

Ergun’s equation

16



ii.  Mass transfer efficiency

In this part, the mass transfer rate, moisture content, volumetric mass transfer
coefficient and wetting efficiency are evaluated based on equations and correlations

obtained from the literature.

3.3.2 Experimental Setup

Both hydrodynamic and mass transfer coefficient experiment will be conducted
using an air-water counter current flow experimental setup. The basic flow diagram
of the experimental setup is shown in Figure 1. Water and air are used because they
are readily available in the laboratory and easy to dispose.

Liquid inlet |::>

> Air outlet

D

New packing

element ifferential Manometer

[

N ANERRRARRANRANNY

Air inlet I::>

(VLN

Liquid outlet

ﬁ

Figure 7: Basic flow diagram of the experimental setup

The column is made from PVVC which is easily found in hardware shops and
holes are drilled at specific places to fit the manometer. The manometer is then filled

with water as the medium to detect the change in pressure.
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The new packing element is placed in the middle of the column as shown in
Figure 8. Water is then fed from the top of the column and let to flow out from the

bottom while the air is fed from the bottom and exit at the top of the column.

The concept of air humidifier is used for the mass transfer experiment. By
contacting air with water, some of the water will evaporate and transfer into the air
causing the air humidity to increase. The humidity of the inlet and outlet air is
analyzed by using the dry-bulb and wet-bulb temperature for both the inlet and outlet
flow. With these temperatures, the amount of water in the air can be determined with
a psychometric chart. By calculating the humidity difference between the inlet and
outlet gas, we can calculate the amount of water transferred into the air. Multiplying
the amount of water evaporated with the mass flow rate, we can determine the rate of

mass transfer.

Column
Orifice
flow
meter

Figure 8: Experimental setup
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Figure 9: Gas inlet with digital Figure 10: Gas outlet with digital

thermometers thermometers

Figure 11: Orifice flow metre pressure Figure 12: Column pressure drop

difference manometer manometer
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3.2.2.1 Orifice Flow Meter Design

B (

s ) § & v’,‘/,-r—

pressure taps

Figure 13: Basic flow diagram of orifice flow meter

In order to conduct the experiment, the inlet air flow rate through the
absorber column needs to be measured. In this experiment, the fluid speed is
assumed to operate below the subsonic region, thus, the incompressible Bernoulli’s

equation is applicable to describe the flow.

Applying the equation to a streamline travelling down the axis of the

horizontal tube gives,

1 2 1 (>
Ap=pP;— P, :Epvz _E Vl [kg/m.s] (21)
Location 1 is the orifice diameter upstream of the orifice, and location 2 is
positioned at one-half orifice diameter downstream of the orifice. From the
continuity equation, the velocities can be replaced by cross-sectional areas of the

flow and the volumetric flow rate, Q;

Ap = %sz Atz [1 [%j } [kg/ m.s] (22)
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Solving for the volumetric flow rate Q gives;

Q- /Zﬁp - T [m? /5] (23)
e(R)
A

The above equation is only applicable to perfectly laminar and inviscid flows.
For real flows, viscosity and turbulence are present and act to convert kinetic flow
energy into heat. To account for this effect, a discharge coefficient, Cq is introduced
into the above equation to marginally reduce the flow rate Q;

Q=C, 2AP 2
YR
A

The actual flow profile at location 2 downstream of the orifice is complex,

[m3/s] (24)

causing the effective value of A, uncertain. To make the calculation easier, the

following substitution is made;

(27

Ao is the area of the orifice. As a result, the volumetric flow rate Q for real

Con—cD\/ a [m2] @

flows is given by the equation;

Q=C, A, [Z2P [m /5] (26)

The mass flow rate can be calculated by multiplying the volumetric flow rate
with fluid density;

Qpass = Q kg/s] (27)

For the experiment, the gas used is air. The pressure difference for the orifice

is measured based on the difference in water height using a simple manometer made
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of transparent tube filled with water. The following equation is used to calculate the

pressure difference;

Ap = pgh [kg/m-sz] (28)

For this experiment, the basis design of the orifice flow meter in order to

measure the air flow rate entering the packed column is summarized in the table

below:

Table 5: Basis of design for the orifice flow meter
Pipe (inlet) diameter upstream of orifice D;, cm 3.8
Pipe area upstream of orifice A;, m* 0.001134
Orifice diameter Do, cm 1.3
Orifice area Ao, m” 0.0001327
Water density, kg/m® 1000
Gravitational constant, m/s® 9.81
Flow coefficient, C¢ 0.61

For the calculation of volumetric flow rate, the density of air can be found in
the psychometric chart based on the dry-bulb and wet-bulb temperature of the inlet

air.
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3.3.3 Experimental Procedure

10.

3.2.3.1 Dry Pressure Drop Experiment

Close the water outlet valve.

Open the air inlet valve until the water height in the orifice flow meter
pressure difference manometer increase by 0.2cm.

Measure and record the water height increment in the column pressure drop
manometer.

Repeat step 2 and 3 with water height of 0.4cm, 0.6cm, 0.8cm, 1.0cm, 2.0cm,

3.0cmand 3.5cm in the orifice flow meter pressure difference manometer.

3.2.3.2 Mass Transfer Experiment

Open the water outlet valve until it is fully open.

