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Variable pressure humidification dehumidification desalination (HDH) system was
regarded in the literature as an efficient HDH process compared with a single pressure
one. This thesis investigates theoretically and experimentally the effect of pressure on the
humidification and dehumidification processes for HDH application. Since it is not
practical to build conventional humidifier or dehumidifier at sub-atmospheric or elevated
pressures, bubble column humidifier and dehumidifier are used as a practical alternative.
The experimental investigation comprises of three test cases: (1) bubble column
dehumidifier at elevated pressures and constant column temperature; (2) bubble column
dehumidifier at elevated pressures and constant inlet water temperature; (3) bubble
column humidifier at sub-atmospheric pressures and constant inlet water temperature.
The bubble columns examined are of 10 cm diameter and 25 cm height, equipped with
internal cooling and heating coils, and air is sparged through perforated plates at their
bottoms. The elevated pressure in the dehumidifier ranges from 15 – 30 psia, while the
reduced pressure in the humidifier ranges from 7 – 15 psia. In addition, the water level in
the bubble columns and the superficial velocity were varied in the range of 3 – 7 cm and
2 – 20 cm/s respectively. The performance was evaluated by measuring the total heat
transfer rate and the effectiveness. Moreover, the experimental values of the mass transfer
xvi

coefficient are presented as a function of the superficial velocity and pressure. A model is
developed for the relationship between the bubble column effectiveness (ε) and the
number of transfer units (NTU) which combines the influence of the heat and mass
transfer processes. In addition, a semi-empirical model is adopted and modified for the
gas-side mass transfer coefficient to capture the effect of the pressure. The model
correlates Sherwood number with Reynolds number, Schmidt number, and the density
ratio of air and water vapor.
The proposed ε -NTU model is found to agree well with the experimental results. The
results show that the sub-atmospheric pressure promotes the humidifier performance as a
consequence of increasing heat transfer coefficient and effectiveness. However, the
elevated pressure is not beneficial for the dehumidifier effectiveness, although the heat
transfer rate is slightly increased. In addition, it was found that the liquid height in the
bubble column has no effect on the heat transfer in the range of the heights examined.
However, the superficial velocity was found to have a significant effect on both the
humidifier and dehumidifier thermal performance due to the turbulence increase.
Therefore, it is recommended to operate a bubble column humidifier under subatmospheric pressure, but the bubble column dehumidifier which is operated under
elevated pressure requires a larger component size to overcome the lower effectiveness.
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ﻣﻠﺨﺺ ﺍﻟﺮﺳﺎﻟﺔ
ﺍﻻﺳﻡ ﺍﻟﻛﺎﻣﻝ :ﻫﻭﺷﻳﻧﺞ ﻟﻳﻭ
ﻋﻧﻭﺍﻥ ﺍﻟﺭﺳﺎﻟﺔ :ﺗﺄﺛﻳﺭ ﺍﻟﺿﻐﻁ ﻋﻠﻰ ﻋﻣﻠﻳﺎﺕ ﺍﻟﺗﺭﻁﻳﺏ ﻭﺍﻟﺗﺟﻔﻳﻑ ﻓﻰ ﺃﻧﻅﻣﺔ ﺗﺣﻠﻳﺔ ﺍﻟﻣﻳﺎﻩ ﺑﺎﻟـ HDH
ﺍﻟﺗﺧﺻﺹ :ﺍﻟﻬﻧﺩﺳﺔ ﺍﻟﻣﻳﻛﺎﻧﻳﻛﻳﺔ
ﺗﺎﺭﻳﺦ ﺍﻟﺩﺭﺟﺔ ﺍﻟﻌﻠﻣﻳﺔ :ﻣﺎﻳﻭ 2015
ﻧﺸﺮﺕ ﺑﻌﺾ ﺍﻻﺑﺤﺎﺙ ﻣﺆﺧﺮﺍ ﻋﻦ ﺍﻥ ﻧﻈﺎﻡ ﺗﺤﻠﻴﻪ ﺍﻟﻤﻴﺎﺓ ﺑﺎﻟﺘﺮﻁﻴﺐ ﻭﺍﻟﺘﺠﻔﻴﻒ ﺍﻟﺬﻯ ﻳﻌﻤﻞ ﺗﺤﺖ ﺿﻐﻮﻁ ﻣﺘﻐﻴﺮﺓ ﻳﻌﺘﺒﺮ
ﺍﻛﺜﺮ ﻛﻔﺎءﺓ ﻣﻦ ﻧﻈﻴﺮﻩ ﺍﻟﺬﻯ ﻳﻌﻤﻞ ﻋﻨﺪ ﺿﻐﻂ ﺟﻮﻯ .ﻫﺬﻩ ﺍﻷﻁﺮﻭﺣﺔ ﺗﺒﺤﺚ ﻧﻈﺮﻳﺎ ﻭﺗﺠﺮﻳﺒﻴﺎ ﺗﺄﺛﻴﺮ ﺍﻟﻀﻐﻂ ﻋﻠﻰ ﻋﻤﻠﻴﺎﺕ
ﺍﻟﺘﺮﻁﻴﺐ ﻭﺍﻟﺘﺠﻔﻴﻒ .ﻭﺣﻴﺚ ﺍﻧﻪ ﻟﻴﺲ ﻋﻤﻠﻴﺎ ﺑﻨﺎء ﻣﺮﻁﺐ ﺍﻭ ﻣﺠﻔﻒ ﺗﻘﻠﻴﺪﻱ ﻳﻌﻤﻞ ﻋﻨﺪ ﺿﻐﻮﻁ ﻣﻨﺨﻔﻀﻪ ﺃﻭ ﻣﺮﺗﻔﻌﺔ ،ﻟﺬﻟﻚ
ﺗﻢ ﺍﺳﺘﺨﺪﺍﻡ ﻋﻤﻮﺩ ﺍﻟﻔﻘﺎﻋﺎﺕ ﻛﺒﺪﻳﻞ ﻋﻤﻠﻰ ﻟﻠﻤﺮﻁﺐ ﻭ ﺍﻟﻤﺠﻔﻒ ﻭﺍﻟﺬﻯ ﻳﻤﻜﻨﻪ ﺍﻟﻌﻤﻞ ﻋﻨﺪ ﺿﻐﻮﻁ ﻣﺘﻐﻴﺮﻩ .ﻭﺗﺸﺘﻤﻞ
ﺍﻻﺧﺘﺒﺎﺭﺍﺕ ﺍﻟﻌﻤﻠﻴﺔ ﻋﻠﻰ ﺛﻼﺙ ﺣﺎﻻﺕ (1) :ﻋﻤﻮﺩ ﻓﻘﺎﻋﻰ ﻣﺠﻔﻒ ﺍﻟﻌﻤﻮﺩ ﻳﻌﻤﻞ ﻋﻨﺪ ﺿﻐﻮﻁ ﻣﺮﺗﻔﻌﺔ ﻭﺩﺭﺟﺔ ﺣﺮﺍﺭﺓ
ﻋﻤﻮﺩ ﺛﺎﺑﺖ؛ ) (2ﻋﻤﻮﺩ ﻓﻘﺎﻋﻰ ﻣﺠﻔﻒ ﻳﻌﻤﻞ ﻋﻨﺪ ﺿﻐﻮﻁ ﻣﺮﺗﻔﻌﺔ ﻭﺩﺭﺟﺔ ﺣﺮﺍﺭﺓ ﻣﻴﺎﻩ ﺩﺍﺧﻠﻪ ﺛﺎﺑﺘﺔ (3) .ﻋﻤﻮﺩ ﻓﻘﺎﻋﻰ
ﻣﺮﻁﺒﻴﻌﻤﻞ ﻋﻨﺪ ﺿﻐﻮﻁ ﻣﻨﺨﻔﻀﺔ ﻭﺩﺭﺟﺔ ﺣﺮﺍﺭﺓ ﻣﻴﺎﻩ ﺩﺍﺧﻠﻪ ﺛﺎﺑﺘﻪ .ﻭﺍﻷﻋﻤﺪﺓ ﺍﻟﻤﻔﺤﻮﺻﺔ ﻗﻄﺮﻫﺎ  10ﺳﻢ ﻭﺍﺭﺗﻔﺎﻋﻬﺎ 25
ﺳﻢ ﻭﻣﺠﻬﺰﺓ ﺑﻤﻠﻔﺎﺕ ﺗﺒﺮﻳﺪ ﻭﺗﺪﻓﺌﺔ ﻭﻳﺘﻢ ﺩﺧﻮﻝ ﺍﻟﻬﻮﺍء ﻣﻦ ﺧﻼﻝ ﻟﻮﺣﺎﺕ ﻣﺜﻘﻮﺑﺔ ﻋﻨﺪ ﺍﻟﻘﺎﻉ .ﻭﺍﻟﻀﻐﻂ ﺍﻟﻤﺮﺗﻔﻊ ﻓﻲ ﺍﻟﻤﺠﻔﻒ
ﻳﺘﺮﺍﻭﺡ ﻣﻦ  30-15ﺭﻁﻞ ،ﻓﻲ ﺣﻴﻦ ﺃﻥ ﺍﻟﻀﻐﻂ ﺍﻟﻤﻨﺨﻔﺾ ﺍﻟﻤﺮﻁﺐ ﻳﺘﺮﺍﻭﺡ ﻣﻦ  15-7ﺭﻁﻞ .ﺑﺎﻹﺿﺎﻓﺔ ﺇﻟﻰ ﺫﻟﻚ ،ﺗﻢ
ﺗﻐﻴﻴﺮ ﻣﻨﺴﻮﺏ ﺍﻟﻤﻴﺎﻩ ﻓﻲ ﺍﻷﻋﻤﺪﺓ ﻭﻛﺬﻟﻚ ﺳﺮﻋﺔ ﺍﻟﻬﻮﺍء ﻓﻲ ﺣﺪﻭﺩ  7-3ﺳﻢ ﻭ 20-2ﺳﻢ  /ﺛﺎﻧﻴﺔ ﻋﻠﻰ ﺍﻟﺘﻮﺍﻟﻲ .ﺗﻢ ﺗﻘﻴﻴﻢ
ﺍﻷﺩﺍء ﻣﻦ ﺧﻼﻝ ﻗﻴﺎﺱ ﻣﻌﺪﻝ ﺍﻧﺘﻘﺎﻝ ﺍﻟﺤﺮﺍﺭﺓ ﻭﺍﻟﻔﺎﻋﻠﻴﺔ .ﻭﻋﻼﻭﺓ ﻋﻠﻰ ﺫﻟﻚ ،ﺗﻢ ﺗﻄﻮﻳﺮ ﻧﻤﻮﺫﺝ ﺭﻳﺎﺿﻰ ﻟﻠﻌﻼﻗﺔ ﺑﻴﻦ ﻓﻌﺎﻟﻴﺔ
ﺍﻟﻌﻤﻮﺩ ﻭﻋﺪﺩ ﻭﺣﺪﺍﺕ ﺍﻟﻨﻘﻞ ﺍﻟﺬﻱ ﻳﺠﻤﻊ ﺑﻴﻦ ﺗﺄﺛﻴﺮ ﻋﻤﻠﻴﺘﻰ ﺍﻧﺘﻘﺎﻝ ﺍﻟﺤﺮﺍﺭﺓ ﻭﺍﻟﻜﺘﻠﺔ .ﺑﺎﻹﺿﺎﻓﺔ ﺇﻟﻰ ﺫﻟﻚ ،ﺗﻢ ﺍﻋﺘﻤﺎﺩ ﻧﻤﻮﺫﺝ
ﺷﺒﻪ ﺗﺠﺮﻳﺒﻲ ﻭﺗﻌﺪﻳﻠﻪ ﻟﻠﺘﻨﺒﺆ ﺑﻤﻌﺎﻣﻞ ﺍﻧﺘﻘﺎﻝ ﺍﻟﻜﺘﻠﺔ ﺗﺤﺖ ﺗﺄﺛﻴﺮ ﺍﻟﻀﻐﻂ ﺣﻴﺚ ﻳﺮﺑﻂ ﻫﺬﺍ ﺍﻟﻨﻤﻮﺫﺝ ﺑﻴﻦ ﺭﻗﻢ ﺷﻴﺮﻭﻭﺩ ﻣﻊ ﺭﻗﻢ
ﺭﻳﻨﻮﻟﺪﺯ ،ﻭﺭﻗﻢ ﺷﻤﻴﺪﺕ ﻭﻧﺴﺒﺔ ﻛﺜﺎﻓﺔ ﺍﻟﻬﻮﺍء ﺍﻟﻰ ﺑﺨﺎﺭ ﺍﻟﻤﺎء.
ﺍﻅﻬﺮﺕ ﺍﻟﻨﺘﺎﺋﺞ ﺍﻥ ﺍﻟﻨﻤﻮﺫﺝ ﺍﻟﻤﻘﺘﺮﺡ ﻟﻠﻔﺎﻋﻠﻴﺔ ﻭﻋﺪﺩ ﻭﺣﺪﺍﺕ ﺍﻟﻨﻘﻞ ﺗﺘﻮﺍﻓﻖ ﺟﻴﺪﺍ ﻣﻊ ﺍﻟﻨﺘﺎﺋﺞ ﺍﻟﺘﺠﺮﻳﺒﻴﺔ .ﻛﻤﺎ ﺃﻅﻬﺮﺕ ﺍﻟﻨﺘﺎﺋﺞ
ﺃﻥ ﺍﻧﺨﻔﺎﺽ ﺍﻟﻀﻐﻂ ﻳﻌﺰﺯ ﻣﻦ ﺃﺩﺍء ﺍﻟﻤﺮﻁﺐ ﻧﺘﻴﺠﺔ ﻟﺰﻳﺎﺩﺓ ﻣﻌﺎﻣﻞ ﺍﻧﺘﻘﺎﻝ ﺍﻟﺤﺮﺍﺭﺓ ﻭﺍﻟﻔﺎﻋﻠﻴﺔ .ﻭﻟﻜﻦ ﻭﺟﺪ ﺇﻥ ﺍﺭﺗﻔﺎﻉ
ﺍﻟﻀﻐﻂ ﻻ ﺑﻔﻴﺪ ﻣﻦ ﻓﺎﻋﻠﻴﺔ ﺍﻟﻤﺠﻔﻒ ،ﻋﻠﻰ ﺍﻟﺮﻏﻢ ﻣﻦ ﺃﻥ ﻣﻌﺪﻝ ﺍﻧﺘﻘﺎﻝ ﺍﻟﺤﺮﺍﺭﺓ ﻳﺰﻳﺪ ﺑﺸﻜﻞ ﻁﻔﻴﻒ .ﻭﺑﺎﻹﺿﺎﻓﺔ ﺇﻟﻰ ﺫﻟﻚ،
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ﻓﻘﺪ ﻭﺟﺪ ﺃﻥ ﺍﺭﺗﻔﺎﻉ ﺍﻟﺴﺎﺋﻞ ﻓﻲ ﺍﻟﻌﻤﻮﺩ ﻟﻴﺲ ﻟﻪ ﺃﻱ ﺗﺄﺛﻴﺮ ﻋﻠﻰ ﺍﻧﺘﻘﺎﻝ ﺍﻟﺤﺮﺍﺭﺓ ﻓﻲ ﺣﺪﻭﺩ ﺍﻻﺭﺗﻔﻌﺎﺕ ﺍﻟﺘﻰ ﺗﻢ ﻓﺤﺼﻬﺎ .ﻭﻣﻊ
ﺫﻟﻚ ،ﻭﺟﺪ ﺍﻥ ﺯﻳﺎﺩﺓ ﺳﺮﻋﺔ ﺍﻟﻬﻮﺍء ﻟﻪ ﺗﺄﺛﻴﺮ ﻛﺒﻴﺮ ﻋﻠﻰ ﺍﺩﺍء ﻛﻞ ﻣﻦ ﺍﻟﻤﺮﻁﺐ ﻭﺍﻟﻤﺠﻔﻒ ﻧﺘﻴﺠﺔ ﺯﻳﺎﺩﺓ ﺍﻻﺿﻄﺮﺍﺏ .ﻭﻟﺬﻟﻚ،
ﻓﻤﻦ ﺍﻟﻤﺴﺘﺤﺴﻦ ﺃﻥ ﺗﻌﻤﻞ ﺍﻟﻤﺮﻁﺒﺎﺕ ﻋﻨﺪ ﺿﻐﻂ ﻣﻨﺨﻘﺾ ،ﻭﻟﻜﻦ ﻻ ﻳﻨﺼﺢ ﺑﻌﻤﻞ ﺍﻟﻤﺠﻔﻒ ﺗﺤﺖ ﺿﻐﻂ ﻣﺮﺗﻔﻊ ﻟﻤﺎ ﻳﺘﻄﻠﺒﻪ
ﺣﺠﻢ ﺃﻛﺒﺮ ﻟﻠﺘﻐﻠﺐ ﻋﻠﻰ ﻧﻘﺺ ﺍﻟﻔﺎﻋﻠﻴﺔ.
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CHAPTER 1