Fully open the water inlet valve for 10 minutes to make sure that the packing
element is fully wetted.

Close the water inlet partially to reduce the water flow rate.

Collect the amount of water flowing out of the column in 10 seconds using a
measuring cylinder and record the amount.

Close the water outlet valve partially to prevent air from escaping through the
water outlet valve.

Attach wet tissue papers to one of the 2 digital thermometers probes that are
located at the gas flow inlet and outlet respectively.

Open the gas inlet valve partially until the water height in the orifice flow
pressure manometer increase by 0.2 cm.

Let the equipment run for 5 minutes and then record the wet-bulb and dry-
bulb temperature of both inlet and outlet gas flow.

Record the water height increment in the column pressure drop manometer.
Repeat step 7 to 10 with water height of 0.4cm, 0.6cm, 0.8cm, 1.0cm, 2.0cm,

3.0cmand 3.5cm .
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CHAPTER 4

RESULTS AND DISCUSSION

41 PACKING CHARACTERISTICS

Table 6: Characteristics of different packing elements (Mackowiak, 2011)

Geometric surface

area per unit

volume (m%]3 )

227.00 200 232.10 198.4

Void fraction , & 0.939 0.972 0.942 0.965

Equivalent
spherical diameter 0.0375 0.075 |0.0375| 0.0405

of packing, Dp (m)

Form factor, gp 0.208 0.380 | 0.280 | 0.509

Based o the results from Table 6, the geometric surface area per unit volume
for Helix Prime is comparable with Bialecki Ring Metal 25mm, VSP Ring Metal
32mm, Pall Ring Metal 25mm and Hiflow Ring Metal 27mm if two units Helix
Prime are used together in parallel. One unit of Helix Prime is inferior to all the other
packing elements as the geometric surface area per unit volume of the packing is
considerably low.
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Besides, the void fraction for two units of Helix Prime is comparable with the
other packing elements, with value of 0.927. This indicates that it has a low
resistance to fluids flow inside the column and thus, suggests that the pressure drop
across the column could be low during the operation. Although one unit has a higher
void fraction, it lacks in the geometric surface area part when compared with the

other packing elements.

4.2 PRESSURE DROP

Pressure drop across the column when using the Helix Prime was obtained
through the hydrodynamic tests during the operation. The experimental values are
then compared with the values calculated from equation (19) - the Ergun’s equation.

The Ergun’s constants are assumed to be k, =150and k, =1.75.

Graph of Pressure Drop vs Superficial
Gas Velocity for 1 unit of Helix Prime
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Figure 14: Graph of Pressure Drop versus Superficial Gas Velocity for 1 Unit of

Helix Prime at operational condition.
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Graph of Pressure Drop vs Superficial
Gas Velocity for 2 units of Helix Prime
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Figure 15: Graph of Pressure Drop versus Superficial Gas Velocity for 2Units of
Helix Prime at operational condition

Based on both Figure 14 and Figure 15 the calculated values from Ergun’s
equation or equation (19) are comparable with those from the experimental values.
The error for the values ranges between 10% to 20%. This may be due to the parallax
error while reading the values and also the own-constructed manometer was not that
well-constructed. Water can be trapped at the tube of the manometer and this will
reduce the sensitivity of the reading. Thus, the measurements were done several
times to obtain a better and more accurate measurement. From the results, it can be
said that the pressure drop of Helix Prime is describable using Ergun’s equation with

desirable certainty.
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From equation (20),

ol e
L VP -e)? | u W-e)u)|*

The Ergun’s constantk, can be compared with that from Ergun’s equation of

1.75 by assuming the k, value in equation (20) to be 150.

Ap D, { & }(DpvS ):K D.V,p Hk 150
L V(-8 | u A-e)u)|”

The Y-axis or the friction factor Reynolds number can be calculated using the

ﬂ Dp 83 Dpvsp
L oV Q-6

The X-axis of the Reynolds number can be calculated using the right-hand

left-hand side correlation:

side correlation:

With all the values obtained for the X and Y axis and also by assuming the k,

value to be 150, the graph of Friction Reynolds number against Reynolds number is

plotted as shown:
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Figure 16: Graph of Friction Factor Reynolds number versus Reynolds

number of Helix Prime

From Figure 16, the Ergun’s constant k, obtained from the experiment is

1.5118. Taken the fact that we included the effects of the packing column surface

area in our calculation (where Ergun’s equation did not take into account), the

obtained k, value for Helix Prime is reliable and comparable with the Ergun’s

equation as it is within the range of 1.5 to 1.8.

28




Graph of Pressure Drop (pascal) of Packing vs Superficial Gas
Velocity using Ergun's Equation
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Figure 17: Graph of Pressure Drop of Packing versus Superficial Gas

Velocity for different packing.

From Figure 17, the pressure drop for one unit and two units of Helix Prime
increases exponentially as the superficial gas velocity increases. For one unit of
Helix Prime, the highest pressure drop was 35 Pascal at the superficial velocity of 1.6
m/s. The pressure drop for two units of Helix Prime was roughly double of this value
at the same velocity. This is because the surface area and volume of two units of
Helix Prime are almost double of that of one unit of Helix Prime. Both these results
show that the pressure drop of Helix Prime is a higher than the other packing
elements. This is because the equivalent spherical diameter of Helix Prime is very
small. 1t almost 18 times smaller than Bialacki Ring Metal 25mm and Pall Ring
Metal 25mm, which have the smaller equivalent spherical diameters amongst the
four packing elements found in the industry. The maximum acceptable pressure drop
in packed bed for absorber and stripper application is 100Pascal per meter of packed
bed (Mackowiak, 2010). Even though the pressure drop performance of Helix Prime
is inferior as compared to the other packing elements in the industry, it is still in the

acceptable range to be applied in the industry.
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4.3 MASS TRANSFER EFFICIENCY

The mass transfer efficiency of Helix Prime can be evaluated using the
mathematical model and correlations developed by Higbie (1935), Mackowiak
(2011), and Schultes (2011), which comprises of equation from (3) to (15).

By selecting an absorption system conducted by Mackowiak (2011), we can
obtain the necessary constants required for the above correlations to evaluate the
performance of Helix Prime with respect to the specific liquid load, u, of the system.

The conditions of the absorption system from the work of Mackowiak (2011) are as

followed:
e System: CO. — water / Air
e Pressure: 1.0 bar
e Liquid Temperature: 295.5 K

1 1

e Gas Capacity Factor, Fv: 0.96 kg2 /m2s
e Gravity Acceleration: 9.81 m/s?
e Surface Tension of Water: 0.07275 kg/s?

e Kinematic Viscosity of Water: 0.000000961 m?/s
e Diffusion Coefficient: 0.0000000016 m?/s

The differential density, Ap, can be obtained from the work of Mackowiak

(2011) by using equation (14) and (15). This constant depends on the concentration

of carbon dioxide in the air of the system.

The absorption system selected from Mackowiak’s work is based on the
experimental results from the Pall Ring Metal 25mm. The characteristics of this

packing element are as below:

e Geometric surface area per unit volume ,a (m%s )=232.1

e Form factor, gp=0.28

e Void fraction , £ = 0.941
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Figure 18: Experimental data for volumetric mass transfer coefficient, g, a,,

as a function of specific liquid load, x, (Mackowiak, 2013).

From Figure 18, the specific liquid loading, u, obtained is 0.00285 and this
value is substituted into equation (4) to calculate the Reynolds number and then
determine the formula for volumetric mass transfer coefficient to be used, S, a,.

-1
Re, = *t - 0.00285ms 5978
a-v, 2321m " x(0.961x10"m"s™)

Reynolds number , Re >2.0.Equation (14) is used to find the differential
density, Ap.

Hydraulic diameter, d, is calculated using equation (12).

d, =4—g:&94_21=0.0162m
a 232.1m

With all the values and constants obtained, we can now calculate the
differential density with equation (14).

15.1 D, Apg 1/2 a 1/6
pa. = e 1/4( - ] (_] uﬁle

(1_§0p) d; O, g
0,009 151 (0.00285ms *)°'° {(1.6><10‘9m2 ~s‘1)-(9.81m~s‘2)-ApT2 ( 232.1m™ j“e

Ap=1023.633kg-m™

 (1-0.28)"2.(0.0162m)"*
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By having all the constants for the mathematical model developed by Higbie
(1935), Mackowiak (2011), and Schultes (2011), we can compare the performance of
Helix Prime analytically with the other existing packing elements. Figure 5.1 shows
the comparison of effective interfacial area of mass transfer per unit volume plotted
against the specific liquid load for one unit of Helix Prime, two units of Helix Prime,
Bialecki Ring Metal 25mm, VSP Ring Metal 32mm, Pall Ring metal 25mm and
Hiflow Metal 27mm.

Graph of Effective Interfacial Area for Mass Transfer per
unit Volume vs Specific Liquid Load for different types
o 300 of packing
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Figure 19: Graph of effective interfacial area for mass transfer per unit
volume versus specific liquid load for different types of packing elements.

The results obtained from Figure 19 is calculated using equation (3) to (7), in
which the effective interfacial area for mass transfer per unit volume is directly
proportional to the geometric surface area of the packing. Since one unit of Helix
Prime has a smaller geometric surface area as compared to the other packing
elements including two units of Helix Prime, therefore, its effective interfacial area
for mass transfer at varying specific liquid loading is lower than the others. The
scenario is different when two units of Helix Prime is used, the results showed that it
has a comparable effective mass transfer per unit volume with the other packing

elements.
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Graph of Volumetric Mass Transfer Coefficient vs
Specific Liquid Load for Different Packings
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Figure 20: Graph of volumetric mass transfer coefficient versus specific
liquid load for different types of packing elements.

Figure 20 shows the comparison of the volumetric mass transfer coefficient plotted
against the specific liquid load for one unit of Helix Prime, two Units of Helix Prime,
Bialecki Ring Metal 25mm, VSP Ring Metal 32mm, Pall Ring Metal 25mm and
Hiflow Ring Metal 27mm. With the help of equation (14), the volumetric of mass
transfer coefficient of the respective packing elements are calculated and compared.
The results obtained shows that the volumetric mass transfer coefficient for two units
of Helix Prime is comparable with those from the industry. Although two units of
Helix Prime shows positive results, one unit of Helix Prime is inferior to the other
packing because its effective interfacial area for mass transfer and its geometric

surface area per packing are relatively small when compared with the others.
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Graph of Liquid Phase Mass Transfer Coefficient
vs Specific Liquid Load for Different Packings
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Figure 21: Graph of liquid phase mass transfer coefficient versus specific

liquid load for different types of packing elements.