INTRODUCTION

1.1

HDH Desalination Technology

Desalination is a process which produces fresh water from saline or brackish water. It is a
reliable, economic and sustainable technical solution to the global water scarcity. With
the increasing demand of fresh water in remote communities, a number of small-scale
desalination systems have been investigated specifically for its energy efficiency,
economic feasibility, and environmental aspects. Humidification–Dehumidification
(HDH) desalination technology is a thermal desalination process which is adaptable for
small or large scale fresh water production. HDH process is based on the principle of
humidifying a gas by saline water then dehumidifying it at a lower temperature. The fresh
water is the condensate resulting from the dehumidification process. The HDH system is
composed mainly of a humidifier, a dehumidifier, and a heater for heating either the
carrier gas or the water (see Figure 1-1). The efficiency of the HDH desalination system
depends mainly on the performance of the humidifier and dehumidifier.
The major components in the HDH system are the humidifier and dehumidifier. In the
humidifier, the entering dry air directly contacts with hot water and carries water vapor
from it. The concentration (or humidity ratio) difference between the water vapor carried
by the air and the water-air interface drives the water diffusion into the moist air in the
form of latent heat transfer. The temperature difference between the air and the water
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streams results in the heat transfer from water to the air in form of sensible heat transfer.
The temperature increase of the moist air promotes its water vapor carrying capacity. In
the dehumidifier, the hot moist air contacts with the cold water and transfers some water
vapor content to the contact surface with distilled water generation. The principle in the
dehumidifier is analogous but opposite to that of the dehumidifier. The saturated
(usually) air releases sensible and latent heat loads in results of temperature and humidity
ratio decreases. Simultaneously, the water in the dehumidifier is preheated by the heat
transfer from the hot-humid air. The dehumidifier recovers the vaporized water and latent
heat of evaporation by condensation.
Convectional humidifier and dehumidifier such as packed-bed and finned-tube heat
exchanger have been investigated in previous studies [1–3]. These equipment have very
low heat and mass transfer coefficients and require large volume; hence, high capital
cost. For instance, in packed-bed humidifiers, the specific surface area of the mass
transfer process (surface-area-to-volume ratio) depends on the type of the fill which is
either film or splash type, constructed or unconstructed packing. In all types the specific
surface area is very low which requires large packing volume. Narayan et al. [4]
reviewed different packing materials (such as wood, plastic, honeycomb paper, etc.) used
in HDH systems. The heat and mass transfer performance, efficiency and durability are
some aspects to be considered for this equipment. The high fouling impact is also a
typical problem needs careful attention.
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On the other hand, various types of heat exchangers can be used as dehumidifiers. The
finned-tube heat exchanger is frequently used as a dehumidifier component in HDH
systems [5–7]. However, finned-tube heat exchanger dehumidifiers have very low
condensation heat transfer coefficient of the air–vapor mixture due to the large amount of
non-condensable gases. This requires large surface area of tubes and fins which
consequently increase pressure drop inside the tubes and on the gas side. In addition,
scale formation on the outside surface of the tubes and fouling inside the tubes are
considered major issues in finned tube heat exchanger, in particular when working with
saline water. Yamali and Solmus [6] designed three parallel dehumidifiers in an
integrated and insulated metal box to avoid leakage of distilled water. The internal body
of the dehumidifier box is manufactured with copper tubes connected with corrugated
aluminum fins. The packed tower as a direct contact dehumidifier was first used in the
HDH system by Khedr [8], but the thermal performance is limited due to low energy
recovery.
There are three categories of HDH systems which depend on: (1) the source of the
energy supply (e.g. thermal, electric, solar, geothermal, or hybrid sources); (2) the heated
stream (e.g. water-heated and air-heated system); (3) cycle configuration (including
closed-water open-air (CWOA) and closed-air open-water (CAOW)). Based on these
categories, various configurations and arrangements especially for some novel types were
developed in the published literature. Chafik [9] proposed a multi stage solar air heating
HDH systems where each heating stage stepped by a humidification stage. The
continuous heating and humidification processes with make-up seawater can maintain the
humid air temperature in a range of 50 – 80 °C, and achieve a high humidity ratio of
3

0.093 kg vapor /kg dry-air after four stages. Müller-Holst [10] investigated a multi-effect HDH
system which enables continuous temperature stratification in the evaporation and
condensation process, by which the energy afforded in the humidifier is mostly regained
in the dehumidifier and hence a high energy recovery and efficiency is achieved.