Figure 21 shows the comparison of the liquid phase mass transfer coefficient
plotted against the specific liquid load for one unit of Helix Prime, two Units of
Helix Prime, Bialecki Ring Metal 25mm, VSP Ring Metal 32mm, Pall Ring Metal
25mm and Hiflow Ring Metal 27mm. One unit of Helix Prime has the lowest liquid
phase mass transfer coefficient when compared with the others. This result differs
when two units of Helix Prime is used. The mass transfer coefficient obtained for
two units of Helix Prime is comparable with the other packing elements due to its

large geometric surface area per packing.
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Experimental results of gas phase volumetric mass
transfer coefficient versus gas velocity
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Figure 22: Graph of experimental results of liquid phase mass transfer

coefficient versus gas flow rate at fixed water flow rate of 0.022 m/s

Figure 22 shows the experimental results of the gas phase volumetric mass
transfer coefficient, Ky, obtained at a fixed water flow rate of 0.22m/s. The gas flow
rate is being manipulated in this study. It is observed that the volumetric mass
transfer coefficient for a single unit of Helix Prime is slightly higher than that of two
units. A reason that might explain this phenomenon is that the experiment was
conducted at different days, in which the moisture content of air differs from each
other. Besides, the two units in parallel might reduce the vibration of the springs
when fluids are moving through it. This in-turn reduces the mass transfer of the
moisture. Comparing our findings with the work of Grunig et. al. (2012) in ‘Mass
transfer characteristics of liquid film flowing down a vertical wire in a counter
current gas flow’, we found that the volumetric mass transfer coefficients for one
unit and 2 units are approximately 10 times the ones obtained by Grunig (2012). A
factor that might explain this variation is Helix Prime uses around 4 m of wire as
compared to 1 m used in Grunig’s work; a longer wire coiled to a spring shape gives
more surface area for the mass transfer to occur and thus higher mass transfer
coefficient. This is an interesting finding and further experiments need to be

conducted in the future.
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Graph of Sherwood Number vs Reynolds number
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Figure 23: Graph of experimental results of Sherwood number versus

Reynolds number at fixed water flow rate of 0.022 m/s

From Figure 23, we obtained a graph of Sherwood number versus the
Reynolds number for the Helix Prime at a fixed water flow rate of 0.022 m/s.
Sherwood number is a function volumetric mass transfer coefficient. Since the 1 unit
of Helix Prime has a higher volumetric mass transfer coefficient, the Sherwood
number of it will be slightly higher than that of the 2 units. The Sherwood number
obtained from this study with regards to the Reynolds number is approximately the
same as the work of Grunig et. al. (2012). This gives a positive finding to further the

study in order to improve the mass transfer of future packing elements.
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CHAPTER 5

CONCLUSION AND RECOMMENDATION

5.1 CONCLUSION

As a conclusion, the new packing element, Helix Prime, is a new and
innovative idea that shows a promising breakthrough in the development of random
packing elements. It has the rigid structure of the older generation packing elements
and the flexible structure of the newer generation of packing elements. Therefore, it
overcomes the drawbacks of both previous and new generation of packing elements.
It has a high mass transfer area with high structural strength for operation. The
packing characteristics of Helix Prime are comparable with the other packing
elements in terms of void fraction and geometric surface area per unit volume when

two units are bind together in parallel.

The pressure drop across the packed bed for Helix Prime is higher than the
other packing element used in the research. When two units of Helix Prime are used,
the pressure drop is almost double than that when one unit of Helix Prime is used.
Although Helix Prime is inferior in terms of pressure drop, the pressure drop is still
within an acceptable range that can be applied in the absorption and stripper

application.

In terms of the mass transfer performance, one unit of Helix Prime is inferior
to the other packing elements. It has a lower effective interfacial area for mass
transfer, a lower volumetric mass transfer coefficient and also a lower liquid phase
mass transfer coefficient when compared with the other packing elements. But the
results of the two unit of Helix Prime show promising results for our work. It has a
comparable effective interfacial area for mass transfer, volumetric mass transfer

coefficient and liquid phase mass transfer coefficient with the other packing elements.
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Based on the results, Helix Prime is a new type of packing element that is
comparable with other packing elements used in the industry. The pressure drop and
mass transfer performance of Helix Prime is within the satisfactory range applied in
the industry. Besides, with this design, Helix Prime can be easily taken out for
cleaning, this will reduce the cleaning time of the packed bed column. Helix Prime
has met the research’s objectives and has proven itself to be worthy of future
extension work in order to design a better packing element that can excel the current
packing elements for higher mass transfer. With time, | believe that this type of
packing element can be an evolutionary idea to create a better packing element in

industry.

5.2 SUGGESTED FUTURE WORK FOR EXPANSION AND
CONTINUATION

From this work, there are improvements to be done on the experiments to

obtain better results.

First of all, the manometer should be reconstructed with a better material and
calibrated properly so that it is more sensitive to pressure changes. The fittings of the
manometer should be slightly covered so that water will not flow into the

manometer.

Thermocouples can be put into the water inlet and outlet stream to measure
the temperature of the water and seek any changes in it. The column can be made
from transparent material so that any observation in the packing column is made
possible. More units of Helix Prime can be used to increase the mass transfer area

per unit volume of the packing.

The diameter of Helix Prime can be increased and wicks can be placed on it
to increase the wettability and also mass transfer. Layers upon layers of spring are
also an interesting topic for the future research work.
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APPENDICES

Appendix A (Packing column and packing element characteristics and

dimensions)

Example calculation of the dimension of packing column

Diameter, D = 3.8 cm = 0.038m R =0.019m

Height, H=37cm =0.37 m

2
Cross sectional area of column, Ac = n(%)

(0.038}2
= 7Z' —_—
4

—0.001134m*

Surface area of column, As =27RH

=2x 7x0.019%0.37m?

=0.04417m*

Volumn of column, V¢ = 7R*H

=7x0.019*x0.37m?

=4.196x10"*m®
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Example calculation of the characteristics and properties of Helix Prime (spring
and rod)

Spring

Helix Diameter, D = 2.3 cm = 0.023 m R=0.0115m
Wire diameter, d = 0.1 cm = 0.001 m r =0.0005 m
Height of Helix, H=33 cm=0.33m

Number of loops, n = 60

Length of the spring =2nzR

=2x60x7x0.0115m
=4.335m
Surface Area of spring =2arL
= 2x 7 x0.0005x 4.335m?
=0.0136m?
Volume of spring =r*(2naR)

= 7x0.0005% x 2x 60 x 7 x0.0115m?
=3.405x10"°m?

Rod
Rod Length =34 cm =0.34m

Rod dimension = 0.5 ¢cm x 0.7 cm = 0.005 m x 0.007 m

Surface areaof rod = 2(0.005x0.007) + 2(0.005x 0.34) + 2(0.007 x 0.34)m*
=8.23x10°m?

Volume of rod =0.004x0.007 x0.34m’

=1.19x10°m®
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Total surface area, SA =0.04417 +0.0136 +8.23x10°m?
=0.04428m?
Total Volume, VP =1.19x10° +3.405x10°m?

=1.5305%x10°m?®

. , SA
Geometric surface area per unit volume, ¢ =—

Vc

~0.04428
4.196x107*
=105.53m?/m?

_Vc-VP
\Vc

Void fraction, ¢

~ 4.196x10 -1.5305x10"°
4.196x107*
—0.9635

Equivalent spherical diameter, D, = 6;/_:

_ 6x1.5305x10°°
0.04428

=2.074x10"m
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Appendix B (Pressure drop)

Example calculation of orifice air flow rate

Pipe diameter, D; = 3.8 cm

Orifice diameter, D,= 1.3 cm

Orifice pressure difference in water height = 0.4 cm
Flow coefficient, Cs = 0.61

Inlet air Dry-bulb temperature = 16.0°C

Inlet air Wet-bulb temperature = 13.6°C

Density of Water = 1000.0 kg/m®

The orifice pressure difference is calculated by:

Ap = pgh = (1000.0kg/m?)-(9.81m/s?)- (0.004m)=39.24kg/m - s> =39.24 Pa

The area of the orifice, A, is:

2
- (0.013m)

A =ar?= ~0.000133m”

Based on the dry-bulb and wet-bulb temperature of the inlet air, the density of inlet
air can be found in the psychometric chart.
pair = 1.1725kg/m’

Substituting all the constants into equation (21), the volumetric flow rate of air can

be calculated:

2(39.24kg/m.s?)
1.1725kg/m?

2Ap

Quume = C, Ay |22 = (0.61)- (0.000133m2)-\/ — 0.0006623m* /s
Yol
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The mass flow rate can be calculated by multiplying the volumetric flow rate with
density:

Quee = (0.0006623m? /5)(1.1725kg / m® ) = 0.0007765kg/ s

The superficial gas velocity with respect to column cross-sectional area is calculated

by dividing volumetric flow rate with column cross-sectional area:

V, =(0.0006623m? /5)/(0.001134m? )= 0.584m/ s

Example calculation of Ergun’s pressure drop using 1 unit of Helix

Prime

Void fraction, € = 0.9635

Superficial Gas Velocity, Vs = 0.584 m/s

Air density, p = 1.1725 kg/m®

Air dynamic viscosity, i = 0.00001983 kg/m.s

Equivalent spherical diameter of packing, Dp = 0.002074 m
Length of packing in the column, L =0.33 m

By assuming k;=150 and k, = 1.75, rearrange Ergun’s equation to get the pressure

drop on the left-hand side of the equation:

_150(L—¢) uVv,L L 175V L1-¢)

A
p DP253 DP83

[kg/ms]

Substitute the constants value into the equation to calculate the pressure drop in

Pascal:
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_ 150(1-0.9635)’(0.00001983kg/ m.s )(0.584m /s )(0.33m)
(0.002074m)*(0.9635)°

1.75(1.1725kg/m? }0.584m /s ) (0.33m (1 — 0.9635)
(0.002074m)(0.9635)’
= 0.198+ 4.544
=4.742kg/ m.s = 4.742Pa

Ap +
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Example of calculation for Ergun’s Constant using 1 unit of Helix Prime

Pressure drop = 0.981kg/m.s?