Figure 1-1 Basic water-heated HDH desalination system with closed air loop and open
water loop
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1.2

Bubble Columns

Bubble column reactor is a device where a gas is sparged in the form of bubbles into a
column of liquid or a liquid–solid mixture. They are considered as multiphase reactors
wherein simultaneous heat and mass transfer occurs between the gas bubbles and the
liquid in the column. Recently, some investigators [11–14] proposed to use bubble
columns in humidification dehumidification (HDH) desalination systems. In the HDH
process, hot-humid air leaves a humidifier almost saturated with water vapor, and then
the water vapor condenses and releases its latent heat in a dehumidifier. Bubble columns
could be used in HDH systems as humidifiers, dehumidifiers, or both since they have
great advantages of reducing the size required for humidification or dehumidification
process due to the large contact area and the low thermal resistances [11,12].
As a multiphase device, bubble column reactor has complex flow dynamics and
thermo-physical characteristics which attract considerable interests of investigations. The
design parameters of bubble column include its geometry, sparger design, and internals,
subject to the operating variables such as flow rate, temperature, and pressure. Bubble
columns are typically designed in vertical cylindrical shapes. The column diameter
ranges from 0.1 m to 0.5 m for a typical experimental scale, whereas larger column
diameter from 1 m to 10 m with length (or height)-to-diameter ratio at least 5 is
commonly employed in industrial applications [15,16]. There are numerous categories of
bubble column reactors which depends on their configurations, commonly formed with
sieve trays, packed, multi-shaft and static mixers in spite of the simplest form without any
internals [17]. In addition, there are different types of gas sparger (or distributor) in
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bubble column reactors. Reported in the publication of Kantarci et al. [15], they are
generally categorized into three items: ring type, arm distributor and perforated plate.
Highly effective gas distribution can be obtained in perforated plate but the range of gas
flow rate should be considered.
Determined by the superficial velocity at a given bubble column geometry, the flow
regimes in the bubble columns can be subdivided into four patterns: homogeneous
(bubbly), heterogeneous (churn-turbulent and slug), and annular flow [15,18]. The
industrial bubble columns are usually operated at the heterogeneous bubble flow regime.
In homogeneous flow regime, the bubbles have uniform size and shape, while they are
distributed in heterogeneous flow regime. The difference in flow characteristics between
different flow regimes affects significantly the heat and mass transfer rates [18]. For a
given bubble column, the homogeneous flow regime takes place in a low superficial
velocity, and heterogeneous flow regime results in a high superficial gas velocity.
Although some experiments and models have been conducted on the detection of various
flow regimes, there still lack of a comprehensive regime map for various conditions.
Besides, it is important to mention that these flow regimes are applied only to bubble
columns of high aspect ratios (height-to-diameter ratio > 5). Tow and Lienhard [19]
recently investigated shallow bubble columns (aspect ratio of 0.025 – 0.425) and
concluded that they may have no region of developed flow.
Some attentions are now paid to bubble columns to be utilized as humidifiers and
dehumidifiers in HDH desalination system. In bubble columns, the carrier gas is
dispersed into a liquid column to form small bubbles instead of direct contact with solid
surface. The enormous number of small bubbles results in a large interfacial surface area
6

and enhanced heat and mass transfer processes hence small equipment volume. There are
few studies which proposed using bubble columns in HDH desalination systems.
Vlachogiannis et al. [20] studied an HDH system which uses a combination of bubbles
generation and mechanical vapor compression. In their experimental apparatus shown in
Figure 1-2, air is dispersed as bubbles through a porous plate at the bottom of a saline
water column in an evaporation chamber where it is humidified. The exit humid air flows
to a compressor where it is pressurized and heated. Then, the air flows through an air
distributor connected to 25 vertical tubes where condensation occurs on the internal
surface of the tubes. After that, the air flows back to the evaporation chamber to form a
closed-loop air cycle. Their experimental measurements show that increasing the saline
water temperature will increase the fresh water production and decrease the compressor
energy consumption.
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Figure 1-2 Schematic of experimental apparatus with the air path indicated [20]
(1) saline water, (2) compressor, (3) air distributor, (4) tube sheet, (5) tubes, (6) porous
wall, (7) fresh water, (8) K-thermocouples, (9) outlet manual valve, (10) filling manual
valve
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El-Agouz and Abugderah [13] investigated experimentally the performance of a bubble
column humidification process. The performance was evaluated by measuring the
humidification efficiency (defined as the actual difference of the humidity ratio to the
maximum difference) under varying operating conditions. An air supply pipe with 32
holes of 10 mm diameter each was submerged into the hot water column of an
evaporation chamber (see Figure 1-3). The results showed that, the humidification
efficiency increases with the increase of the water column temperature, air inlet
temperature, and the air velocity. El-Agouz [14] further investigated a complete HDH
system which was mainly equipped with an air compressor, two shell-and-tube heat
exchangers served as a dehumidifier, and a bubble column humidifier. The bubble
column humidifier had a 40 × 30 cm2 cross-sectional area and 125 cm height where air
enters through a perforated pipe drilled with 44 holes of 15 mm diameter each. The
measurements were conducted under air flow rate up to 14 kg/hr (equivalent to a
superficial velocity of 2.8 cm/s), water temperature in the range of 50 – 90 °C, and water
column height in the range of 20 – 60 cm. It was found that both of the humidifier
efficiency and the fresh water productivity increase with the air flow rate and water
temperature, but are slightly affected by the water column height.
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Figure 1-3 Schematic of evaporation chamber with air pipe, electrical water heater and
external graduate level (H is measured as the static water height before the experimental
test, ∆H is the effective water height during the experimental test) [13]
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Bubble column has also been applied in the dehumidification process of HDH
desalination system. In a bubble column dehumidifier, vapor carried by the air bubbles
condenses on the interfacial area between the bubble surface and the cold liquid film in
the column. The latent heat of vaporization is released from the air–vapor mixture to the
fresh water. Different from the saline water allowed in the humidifier, the liquid in the
dehumidifier bubble column must be filled with fresh water for the sake of condensation
mixing. The cold source can be obtained from an indirect contact with coolant fluid
(saline water or other liquids), which is separated with fresh water by a cooling coil
immersed in the bubble column. Narayan et al. [11] presented a theoretical and
experimental investigation of bubble column dehumidifier. They conducted experiments
on two bubble columns made of polyvinyl chloride (PVC), and in dimensions of
approximately 300 mm × 300 mm cross-sectional area and 460 mm height for each. The
operating conditions vary in a superficial velocity range of 4 – 8 cm/s and a bubble
diameter range of 4 – 6 mm. One of the bubble columns was used as a humidifier, where
the supplied air was passed through a perforated plate upward into hot water. The other
one was used as a dehumidifier with similar perforated plate where hot-humid air was
passed through a cold water column. The liquid in the humidifier is directly heated by an
electrical heater, while the cold source in the dehumidifier is provided by the coolant
flow in the copper coil. As shown in Figure 1-4, the bubbles were generated by supplying
hot air through a porous plate into a cold water column. The cooling load was provided
by the chilled water inside the cooling coil. Theoretically, Narayan et al. [11] developed a
thermal resistance model which involved some remarkable thermal resistances associated
with the different temperatures. They proposed and determined the sensible and latent
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heat resistances for the heat and mass transfer between the entering air and the liquid in
the column. In addition, they considered the thermal resistances inside and outside the
cooling coil due to convection heat transfer. To estimate the mass transfer coefficient at
the air side and the liquid side of the bubble–liquid interface, they referred to the theory
of surface renewal constructed by Higbie [21] and derived an expression for the surface
renewal time (or contact time) by assuming a characteristic length and velocity scale. The
sensible heat from the air side to the liquid side is modeled by the Logarithmic Mean
Temperature Difference (LMTD) method. Their results showed that high superficial
velocity and low bubble diameter are favorable to the heat transfer while the column
height has no effect on the total heat transfer. The measured heat transfer rates were
performed higher than those obtained in existing state-of-the-art dehumidifiers by an
order of magnitude.

Figure 1-4 Schematic of bubble column dehumidifier used by [11]

12

A similar investigation was conducted by Tow and Lienhard [12], but they further
simplified the thermal network model proposed by Narayan et al. [11] by neglecting the
gas-side thermal resistance. They assumed that the thermal resistance inside the air
bubbles should be regarded as zero under perfect mixing conditions [22]. Their modified
thermal resistance model included only the heat transfers inside and outside the cooling
coil. The convection heat transfer coefficient inside the coil was calculated based on the
correction for laminar flow in curved tubes [23], and the heat transfer coefficient outside
the coil was calculated using Deckwer’s correlation [24] for gas-liquid dispersion to
immersed coil. Tow and Lienhard [12] investigated the performance of a bubble column
dehumidifier of 28 × 28 cm2 area and 36 cm height and has a perforated plate and copper
coil internally installed. For air flow rate in the range of 1.5 – 2.5 L/s (equivalent to
superficial velocity of 1.9 – 3.2 cm/s), the heat flux increases almost linearly with the air
flow rate. Moreover, parallel-flow effectiveness was proposed as the ratio of the actual
heat transfer rate to the maximum heat transfer rate assuming the outlet temperatures of
air and water streams equal to the column liquid temperature. Using their effectiveness
definition, they demonstrated that the effectiveness decreases with the air flow rate (or
superficial velocity). On the other hand, it was found that the effectiveness is independent
on the column liquid height if it is higher than 4 cm.
Bubble columns could contain a heating or a cooling coil to provide the heat needed for
the humidification process or extract the heat released from the dehumidification process.
Different from this configuration, Ghazal et al. [25] presented a bubble column
humidifier combined with a flat-plate solar collector where the solar collector was filled
with water and air was sparged from a copper pipe at its bottom (see Figure 1-5). The
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copper pipe had a diameter of 1.3 cm, a length of 60 cm, and many holes of 2 mm
diameter on its side. It was found that the relative humidity of exit air is nearly 100% and
the humidification efficiency (based on absolute humidity ratio) is above 90%. It was
demonstrated that the direct contact system of air–water bubble column is feasible and
efficient for the humidification process.