Void fraction, € = 0.9635

Superficial Gas Velocity, Vs = 0584 m/s

Air density, p = 1.1725kg/m®

Air dynamic viscosity, u = 0.00001983 kg/m.s

Equivalent spherical diameter of packing, Dp = 0.002074 m
Length of packing in the column, L =0.33 m

The modified Ergun’s equation is:
Ap DP 83 DPVSp — DPVsp k + k
2 - 2 1
L pvZll-e \ (1- g),u (1—8),11

The value for k; is assumed to be 150.

The value for Y-axis is calculated as follows:

Ap D,y [ & ) DVp
L pV2\1-¢ (1—8)/1
~ 0.981kg/ms? 0.002074m ( 0.9635° j((0.002074m)(0.584m/s)(1.1725kg/m3)j

0.33m  (1.1725kg/m*)0.584m/s)* | 1-0.9635 (1-0.9635)0.00001983kg/m.s)
=741.32

The value for X-axis is calculated as follows:

( DPVspj
(L—&)u
(0.002074m)0.584m/s)1.1725kg/m?)

(1-0.9635)0.00001983kg/m.s)
=1962.06

The value for k; is assumed to be 150.

When all the values for X-axis and Y-axis have been calculated at specified
superficial gas velocity, a graph of Y-axis vs X-axis is plotted for every specific

liquid load. The gradient value represents the value for constant k.
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Appendix C (Mass transfer)

Example of calculation for moisture content using 1 unit of Helix

Prime

Inlet gas relative humidity, RH (%) = 22.22
Outlet gas relative humidity, RH (%) = 100
Inlet gas dry-bulb temperature (°C) = 26.0

Outlet gas dry-bulb temperature (°C) =27.1

Volumetric flow rate of air, Q =0.0006623

volume
1 mol of air occupies 0.0224 m?® of air

Total pressure of the system is 101.3 kPa

Based on the inlet gas dry-bulb temperature, we can obtain the partial pressure of air

in the inlet gas from the steam table (Appendix D).

P* = 3.3845 kPa

To calculate the partial pressure of water in the inlet air, we can use the following

formula:
« RH
P =P x
Hzo 100%
= =3.3845x 22.22
100
=0.7520 kPa
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The mol fraction of water in the inlet gas can be obtained by:

I:)H 20

R

yHZOin =

otal

0.7520
101.3

0.007424

By repeating the same steps for the outlet gas dry-bulb temperature, we can obtain

the mol fraction of water in the outlet gas.

Y 00Ut =0.03575

The moisture content of the gas flowing through the column can be calculated as

follow:
Molar flow rate of air = Q,,,me X 1m—0I3
0.0224m
1
= 0.0006623 x
0.0224
=0.0295 mol/s
Moisture content = Molar flow rate < (Y,,,,0Ut — Y,,0iN)

=0.0295 x (0.03575 — 0.007424)

=0.000835 mol/s
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Example of calculation for effective interfacial area for mass

transfer using 1 unit of Helix Prime

Void fraction, &= 0.9635
. . 2
Geometric surface area per unit volume (m/n3 ) =105.53

Form factor, ¢p = 0.208

Gravitational acceleration, g = 9.81 m/s?

Surface tension, o, = 0.07275kg/s”
Ap =1023.633 kg/m®

Assuming specific liquid loading, u, = 0.001 m/s

Equation (7) is used to calculate the mean droplet diameter, d, :

O
— |_
d, =

Apg

_ \/ 0.07275
1023.633x 9.81

=0.00269m

Equation (5) is used calculate the specific liquid hold-up, h, :

Wxa )’
o = 0.57[ L J
g

5 1/3
_ o.57[ 0:007° x105.53
9.81
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=0.012583 m*/m°®

With all these values, we can calculate the effective interfacial area for mass transfer
at the specific liquid loading of 0.001 m/s from equation (3)

h

a =6—
d,

_ ¢ 0.012583
0.00269

28.05 m?/m°®

By varying the specific liquid load for the system, we can calculate the effective
interfacial area to plot the graph.

By changing the characteristics of the packing, we can also calculate the effective

interfacial area for different packing elements.
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Example of calculation for volumetric mass transfer coefficient,p; .ae

using 1 unit of Helix Prime

Void fraction, &£ = 0.9635

Geometric surface area per unit volume (m%P ) =105.53

Form factor, ¢p = 0.208

Gravitational acceleration, g = 9.81 m/s?

Surface tension, &, = 0.07275kg/s”
Ap =1023.633 kg/m®
Diffusion coefficient, D, = 1.6x10°m?/s

Assuming specific liquid loading, u, = 0.001 m/s

Using equation (13), we can calculate the hydraulic diameter, d,

_ 4x0.9635
105.53

=0.03652m
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By checking with equation (4), the Reynolds number obtained was greater than 2.
Thus, equation (14) is to be used:

12 1/6

151 D, Apg a

pa, = —\13 1/4( - J (_j UEIG
@ §0p) d, oL g

15.1 DAsg ) (a)" e
Ba, = l-¢ )1/3d1/4 —| UL
p h

oL g
9 1/2 1/6
B 15.1 1.6x107° x1023.633x9.81 [105.53) (0.001)%"
(1—0.208)°0.03652Y* 0.07275 9.81 '

=0.002607s "

By varying the specific liquid load for the system, we can calculate the effective

interfacial area to plot the graph.

By changing the characteristics of the packing, we can also calculate the hydraulic

diameter and volumetric mass transfer coefficient for different packing elements.
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Example of calculation for liquid phase mass transfer coefficient,B;.

using 1 unit of Helix Prime

We can calculate the liquid phase mass transfer coefficient by sampling dividing the
volumetric mass transfer coefficient with the effective interfacial area that was

calculated before.

ﬁL x a‘e = ﬂLae
ae
B = ﬂ;e
_ 0.002607
28.05

9.29x10°m/s
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Example of calculation for experimental gas phase mass transfer coefficient using 1 unit of Helix Prime

Void fraction 0.9635
Equivalent spherical diameter 2.07E-03 | m

Air dynamic viscosity 1.98E-05 | kg/ms
Water density 1000 | kg/m®
Cross area of column 0.001134 | m2
Flow coefficient, C; 0.61
Gravitational acceleration 9.81 | m/s®
Area of orifice 0.000133 | m?
Length of packing 0.33 | m
Volume of column 4.20E-04 | m3
Molecular weight of air 29 | g/mol
Molecular weight of water 18 | g/mol
Gas constant 0.008314 | m® kPa/K mol
Diffusion coefficient of air and water 2.60E-05 | m%/s
Density of air 1 | kg/m®
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Q air (m3/s) F air (mol/s) Inlet gas Outlet gas
1mol air =0.024m* [ 141 [ Tw1 | Td1-Twl | RH inlet gas(%) YH20 Td2 | Tw2 | Td2-Tw2 | RH outlet gas(%) YH20
0.0007 0.027529434 26 | 13.6|12.4 22.22 0.007423849 | 13.6 | 13.6 | 0 100 0.035749654
0.0008 0.033700642 26 136 | 124 22.22 0.007423849 | 136 | 136 | 0 100 0.03596229
0.0010 0.043507342 26 13.5 | 125 21.73 0.007260137 | 135 (135 (0 100 0.036174926
0.0012 0.051469475 26 13.5| 12.5 21.73 0.007260137 | 13.5 (135 (0 100 0.03596229
0.0015 0.061510533 26.1 | 13.4 | 12.7 20.92 0.007033994 | 134 (134 |0 100 0.035749654
0.0016 0.067369487 26.1 | 13.3 | 12.8 20.43 0.00686924 | 133|133 (0 100 0.035537019
0.0018 0.075321377 26.1 | 13.3 | 12.8 20.43 0.00686924 | 133|133 (0 100 0.035324383
Fg*(yout-yin) : . i
In(yout/yin) Kga (1/s) Sherwood number, Sh Velocity of air Reynolds number

Moisture content (mol/s)

0.000779793

1.571842954

2.522248033

0.417284207

0.582633521

60.93706111

0.000961764

1.577773245

3.099303602

0.512753079

0.713241101

74.59717817

0.001258006

1.605967565

4.072683662

0.673790424

0.920790302

96.30454291

0.001477285

1.600072235

4.800325536

0.794172503

1.089301066

113.9289164

0.001766316

1.625785957

5.829002169

0.96435819

1.30181022

136.1550376

0.001931334

1.643521518

6.453866768

1.067736654

1.425809253

149.1239733

0.002143281

1.637520046

7.189293813

1.189406723

1.594103207

166.7256707
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Example of calculation for experimental gas phase mass transfer coefficient using 2 units of Helix Prime

Void fraction 0.927
Equivalent spherical diameter 2.09E-03 | m

Air dynamic viscosity 1.98E-05 | kg/ms
Water density 1000 | kg/m’
Cross area of column 0.001134 | m2
Flow coefficient, C; 0.61
Gravitational acceleration 9.81 | m/s?
Area of orifice 0.000133 | m?
Length of packing 0.33 | m
Volume of column 4.20E-04 | m®
Molecular weight of air 29 | g/mol
Molecular weight of water 18 | g/mol
Gas constant 0.008314 | m*kPa/K mol
Diffusion coefficient of air and water 2.60E-05 | m%/s
Density of air 1
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Moisture content (mol/s)

Q air (m3/s) | F air (mol/s) Inlet gas Outlet gas

Tdl | Twl | Td1-Twl | RH inlet gas(%) YH20 Td2 | Tw2 | Td2-Tw2 | RH outlet gas(%) YH20
0.0007 0.027529434 | 25.4 | 13.9 | 11.5 25.78 0.008284364 | 26.5 | 26.5 | 0 100 0.03447384
0.0008 0.033700642 | 25.4 | 13.6 | 11.8 24.23 0.007786273 | 26.5 (26,5 | 0 100 0.03447384
0.0010 0.043507342 | 25.3 | 13.5 | 11.8 24.06 0.007680484 | 26.5 | 26.5 | 0 100 0.03447384
0.0012 0.051469475 | 25.3 | 13.4 | 11.9 23.55 0.007517681 | 26.3 | 26.3 | O 100 0.034048569
0.0015 0.061510533 | 25.2 | 13.3 | 11.9 23.38 0.007413699 | 26.1 | 26.1 |0 100 0.033623297
0.0016 0.067369487 | 25.2 | 13.2 | 12 22.87 0.00725198 | 258|258 |0 100 0.03298539
0.0018 0.075321377 | 25.2 | 13.1 | 12.1 22.36 0.007090261 | 25.5 (255 (0 100 0.032347483