Figure 1-5 Schematic of the inclined evaporator chamber merged with solar collector [25]

14

1.3

The Effect of Pressure

The operating conditions of the HDH system such as mass flow rates, temperature,
pressure, and effectiveness of the humidifier and dehumidifier; have great impact on the
overall performance of the system and the gain output ratio (GOR) which is the enthalpy
of vaporization of the produced fresh water per unit energy added. It was demonstrated
by Narayan et al. [26] that the HDH system performance could be improved if it works
under variable pressure condition. This means that the humidifier works at subatmospheric pressure while the dehumidifier works at elevated pressure. The
psychometric analysis (see Figure 1-6) showed that the capacity of the moist air to carry
water vapor increases when the humidification process occurs at sub-atmospheric
pressure. On the other hand, the condensation of the water vapor in the dehumidifier will
be improved if it operates at elevated pressure. Consequently, the fresh water production
is increased and the GOR of the HDH system is improved.
Ghalawand et al. [27] studied theoretically a variable pressure HDH system with a
packed-bed humidifier working at 1 bar and a flash drum dehumidifier working at 3 bar.
A compressor was used to increase the pressure and temperature of the humid air after
the humidifier and a throttling valve was used to reduce the pressure after the
dehumidifier in a closed-air cycle. The value of GOR was calculated to be 2.07. Higher
GOR (> 1) indicates that the HDH system working under elevated dehumidifier pressure
is efficient.
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Figure 1-6 Effect of pressure on the humidity ratio of saturated moist air
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It should be noted that, the advantages of varying pressure on the HDH system in
preceding statements are only ideally suits for a basic and complete cycle regardless of
which component types being used and what other performance parameters response to
the varying pressure. In practice, different types of humidifier and dehumidifier could
achieve various performances under varying pressure. The pressure has complicated
effects on the overall system performance. As previously introduced as a promising
humidifier and dehumidifier component, bubble column is usually operated at nonatmospheric conditions in industrial applications [28]. However, almost all HDH systems
utilizing bubble column [11–14] were experimentally investigated at atmospheric
pressure. Therefore, an investigation of the pressure effect on the performance of bubble
column reactors is desired.
A review by Kantarci et al. [15] showed that increasing the pressure in bubble columns
has a positive effect on both the bubble characteristics and the thermodynamic
performance. Letzel et al. [29] measured the gas holdup of nitrogen–water system in a
bubble column of 15 cm diameter and 1.22 m height operated at a pressure range of 0.1 –
1.3 MPa. Their experimental results indicated that the gas holdup almost double when the
pressure increases from 0.1 to 1.3 MPa. Increasing pressure directly leads to the increase
of the gas density and the decrease of the bubble diameter. Consequently, the mass
transfer coefficient increases with the increase of the gas density and pressure as reported
by many researchers [28–32]. The effect of pressure on the heat transfer coefficient has
also been investigated but is still inconclusive. For example, Wu et al. [33] found that the
heat transfer coefficient in an air–water bubble column decreases at higher pressures up
to 10 bar. However, other experimental measurements indicated that the heat transfer
17

coefficient increases with the pressure [34,35]. Although many investigations have been
carried out on bubble column reactors operating at elevated pressure, to the best of the
authors knowledge there is no investigation for bubble column working at subatmospheric pressure.

1.4

Objectives and Outline of the Thesis

The main objective of this thesis is to investigate the effect of pressure on the
humidification and dehumidification processes in bubble column. A plenty of
experimental measurements are performed by utilizing a laboratory test-rig which was
designed and built for this objective. Mathematical models are developed to predict the
thermal performance which were validated by the experimental results. The present thesis
work resulted in two journal papers [31,32]. To achieve the objectives, the scopes of the
thesis investigation are given in details:
•

Experimental study of bubble column humidifier working under sub-atmospheric
pressure and constant inlet water temperature.

•

Experimental study on bubble column dehumidifier working at elevated pressures
and constant inlet water temperature.

•

Experimental study on bubble column dehumidifier working at elevated pressures
and constant column liquid temperature.

•

Develop ε-NTU models to bubble column humidifier and dehumidifier.
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•

Modify a semi-empirical model of Sherwood number to capture the pressure
effects in the dehumidifier.

•

Evaluate the effect of column liquid height, superficial velocity and pressure on
the thermal performance associated with the total heat transfer rate and
effectiveness.

The outline of the thesis is divided into four chapters:
Chapter 1 introduces conventional HDH desalination technologies and the application of
bubble columns, emphasizes that the varying pressure operated in the humidification and
dehumidification processes is potential and demands to further experimental investigation.
The objectives and scopes in this thesis are also specified to answer the stated problems.
Chapter 2 presents experimental and mathematic work on the bubble column
dehumidifier in two operating conditions, and details the experimental and numerical
results for them. The relationship of effectiveness and NTU is applied to the thermal
analysis. It further develops a Sherwood number model in consideration of pressure
effect.
Chapter 3 describes experimental work on the bubble column humidifier, and presents
the simultaneous heat and mass transfer between the air and water streams. An ε-NTU
model for counter flow heat and mass exchanger is employed. The experimental results
of thermal performance are detailed.
Chapter 4 states the conclusion of this thesis and supplies the recommendation for the
possible future work.
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2 CHAPTER 2
BUBBLE COLUMN DEHUMIDIFIER

2.1

Mathematical Model

2.1.1 Dehumidifier at Constant Tc
Figure 2-1 shows a schematic of a bubble column dehumidifier where hot-humid air is
injected through a perforated plate into a pool of cold fresh water to form a bubbly flow.
A coolant is circulated inside a cooling coil immersed in the bubble column to control its
temperature and receive the heat released from the hot-humid air. The temperature
difference between the air bubbles and the water in the bubble column drives the sensible
cooling of the air, while the water vapor concentration (or humidity ratio) difference
drives the latent cooling and the condensation occurs at the surface of the bubble (see
Figure 2-2a). The turbulent motion of the bubbles ensures a good mixing and a
homogeneous temperature in the water column.
The thermal resistance network of the bubble column dehumidifier is shown in Figure
2-2b There are two temperatures namely; the air bubbles temperature (T a ) which
decreases from the inlet to the outlet due to the heat and mass transfer, and the
temperature of water in the bubble column (T c ) which is fixed by controlling the
temperature and flow rate of the coolant in the cooling coil. Giving that T a > T c , the
sensible heat transfer is from the air bubbles to the water in the column, and ωa ˃ ωsc , the
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latent heat transfer is from the air to the water too. The water vapor carried by the vaporair mixture diffuses inside the bubble and reaches the bubble-liquid interface where it
condenses and joins with the water in the column. The humidity ratio at the air bubble
temperature (ωa ) is defined for the gas and vapor mixture inside the bubble while the
saturated air humidity ratio (ωsc ) is defined at the bubble-liquid interface at the column
temperature. At the bubble-liquid interface, it is assumed that the temperature is equal to
the column temperature (T c ), thus, the convection resistance from the bubble surface to
the liquid in the column is neglected compared with the latent heat transfer.

Figure 2-1 Schematic of a bubble column dehumidifier
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Figure 2-2 (a) Temperature and humidity ratio gradients inside a bubble; (b) Thermal
resistance network
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a. Heat and Mass Transfer
Figure 2-3 shows a schematic of the bubble column with a finite volume of crosssectional area (A c ) and a height (dz) at an elevation (z) from the column bottom. It is
assumed that the bubbles are distributed uniformly inside the bubble column and the
bubbles diameter has a sauter mean value. The heat loss from the walls of the bubble
column as well as the impact heat transfer due to the collision of the bubbles on the
cooling coil surface are negligible [11]. The moist air properties are employed with an
average air temperature of the inlet and outlet conditions, along with a saturated outlet air
assumed.

Tao, ωao, m a , P

Ac

dz
Hc2
Hc1

z

do

Tai, ωai, m a , P

Figure 2-3 Schematic of the bubble column with a finite volume element
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The total rate of heat transfer from the air bubbles inside the finite volume to the water in
the column is the summation of the sensible and latent heats as given in Equation (2-1).
𝑑𝑞̇ = 𝑑𝑞̇ 𝑠𝑒𝑛 + 𝑑𝑞̇ 𝑙𝑎𝑡

(2-1)

𝑑𝑞̇ = −𝑚̇𝑑𝑎 𝑑𝑖𝑎

(2-2)

The total heat transfer is related to the total enthalpy change of the air as follows,

Over a differential height of the liquid in the column (𝑑𝑧 ) , the sensible heat ( dqsen ) due to
R

the temperature difference between the air and water, and the latent heat ( dqlat ) due to the
vapor concentration difference between the air and the saturated air at the bubble-liquid
interface (see Figure 2-2a), are given as follows,
𝑑𝑞̇ 𝑠𝑒𝑛 = ℎ𝑎(𝑇𝑎 − 𝑇𝑐 )𝐴𝑐 𝑑𝑧

𝑑𝑞̇ 𝑙𝑎𝑡 = ℎ𝑑 𝑎(𝜔𝑎 − 𝜔𝑠𝑐 )𝑖𝑔 𝐴𝑐 𝑑𝑧

(2-3)
(2-4)

where h is the convective heat transfer coefficient between the moist air inside the bubble
and the bubble-liquid interface, and h d is the convective mass transfer coefficient.
Combining Equations (2-1) – (2-4) yields,
−𝑚̇𝑑𝑎 𝑑𝑖𝑎 = ℎ𝑎(𝑇𝑎 − 𝑇𝑐 )𝐴𝑐 𝑑𝑧 + ℎ𝑑 𝑎(𝜔𝑎 − 𝜔𝑠𝑐 )𝑖𝑔 𝐴𝑐 𝑑𝑧