Fg*(yout-yin) : . i
In(yout/yin) Kia (1/s) Sherwood number, Sh Velocity of air Reynolds number

0.000720981 1.425830949 2.287950777 0.38475245 0.582633521 61.43654522
0.000899388 1.487838412 2.922639843 0.491484718 0.713241101 75.20863045
0.001165708 1.501518208 3.807803351 0.640337932 0.920790302 97.09392441
0.001365531 1.510530314 4.531693684 0.7620707 1.089301066 114.86276
0.001612166 1.511889722 5.420644967 0.911560885 1.30181022 137.2710625
0.001733647 1.51479021 5.948357893 1.000303546 1.425809253 150.346301
0.001902409 1.51781404 6.663741988 1.120605865 1.594103207 168.0922746
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Appendix D (Table)

Steam Table ( Koretsky, 2004)

TABLE B.1 Saturated Water: Temperature Table 2
T P i f, W Ay Y . i Ay %o

'C kPy MPa  ui/kg wihg Wy Wy kg kg Hhg  Khg HigK KWAgK Kigk
001 06113 0001000  206.132 0.00 23753 23753 000 25013 25013 00000 91562 91562
5 08721 0001000  147.118 2097 23613 23822 2008 24806 25105 0.0761 8.0406 0.0257
10 1.2276 0,001000  106.377 419 23472 23%0.2 4199  AUTTT 25197 01510 87408 89007
15 1.7061 0.001001 T7.925 6208 23131  2306.0 6208 246590 25289 0.2245 85560 87813
20 23385 0.001002 57.700 8394 23100 24029 8394 24541 25381 0.2066 8.3706 86671
25 3.1601 0,001003 43.350 10486 2349 248 10487 24423 25472 03673 81905 85570
30 4.2461 0.001004 32.803 12577 22008 24166 12577 24305 25562 04369  8.0164 84533
35 5.6280 0,001006 25216 14665 22767 24234 14666 24186 25653 05052 78478 82530
40 7.3837 0.001008 10523 16753 22626  2430.1 16754 24067 25743 05724 76545 82569
45 0,504 0,001010 15.258 18841 22484 24368 18842 23048 25832 06386  7.5261 81647
50 12,350 0,001012 12.032 20030 2242 2435 20031 23827 25921 07037 73725 80762
55 15.758 0.001015 0.568 230,19 22199 2450.1 23020 23707 26009 07679 72234 79912
60 10941 0.001017 7671 251.00 22055 24566 25111 23585 26006 08311 70784 7.9005
65 25.033 0,001020 6.197 272.00 21911 24631 27203 23462 26182 08034 69375 78309
70 31188 0.001023 5.042 2028 21766 24605 20206 23338 26268 0,548 68004 7.7552
7= 2a =70 nna1noe 41m a12e7  21kAN TE0 o110 o 2221 4 aeoE 10184 £ eeTn TRAD4
80 47.39%0 0.001029 3407 33484 21474 24822 3488 23088 26437 10752 65360 76121
85 57.834 0.001032 2828 582 21326 24884 35588 22060 26519 11342 64102 75444
90 70,139 0.001036 2361 37682 21177 24%45 37690 22832  2660.1 1.1924 62866 74790
05 84.554 0.001040 1.082 W78 21027 25006 3074 2702 26681 12500 61659 74158
100 0.10135 0.001044 1.6720 41801 20876  2506.5 41002 22570  2676.0 1.3068 6.0450 7.3548
105 0.12082 0,001047 1.4194 4000 20723 25123 44013 22437 26838 13629 59328 72058
110 0.14328 0.001052 12102 461,12 20570 25181 46127 22302 26015 14184 58202 72386
115 0.16006 0.001056 1.0366 48228 20414 25237 48246 22165 26000 14733 57100 7.1832
120 0,19853 0.001060 08019 50348 20258 25202 50369 22026 27063 1,5275 56020 71205
125 02321 0.001065 0.77059 52472 20009 25346 524906 21885 27145 15812 54962 70774
130 02701 0.001070 0.66850 56.00 10039 25309 54620 21742 27205 1.6343 5.3025 7.0269
135 03130 0,001075 058217 56734 19777 23450 56767 21506 27273 1.6860  5.2007 69777
140 03613 0.001080 0.50685 58872 10613  2550.0 58011 21448 27339 17390 51008 69208
145 04154 0.001085 0.4632 610.16 10447 25549 61061 21206 27403 17906 50026 68832
150 04759 0,001000 0.30278 631.66 10279 25505 63218 21143 27464 18417 4960 68378
155 05431 0,001096 0.34676 65323 19108  2564.0 65382 20086 27524 18024 4910 6704
160 0.6178 0.001102 0.30706 67485 18935 2568.4 67553 20826 27581 19426 48075 6.7501
165 0.7005 0.001108 0.27260 60655 18760 25725 60732 20662 27635 1.9024 47153 6.7078
170 0.7917 0.001114 0.24283 71831 18581  2576.5 71920 20495 27687 20418 4624 66663
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