(2-5)

where i g is the specific enthalpy of saturated water vapor, i a is the enthalpy of air as
given by Equation (2-6),
𝑖𝑎 = 𝑐𝑝𝑎 𝑇 + 𝑖𝑓𝑔 𝜔
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(2-6)

An important parameter in air–water systems relating the heat and mass transfer
coefficients [36] is the Lewis factor Le f , defined as [37],
𝐿𝑒𝑓 =

ℎ

ℎ𝑑 𝑐𝑝𝑎

(2-7)

Substituting Equation (2-7) into Equation (2-5) and rearranging yields,
−𝑑𝑖𝑎 =

ℎ𝑑 𝑎𝐴𝑐
𝑚̇𝑑𝑎

� 𝐿𝑒𝑓 𝑐𝑝𝑎 (𝑇𝑎 − 𝑇𝑐 ) + 𝑖𝑔 (𝜔𝑎 − 𝜔𝑠𝑐 )�𝑑𝑧

(2-8)

Adding and subtracting the term Le f i fg ( ωa − ωsc ) into the bracket of Equation (2-8) and
using Equation (2-6), yields,
−𝑑𝑖𝑎 =

ℎ𝑑 𝑎𝐴𝑐
𝑚̇𝑑𝑎

� 𝐿𝑒𝑓 (𝑖𝑎 − 𝑖𝑠𝑐 ) − 𝐿𝑒𝑓 𝑖𝑓𝑔 (𝜔𝑎 − 𝜔𝑠𝑐 ) + 𝑖𝑔 (𝜔𝑎 − 𝜔𝑠𝑐 )�𝑑𝑧

(2-9)

For air–water systems, the Lewis factor Le f approximates to unity [38]. Using Le f = 1 and
the thermodynamic relation i fg = i g − i f into Equation (2-9) gives,
−𝑑𝑖𝑎 =

ℎ𝑑 𝑎𝐴𝑐
𝑚̇𝑑𝑎

�(𝑖𝑎 − 𝑖𝑠𝑐 ) + 𝑖𝑓 (𝜔𝑎 − 𝜔𝑠𝑐 )�𝑑𝑧

(2-10)

Considering i f ( ωa − ωsc ) is relatively negligible with respect to the air enthalpy
difference, Equation (2-10) can be simplified to,
−𝑑𝑖𝑎 =

ℎ𝑑 𝑎𝐴𝑐

(𝑖𝑎 − 𝑖𝑠𝑐 )𝑑𝑧

𝑚̇𝑑𝑎

(2-11)

Since T c is constant, it implies that i sc is constant too. In addition, it is assumed that h d is
constant along the bubble column height although it may change due to the local
variation of the bubble velocity. However, an effective value of h d which represents the
integrated effect along the column height is considered and will be correlated with the
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experimental measurements. Therefore, the variables in Equation (2-11) can be separated
and integrated as follows,
𝑖 −𝑖

𝑙𝑛 �𝑖 𝑎𝑖 −𝑖𝑠𝑐 � =
𝑎𝑜

𝑠𝑐

ℎ𝑑 𝑎𝐴𝑐 𝐻𝑐2
𝑚̇𝑑𝑎

(2-12)

The expression on the left hand side of Equation (2-12) is dimensionless and presents the
logarithmic feature of the change of the air enthalpy. The expression on the right hand
side of Equation (2-12) is dimensionless too and presents the number of transfer units
(NTU) in heat and mass exchangers. The NTU is defined as follows [39],
𝑁𝑇𝑈 =

ℎ𝑑 𝑎𝑉𝑐

(2-13)

𝑚̇𝑎

where V c is the volume of the aerated water in the bubble column, which is equal to the
product of the cross-sectional area A c and the aerated water height H c2 . Combining
Equation (2-12) and Equation (2-13), we obtain the following expression,
𝑖 −𝑖

𝑁𝑇𝑈 = 𝑙𝑛 �𝑖 𝑎𝑖 −𝑖𝑠𝑐 �
𝑎𝑜

𝑠𝑐

(2-14)

Furthermore, the effectiveness of heat exchanger (ε) is defined as the ratio of actual
enthalpy change to maximum enthalpy change at which the exit air temperature
approaches the column temperature, hence,
𝜀=

𝑖𝑎𝑖 −𝑖𝑎𝑜
𝑖𝑎𝑖 −𝑖𝑠𝑐

(2-15)

Combining Equation (2-14) and Equation (2-15), the relationship between ε and NTU is
given as,
𝜀 = 1 − 𝑒 −𝑁𝑇𝑈
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(2-16)

Equation (2-16) is a well-known relation for a heat exchanger with a phase change
(condensation or evaporation) occurs in one of the fluid streams (i.e. one of the fluids is
at a constant temperature). Based on the model developed above, the value of the NTU
can be determined from the experimental measurements of the column liquid temperature
and the inlet and outlet air enthalpies. Alternatively, for a given NTU, inlet air conditions,
and column temperature, we can determine the outlet air temperature and the
effectiveness of the bubble column dehumidifier. However, for design purpose, we
should know the convective mass transfer coefficient h d in order to calculate NTU for a
given bubble column geometry. Therefore, the next section presents a phenomenological
model that is adopted from [40] to determine h d . This model is modified to capture the
pressure effect and is calibrated by the experimental results obtained in the present work.

b. The Convective Mass Transfer Coefficient
Mass transfer characteristics in bubble columns has been studied by many investigators
[28,41–44]. In these studies, the overall mass transfer from the gas phase (inside the
bubble) to the liquid phase (in the column) is governed by the liquid-side mass transfer
coefficient and assumed that the gas side resistance is negligible. Different models were
proposed to estimate the convective mass transfer coefficient in the liquid phase as a
function of the superficial gas velocity, gas holdup, bubble diameter, and gas density.
Akita and Yoshida [41] experimentally measured the volumetric mass transfer coefficient
in the bubble column and developed a correlation which shows the mass transfer
coefficient is proportional to the gas holdup to the power of 1.1. Their empirical
correlation was later verified by other experimental evidence [42]. Hikita et al. [44]
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proposed a correlation for the volumetric mass transfer coefficient which has an average
deviation of 2.5% with the experimental data. Wilkinson and Haringa [28] developed a
correlation which estimates the mass transfer coefficient directly from the gas holdup
which was measured at different gas densities and pressures. Since the mass transfer
coefficient is also depending on the bubble diameter, they scaled the bubble diameter
with the density ratio of the gas and liquid phases. Öztürk et al. [43] found that the
volumetric mass transfer coefficient is related to the density ratio of the phases based on
the measurements of mass transfer coefficient for 50 gas and liquid mixtures at
atmospheric pressure. They developed a correlation which predicts the mass transfer
coefficient with an average deviation of 13.3% from the experimental measurements.
The above mentioned studies though did not consider the mass transfer coefficient due to
the diffusion of vapor through the vapor-gas mixture inside the bubble. When the
diffused vapor reaches the bubble-liquid interface, it condenses and joins with the liquid
in the column without diffusing into it (because it is the same liquid). On the other hand,
the air in the vapor-air mixture is assumed to be undissolvable into the water column
since this air is hot, hence; has low solubility. The convective mass transfer coefficient of
the gas side was estimated by Narayan et al. [11] by assuming a diffusive boundary layer
with a thickness equals the radius of the bubble which is an upper limit for the size of the
boundary layer and the associated thermal resistance.
There are several complexities involved in evaluating the mechanism of transport inside
the bubble. In the present work, we adopted the model of Miller [40] to determine the
convective mass transfer coefficient of the vapor diffuses into vapor-air mixture. The
model is modified to capture the pressure effect and is compared with the experimental
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data obtained and presented in the next section. The correlation relates Sherwood number
to Reynolds number, Schmidt number, and the density ratio of the air and water vapor as
given by Equation (2-17),
𝑆ℎ = 𝑛0 𝑅𝑒 𝑛1 𝑆𝑐 𝑛2 𝜌𝑟 𝑛3

(2-17)

The Sherwood number, Sh is considered as a dimensionless mass transfer coefficient
defined as,
𝑆ℎ =

ℎ𝑑 𝑑𝑏

(2-18)

𝜌𝑣 𝐷

where d b is the bubble diameter which is related to the orifice diameter of the perforated
plate, surface tension of water, and the air and water densities as given by Equation (219). It is noted that several sample corrections for the bubble diameter were presented in
a review article [15]. The following expression cited by Miller [40] and Narayan et al.
[11] in a similar system,
6𝜎𝑑𝑜

𝑑𝑏 = �(𝜌

𝑐 −𝜌𝑎 )𝑔

1/3

�

(2-19)

Reynolds number and Schmidt number in Equation (2-17) are given by,
𝑅𝑒 = �𝜌𝑎 𝑉𝑔 𝑑𝑏 �⁄𝜇𝑎
𝑆𝑐 = 𝜇𝑎 ⁄(𝜌𝑎 𝐷)

(2-20)
(2-21)

where V g is the superficial gas velocity given by,
𝑉̇

𝑉𝑔 = 𝐴𝑎̇

𝑐

29

(2-22)

The density ratio (ρ r ) in Equation (2-17) is the ratio of the saturated air density to the
saturated vapor density at the average air temperature and pressure. The density ratio is
introduced to the model suggested by Miller [40] to capture the effect of the pressure on
the gas-side mass transfer coefficient. Since, increasing the pressure increases the air
density but not the saturated vapor density as it depends only on the temperature. The
increase of the air density decreases the bubble diameter which brings the water vapor
and air molecules closer to each other. This increases the mass transfer coefficient and
consequently the total heat transfer. The introduction of the density ratio was also used by
Wilkinson et al. [28] to correct the pressure effect on the heat and mass transfer
coefficients in bubble columns. We found that adding the density ratio in the correlation
makes it fit well with the experimental data.
The specific area (a) in Equation (2-13) is determined with the following widely-accepted
correlation that assumes spherical bubbles [40],
6𝜖

𝑎=

(2-23)

𝑑𝑏

where ϵ is the gas holdup expressed as follows [45],
𝑉𝑔

𝜖 = 0.3+2𝑉

𝑔

(2-24)

In addition, the gas holdup is related to the initial water height (H c1 ) and the aerated
water height (H c2 ) in the column as follows [41],
𝜖=

𝐻𝑐2 −𝐻𝑐1
𝐻𝑐2
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(2-25)

It is important to mention that the overall convective mass transfer coefficient (h d ) in
Sherwood number can be calculated experimentally using the number of transfer units
(NTU) of Equation (2-13). The following Equation (2-26) shows the relationship between
Sh and NTU,
𝑁𝑇𝑈 =

𝑆ℎ

𝑅𝑒𝑆𝑐

∙

𝑎𝐻𝑐2
𝜌𝑟

(2-26)

The ε–NTU model developed in Equation (2-16) reveals that the bubble column
dehumidifier with constant column temperature is similar to a heat exchanger with one
fluid at constant temperature (e.g. in evaporation or condensation). The determination of
the mass transfer coefficient h d that appears in the NTU equation is calculated from the
experimental data and fitted to Equation (2-17). The coefficients in Equation (2-17) will
be determined using the experimental data that is discussed in Section 2.3.1. The
presented model gives a direct and effective modification to the model suggested by
Miller [40] to capture the pressure effect using the density ratio.
The set of equations in the mathematical model are modeled and solved numerically by
using Engineering Equation Solver (EES) program [46]. The physical properties of moist
air and liquid water are acquired from its built-in functions relying on good accuracy
thermodynamic and transport properties database. The non-linear equations are solved
iteratively to obtain the outputs of performance evaluations based on the inputs of
operating conditions, with graphic solutions generated in plots.
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2.1.2 Dehumidifier at Constant Twi
Figure 2-4 shows a schematic of the bubble column dehumidifier. It demonstrates the
physical processes that take place in order to help presenting the thermal analysis. In the
dehumidification process, hot-humid air is sparged from a perforated plate at the bottom
of the bubble column dehumidifier into a pool of cold water to form a bubbly flow. Cold
water is circulated inside the cooling coil immersed in the bubble column that receives
the heat released from the hot-humid air. The temperature difference between the air
bubbles and the water in the bubble column contributes to the sensible cooling of the air.
While the water-vapor concentration (or humidity ratio) difference drives the latent
cooling and the condensation occurs at the interface of the bubble surface and the water
in the column. The inlet temperatures of the air and water are fixed during the
dehumidifier test. In this process, the liquid in the column is regarded as a transition
phase for the sensible heat transfer, and obtains the vapor condensation from the air
moisture stream in form of latent heat transfer. The dissolution of air into the water phase
is neglected. The outlet air is assumed in saturated condition due to sufficient contact
with water in the column.
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Warm water out

Cold water in (fixed Twi)
Cold air out

Hot air sparged (fixed Tai)
Figure 2-4 Schematic of the bubble column dehumidifier at constant T wi
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Figure 2-5 shows a control volume that represents the dehumidification process occurs in
the bubble column dehumidifier. The flow configuration of the circulated water inside the
coil and the air in the bubble column can be treated as a counter flow heat exchanger.
This is similar to the transport processes occur in a cooling tower where heat and mass
are transferred between the air and water streams. In the following thermal analysis of the
bubble column dehumidifier, the inlet and outlet conditions are measured experimentally
and the performance is calculated. The performance is evaluated by calculating the total
heat transfer rate and effectiveness (ε). An ε-NTU model developed by Braun et al.[39]
for counter flow cooling tower is used to determine the effective mass transfer coefficient
in the bubble column. The derivation of the model for both cooling tower and bubble
column should be the same. The difference between the two models is the surface area
available for the simultaneous heat and mass transfer processes. In the cooling tower, this
area is the surface area of the packing, however, in the bubble column it is the surface
area of the bubbles in the column.

Figure 2-5 A finite volume element in a bubble column dehumidifier with a counter flow
configuration
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Applying energy balances on the air and water streams of the control volume shown in
Figure 2-5 for the dehumidifier,
𝑑𝑞𝑎̇ = 𝑑𝑞̇ 𝑤

(2-27)

𝑑𝑞̇ 𝑎 = −𝑚̇𝑑𝑎 𝑑𝑖𝑎

(2-28)

The total heat transfer rate in the air and water sides can be expressed in terms of their
total enthalpy changes,

𝑑𝑞̇ 𝑤 = 𝑚̇𝑤 𝑑𝑖𝑤

(2-29)

Contributing to the majority of the total heat transfer rate in the air stream, the latent heat
transfer rate is respected to the increment of humidity ratio, and is given by,
𝑑𝑞̇ 𝑙𝑎𝑡 = −𝑚̇𝑑𝑎 𝑖𝑓𝑔 𝑑𝜔𝑎

(2-30)

Analogous to a cooling tower, the mass balance over a finite volume is given by the
following differential equation,
−𝑑𝜔𝑎 =

ℎ𝑑 𝑎𝐴𝑐
𝑚̇𝑑𝑎

�𝜔𝑎 − 𝜔𝑠𝑎,𝑤 �𝑑𝑧

(2-31)

where h d is defined as the convective mass transfer coefficient of the water vapor inside
the bubbles. The number of transfer units (NTU) for a heat and mass exchanger is given
by [39],
𝑁𝑇𝑈 =

ℎ𝑑 𝑎𝑉𝑐
𝑚̇𝑑𝑎

(2-32)

Integrating Equation (2-31) and using the definition of NTU given by Equation (2-32),
the following expression is obtained to calculate NTU.
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𝜔

𝑁𝑇𝑈 = ∫𝜔 𝑎,𝑜 �𝜔

𝑑𝜔𝑎

(2-33)

𝑠𝑎,𝑤− 𝜔𝑎 �

𝑎,𝑖

The integration of Equation (2-33) is made by assuming a linear relationship between the
humidity ratio of the saturated air and the water temperature since the variation in the
water temperature is very small along the bubble column. The effectiveness is defined as
the ratio of the actual total heat transfer rate to its maximum approaching value of the
stream having minimum heat capacity. In the present work, the air stream has the
minimum heat capacity and therefore an expression for its effectiveness is given by,
𝜀=𝑖

𝑖𝑎𝑜 −𝑖𝑎𝑖

(2-34)

𝑠𝑎,𝑤𝑖 −𝑖𝑎𝑖

where i sa,wi is the enthalpy of saturated air at entering water temperature, which is the
maximum possible temperature for the exit air in a counter flow heat exchanger.
The heat capacity ratio (HCR) for a heat and mass exchanger was defined by Narayan et
al. [3,26] as the ratio of maximum possible total enthalpy change between the cold stream
and hot stream (HCR < 1),
𝑖

−𝑖𝑎𝑖 𝑖𝑤𝑖 −𝑖𝑤,𝑎𝑖

𝐻𝐶𝑅 = 𝑚𝑖𝑛 〈 𝑖𝑠𝑎,𝑤𝑖
−𝑖
𝑤𝑖

𝑤,𝑎𝑖

,𝑖

𝑠𝑎,𝑤𝑖 −𝑖𝑎𝑖

〉

(2-35)

Analogous to a counter flow heat exchanger, the relationship of the effectiveness and
NTU is given by Equation (2-36) [39],
1−𝑒𝑥𝑝[−(1−𝐻𝐶𝑅)∙𝑁𝑇𝑈]

𝜀 = 1−𝐻𝐶𝑅∙𝑒𝑥𝑝[−(1−𝐻𝐶𝑅)∙𝑁𝑇𝑈]
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(2-36)

In order to determine the mass transfer coefficient from Equation (2-32), the specific area
(a) in the bubble column is required. The specific area is given by Equation (2-37)
assuming that the bubbles are of mean sauter diameter [40],
6𝜖

𝑎=

(2-37)

𝑑𝑏

The gas holdup in Equation (2-37) is given by the following expression provided by Joshi
and Sharma [45],
𝑉𝑔

(2-38)

𝜖 = 0.3+2𝑉

𝑔

where Vg is the superficial velocity calculated by dividing the actual air flow rate by the
cross sectional area of the bubble column. The gas holdup (ϵ) can be also expressed by
the following relationship which relates the aerated liquid height in the bubble column
(H c2 ), to the static liquid height (H c1 ), provided by Akita and Yoshida [41],
𝜖=

𝐻𝑐2 −𝐻𝑐1

(2-39)

𝐻𝑐2

The aerated liquid height (H c2 ) is used to determine the aerated volume (Vc ) which
appears in Equation (2-32) by multiplying it by the cross-sectional area (A c ).
Finally, the following expression given by Miller [40] and Narayan et al. [11] in a similar
system is used to determine the bubble mean diameter.
𝑑𝑏 = �(𝜌

6𝜎𝑑𝑜

𝑤−𝜌𝑎 )𝑔
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(2-40)

2.2

Experimental Work

2.2.1 Dehumidifier at Constant Tc
A laboratory scale test-rig was designed and constructed to study the heat and mass
transfer processes between moist air and liquid in a bubble column dehumidifier working
under atmospheric and elevated pressures. A photograph of the bubble column
dehumidifier during the experimental test is shown in Figure 2-6.

Figure 2-6 Photo of the bubble column dehumidifier
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Figure 2-7 shows a schematic diagram of the test-rig used in this study. The apparatus
consists of a compressor (1), bubble column humidifier (3), bubble column dehumidifier
(9), flow control valves (15, 17), pressure control valves (2, 10), make-up tank (16), and a
constant temperature bath (20).

Figure 2-7 Schematic of the laboratory scale test-rig for dehumidifier test at fixed T c
(1) Air compressor, (2, 10) pressure control valves, (3) bubble column humidifier (4, 7,
13, 18, 19) thermocouples, (5, 8) absolute pressure sensors, (6) cooling coil, (9) bubble
column dehumidifier, (11, 12) rotameters, (14) perforated plate, (16) make-up tank, (15,
17) flow control valves, and (20) constant temperature bath
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Air is supplied from the compressor (1) to be heated and humidified in the bubble column
humidifier (3), and then it flows to the dehumidifier (9) where it is cooled and
dehumidified. For the water loop, hot water in the humidifier coil is circulated between
the coil and a constant temperature bath (not shown in the schematic), and cold water in
the dehumidifier coil is circulated between the cooling coil (6) and the constant
temperature bath (20). The bodies of the bubble column humidifier and dehumidifier are
made from transparent PVC tubes of 10 mm thickness, 100 mm inside diameter, and 250
mm height (with a tolerance of ±0.1 mm). The heating and cooling coils are made of
seamless copper tubes of 9.5 mm outside diameter, 0.9 mm thickness, and spiraled inside
the bubble column to 90 mm vertical height. This height does not include the two vertical
pipes that connect the coil to the outside tubing. These two pipes are insulated with 3 mm
thickness insulation tape as shown in Figure 2-7 to reduce the convection heat transfer
with air. The cooling and heating coils in the dehumidifier and humidifier respectively
are connected to constant temperature baths with an adjustable range of 0 – 80 °C. An air
sparger (14) made of stainless steel cylindrical box of 98 mm outside diameter and 18
mm height is located on the bottom of the bubble column where air is injected into the
water. The top cover of this box is a perforated plate with 83 holes of 1 mm diameter
drilled on its surface with staggered distribution of 9 mm pitch. The two bubble columns
are supplied with small tanks (16) to charge, empty, and adjust the water level inside the
columns.
The thermocouples used in the apparatus (4, 7, 13, 18, 19) are K-type thermocouples of
1.5 mm sheathed probe diameter which are connected to Fluke 2680A high precision
analog input module and data logger. This module is equipped with a Platinum RTD
40

cold-junction compensation unit of ±0.1 K accuracy. The thermocouples and the data
logging system has an estimated combined uncertainty of ±0.25 K. Thermocouple (4)
measures the outlet temperature of air in the humidifier, and thermocouple (7) measures
the outlet temperature of air in the dehumidifier. A rotameter (11) is installed to measure
the flow rate of air with a range of 0.5 – 4.5 ft3/min and an uncertainty of ±2.5%. The
flow rate and the pressure of the air are adjusted by valves (2, 10). Another rotameter (12)
is installed to measure the flow rate of the coolant in the cooling coil with a range of 0.8 –
8 l/min. The flow rate of the cooling water is adjusted by valve (17). Absolute pressure
sensors (5, 8) are installed at the top of each bubble column with a digital readout of a
range 0 – 100 psia (0 – 689.5 kPa) and an uncertainty of ±0.1 psia (±0.7 kPa) to measure
and record the absolute pressure of the air inside the columns. The water level in the
column is directly observed and measured through the transparent tubes. The average
aerated water height (H c2 ) is measured and verified with the calculated value from the gas
holdup Equation (2-39) and the initial water height (H c1 ). The experimental tests were
conducted using distilled water inside the bubble columns and the cooling and heating
coils. The two bubble columns (the humidifier and the dehumidifier) and all connections
are insulated with 25 mm glass wool insulations during the operation, thus the overall
heat loss can be neglected.

a. Experimental procedure
The following is the experimental procedure followed before and during the recording of
each experimental run. The air pressure inside the column is controlled by valves (2) and
(10) to the desired value. The experiments were conducted at four operating absolute
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pressures; 15 psia (103.4 kPa), 20 psia (137.9 kPa), 25 psia (172.4 kPa), and 30 psia
(206.8 kPa). At each pressure, the air flow rate was changed to cover a range of
superficial velocity of 2 – 18 cm/s. During a certain superficial velocity, the temperature
of water in the column is fixed by adjusting the flow rate and temperature of the coolant.
The water level in the bubble column is adjusted to initial heights of 3, 5, and 7 cm from
the perforated plate before air flows using the make-up tank (16). Although the cooling
coil height is 9 cm, the aerated bubble column height during the experimental
measurements was more than 9 cm except for the 3 cm case where there was a portion of
the coil uncovered. We repeated the experimental reading for the 3 cm case after
covering that portion of the coil and we didn’t notice a significant difference in the exit
air temperature. This ensures that the convection heat transfer from the air to the coil
surface after it leaves the bubble column is negligible with respect to that one in the
bubble column. All temperatures and pressures are recorded automatically by digital data
loggers every 5 seconds until a steady state condition is approached (at which the
variables are changing only within their uncertainty band).

b. Instrument calibration and uncertainty analysis
To improve the precision of the measurements, a careful calibration of all instruments
was performed and the measured data was compared with standard values. The
thermocouples were calibrated with a liquid-in-glass thermometer which has a 0.1 K least
count while the pressure transducers were calibrated using a dead weight tester to ensure
that their readings are accurate to the standard values provided by the manufacturers.
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The flow rate measured by the rotameter is corrected due to the difference in the moist air
density from the dry air at the STP condition (Standard Temperature and Pressure) for
which it was calibrated by the manufacturer. Since the air flow in the rotameter is mainly
inviscid, the flow rate is proportional to the square root of the air density. Therefore, a
correction to the air flow rate is given by Equation (2-41) below. On the other hand, the
rotameter was installed at the humidifier exit where cold air flows through to reduce the
effect of condensation.
̇
𝑉𝑎,𝑚
̇
𝑉𝑎

=�

𝜌𝑎,𝑆𝑇𝑃
𝜌𝑎𝑖

(2-41)

The uncertainty mainly arises from the instruments, experiment condition, and
observations of measured quantities. Uncertainty analysis is essential to evaluate the
accuracy of each calculated result. In this work, the uncertainty of the calculated results is
determined using the method described by Coleman and Steele [47]. Based on the
uncertainty of each instrument previously stated in previous paragraphs, the uncertainty
of each calculated parameter is determined using the uncertainty propagation function in
EES commercial software [46]. The uncertainty bars are shown in the results figures that
are presented in “Results and Discussion” section.

2.2.2 Dehumidifier at Constant Twi
A schematic of the experimental setup (see Figure 2-8) provides the main components
and the basic flow paths in the dehumidifier test. Figure 2-9 shows a photograph of the
laboratory scale test-rig without compressor.
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Figure 2-8 Schematic of the experimental setup for dehumidifier test at fixed T wi
(1) air compressor, (2, 9, 12, 22, 25, 30) valve, (3) bubble column humidifier, (4, 17)
perforated plates, (5, 18) copper coils, (6, 7, 11, 15, 19, 20, 24, 28) thermocouples, (8, 21)
absolute pressure sensors, (10, 23) make-up tanks, (13) water heater, (14, 27, 29)
rotameter, (16) bubble column dehumidifier, (26) water chiller
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Figure 2-9 Photo of the laboratory scale test-rig without showing the compressor and
vacuum pump
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For the bubble column dehumidifier tests at elevated pressures, a compressor (1)
compresses the air into the bubble column humidifier first then the air flows through the
dehumidifier while the vacuum pump is not connected. The pressure and flow rates are
controlled by a set of valves (2, 9, 12, 22, 25, and 30). The bubble columns are filled with
water to a certain level and the temperature of the water in the columns is controlled by
heating and cooling coils inserted inside the humidifier and dehumidifier respectively.
Both bubble columns have perforated plates (4, 17) at its bottom where air is sparged
through its holes and bubbles aerate the columns.
The structure and geometry of both bubble columns are the same. The external body of
the bubble columns is made of transparent PVC tubes of 100 mm inside diameter, 10 mm
thickness, and 250 mm height. The tubes are enclosed by two cover plates at the top and
bottom where the air inlet and exit ports as well as the measuring instruments are
connected. The external surface of the columns was insulated by glass wool blanket of 5
cm thickness to reduce the heat loss or gain to or from the surroundings. A copper coil is
installed inside each bubble column to provide the heating or cooling load needed during
the experiments. The copper coils have an outside diameter of 9.5 mm, a wall thickness
of 0.9 mm, and is spiraled to a helical height of 90 mm with a turn outside diameter of 98
mm. Hot and cold waters are circulated inside the coil in the humidifier and dehumidifier
respectively. A water chiller (26) (Thermal Scientific model Accel 500 LC) is connected
to the cooling coil installed inside the dehumidifier which provide a cooling capacity up
to 500 W and a temperature range of 0 – 80 °C. The heating coil in the humidifier is
connected to a constant temperature circulating bath (13) (Omega model HCTB-3010)
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which provides a heating capacity up to 1000 W and an adjustable temperature range of
20 – 95 °C.
The air is sparged through the perforated plates (4, 17) installed at the bottom of each
bubble column which distribute the air and generate bubbles. The perforated plate
consists of a stainless steel cylindrical box of 98 mm outside diameter and 18 mm height.
A plate covers this box and has 83 holes of 1 mm diameter each drilled in a staggered
distribution with a pitch of 9 mm. The air enters at the bottom of the perforated plate box
through stainless steel tube and hose. During the experimental tests, the perforated plate
and fittings causes a maximum pressure drop of a 0.12 bar (1.7 psia) at the highest flow
rate tested. The level of water in the bubble column is adjusted using make-up tanks (10,
23) which are connected to the bottom of each bubble column.
The operating parameters of flow rate, temperature, and pressure are measured using
rotameters (14, 27, 29), thermocouples (6, 7, 11, 15, 19, 20, 24, 28) and absolute pressure
gauges (8, 21) respectively. The air flow rate is measured using the rotameter (29) which
has a range of 0.5 – 4.5 ft3/min (236 – 2124 cm3/s) and an uncertainty of ±2.5%. The
water flow rates in the heating and cooling coils are measured using rotameters (14, 27)
which have a range of 0.8 – 8 L/min. All thermocouples are of K-type connected to a 12channel temperature logger (Omega, RDXL 12SD). The thermocouples and the data
logger system have a combined uncertainty of ±0.25 K. The absolute pressure of the air
inside the bubble columns is measured by digital pressure gauges (Omega, DPG1000B100A) which have a range of 0 – 100 psia (0 – 6.89 bar absolute) and an uncertainty of
±0.1 psia (±6.89×10-3 bar). The water level in the columns is measured directly by a ruler
attached to the outside surface of the bubble columns. The hydrostatic pressure of the
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liquid in column and the pressure drop in the perforated plate are considered in the
measured pressure during the dehumidifier test. The absolute pressure of moist air in the
rotameter which determines its density is obtained from the pressure measurements of
humidifier (8) and dehumidifier (21) along with total pressure drop mentioned above.

a. Experimental procedure
Before the experimental test starts, gas leakage test is performed to avoid any air leakage
from the system. The temperatures from all thermocouples are checked before the
implementation of any heating or cooling loads to guarantee a uniform temperature
environment. Every run is accomplished to when a steady state condition is achieved at
which all measuring variables fluctuate within their uncertainty tolerances, and
continuously carried out for new experimental set conditions.
Water level in the bubble column dehumidifier was adjusted to the desired level (3, 5, or
7 cm) using the make-up tank (23). Similarly, the water level in the humidifier was fixed
at 5 cm using the make-up tank (10). In the dehumidifier test, the inlet air temperature to
the bubble column dehumidifier was fixed at 45°C by adjusting the water column
temperature in the humidifier. The inlet water temperature to the cooling coil in the
dehumidifier was fixed at 10 °C by setting the temperature of the water chiller (26). The
pressure of the dehumidifier was controlled by the valve (30) located at the exit air pipe
of the dehumidifier. The elevated pressures tested in the bubble column dehumidifier
were set at 20 psia (1.38 bar), 25 psia (1.72 bar), and 30 psia (2.07 bar). The air flow rate
through the dehumidifier was adjusted by the valve (2) and was read by the rotameter
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(29). The range of the air flow rate tested was 0.5 – 2.25 ft3/min (236 – 1062 cm3/s)
corresponding to superficial velocity of 3 – 20 cm/s.

b. Instrument calibration and uncertainty analysis
The air flow rate measured by the rotameter (29) is corrected considering that the actual
density of the moist air during the experiment is different from the dry air density at
standard temperature and pressure (STP) condition at which the rotameter scale was
calibrated by the manufacturer. The relationship of the flow rate and density in
calibration has been mentioned in the foregoing Section 2.2.1.
Uncertainty analysis is performed to all experimental data to confirm that the
measurement accuracy is consistent with the predicated results. This analysis was
conducted using Engineering Equation Solver software (EES) [46] knowing the absolute
or relative uncertainty of each physical parameter.

2.3

Results and Discussion

2.3.1 Dehumidifier at Constant Tc
The variation of the air exit temperature from the dehumidifier with the superficial
velocity and pressure is shown in Figure 2-10. The inlet air temperature is fixed at 45 °C,
the temperature of water in the column is fixed at 15 °C, and the initial water height is 5
cm. It is noticed that the air exit temperature decreases with the increase of the superficial
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velocity while it increases slightly with the pressure. It is known that the mass transfer
coefficient increases with the increasing superficial gas velocity due to the increase of the
turbulent dissipation rate in the column [24,34,35]. The increase of the mass transfer
coefficient leads to the increasing total heat transfer rate which accounts for the
progressive decrease of the air exit temperature. On the other hand, the pressure increases
the air mass flow rate for a given superficial velocity due to the increase of the air density.
Consequently, it increases the amount of sensible heat transfer from the air stream as it
approaches the column temperature. Therefore, the enthalpy difference between the inlet
and exit air decreases which leads to the slight increase of the air exit temperature with
the pressure.
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Figure 2-10 Air exit temperature from the dehumidifier at different pressures and
superficial velocities
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Figure 2-11 shows that the heat transfer rate is nearly independent on the water height at
all measured superficial velocities. This finding agrees well with the previous research
[11–13]. However, Figure 2-12 shows a slight increase in the effectiveness with the
initial water height. This variation is very small and within the uncertainty of the
measured temperatures. Therefore, in the following discussion, we will present only data
at 5 cm initial water height. Although the effectiveness model showed that the NTU is
proportional to the column height, it also depends on the specific area which is a function
of the gas holdup. It was reported by many researchers that the gas holdup is affected by
the column height at aspect ratio (height-to-diameter) less than 5. In our experiment, this
ratio is about 1. This indicates that the gas holdup decreases with the column height due
to the wall effect and consequently it decreases the specific area. The decrease of the
specific area repeals the effect of the column height. This finding suggests that the effect
of column height at lower bubble column aspect ratio needs further investigation.
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Figure 2-11 Effect of the bubble column initial water height on the total heat transfer rate
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Figure 2-12 Effect of bubble column initial water height on the effectiveness
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Figure 2-13 presents the experimental measurements of Sherwood number as calculated
from Equation (2-18) varies with the dimensionless groups Re0.43Sc0.21ρ r 1.3. The figure
shows a straight line with a slope approximates to 0.32, treated as the coefficient on the
right hand of Equation (2-17) (i.e. n 0 ). The coefficients n 0 – n 3 in Equation (2-17) are
determined using a regression method to best fit the experimental data. The regression
method revealed values of n 1 = 0.43, n 2 = 0.21, and n 3 = 1.3. It is important to mention
that these coefficients are similar to what have been obtained by the referred publications
[40,48] except for the exponent of the density ratio (n 3 ) and the slope (n 0 ). The density
ratio introduced to the model captures the overall effect of the pressure in the bubble
column dehumidifier. The predicated Sherwood number calculated using Equation (2-18)
has an average deviation of 5% from the experimentally measured ones.
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Figure 2-13 Empirical correlation of Sherwood number with other dimensionless groups
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Figure 2-14 shows the variation of the total heat transfer rate with the superficial velocity
at different pressures. The total heat transfer rate is linearly proportional to the superficial
velocity and it is observed that there is a slight increase with the pressure. The increase of
the superficial velocity increases the gas holdup (as given by Equation 2-24) which
consequently increases the specific area and the total heat transfer rate. On the other hand,
the increase of the pressure decreases the bubbles size and increases the gas holdup which
again increases the specific area and the total heat transfer rate. Similar effect of the
pressure on the bubble size and gas holdup was also observed by [28,34,35]. Some
researchers [11,12,15,28,42] explained the increase of the heat transfer with the
superficial velocity by the increase of the turbulent dissipation rate in the bubble column.
Figure 2-14 also shows the model prediction of the total heat transfer rate as indicated by
the straight lines. It is clearly shown that there is a good agreement between the model
and the experimental data.
Figure 2-15 shows the variation of the effectiveness with the superficial velocity at
different pressures. The curves demonstrate that the effectiveness decreases slightly with
the pressure while it increases appreciably with the superficial velocity. Based on the ε –
NTU model developed in the present work and the definition of the NTU given by
Equation (2-13), the increase of the superficial velocity leads to an increase in the
specific surface area and the mass transfer coefficient which consequently increases the
NTU. This explains the increase in the effectiveness with the superficial velocity which
could be also noticed by the decrease of the exit air temperature (see Figure 2-10). On the
other hand, the increase of the pressure increases the air density which in turns decreases
the NTU. A comparison between the heat transfer rates calculated by the model of
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Equation (2-17) and the measured ones are presented in Figure 2-16. It is demonstrated
that there is an excellent agreement between the model prediction and the experimental
results.
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Figure 2-14 Effect of the superficial velocity and the pressure on the total heat transfer
rate, the lines indicate the model predictions
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Figure 2-16 A comparison between the predicated and the measured heat transfer rates
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Figure 2-17 shows the effectiveness of the bubble column dehumidifier calculated from
Equation (2-15) for the measured data as it changes with the NTU calculated from
Equation (2-13) using the correlation of the mass transfer coefficient by Equation (2-17).
It is shown that the effectiveness increases with the increase of the NTU at all operating
conditions. In addition, it is verified that the experimental results agree well with the
developed ε-NTU model presented by Equation (2-16). Specifically, the bubble column in
this investigation can be treated as a heat exchanger with one fluid at constant
temperature such as a boiler or condenser. Interestingly, the effectiveness of the bubble
column approaches unity at high values of NTU.
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Figure 2-17 Effectiveness vs. NTU at various pressures and superficial velocities
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2.3.2 Dehumidifier at Constant Twi
Experimental measurements are conducted for the bubble column dehumidifier under
different operating conditions. The parameters that are varied in the experimental runs are
the static liquid height, superficial velocity, and pressure. However, the inlet temperatures
of both air and water are fixed for the bubble column dehumidifier. The thermal
performance of the bubble column is presented by calculating the total heat transfer rate
and the effectiveness. In addition, the mass transfer coefficient is illustrated under
varying superficial velocity and pressure.
Figure 2-18 shows the outlet temperatures of air and water in the dehumidifier at elevated
pressures and different superficial velocities. As shown in the figure, the outlet air
temperature decreases with the superficial velocity while the outlet water temperature
increases. The decrease of the exit air temperature could be attributed to the increase of
the heat transfer coefficient with increasing the superficial velocity due to the enhanced
turbulence [15]. On the other hand, the increase of the air flow rate directly increases the
sensible heat transfer rate which is collected by the circulating cooling water in the coil
and leads to an increase of the exit water temperature.
The effect of pressure on the outlet air and water temperatures in the dehumidifier is also
shown in Figure 2-18. In the dehumidifier, the exit air temperature increases at higher
pressures which could be explained by the increase occurs in the mass transfer coefficient
with the pressure as will be shown in Figure 2-21. In addition, the exit water temperature
in the dehumidifier is decreased at an elevated pressure. This is perhaps due to the
decrease of the total heat transfer rate as a result of the increasing exit air temperature
provided with a constant air mass flow rate.
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Figure 2-18 Outlet temperatures of air (a) and water (b) in the bubble column
dehumidifier at different pressures and superficial velocities
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The column liquid height discussed herein is the static height of the water in the column.
During the experimental runs, the static height was varied in the range of 3 – 7 cm which
does not immerse the coil totally. However, the aerated liquid height after bubbling
effectively covered the coil. It was not possible to increase the static liquid height more
than 7 cm as there is no much space and the water in the column will flow with the air
stream. The influences of varying the column liquid height on the total heat transfer rate
and effectiveness for dehumidifier case were determined. As shown in Figure 2-19, the
effect of column liquid height in the dehumidifier is found insignificant to either the total
heat transfer rate or the effectiveness which agrees well with these previous studies
[11,12,31]. Accordingly, the remaining experimental results exclude the liquid height
effect and will show all dehumidifier tests at a liquid height of 5 cm.
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Figure 2-19 Effect of the static water column height on the total heat transfer rate (a) and
effectiveness (b) in the bubble column dehumidifier
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Figure 2-20 shows the effect of superficial velocity on the total heat transfer rate and
effectiveness for the bubble column dehumidifier. In addition, the variation of the mass
transfer coefficient with the superficial velocity is illustrated in Figure 2-21. It is
evidently shown from Figure 2-20a that the total heat transfer rate significantly increases
with the superficial velocity. This is mainly due to the increase of the mass flow rate
which increases the sensible heat. The effectiveness of the dehumidifier increases
gradually with the superficial velocity as shown in Figure 2-20b. Based on the definition
of the effectiveness given in Equation (2-34), the variation of the exit air temperature
discussed previously controls the variation in the effectiveness. The exit air temperature
decreases in the dehumidifier with the superficial velocity which leads to this variation in
the effectiveness. Moreover, the variation of the effectiveness could be explained from
the relationship with the NTU which will be discussed later. Figure 2-21 shows the
variation of the mass transfer coefficient determined from the NTU correlations given by
Equations (2-32) and (2-33). It is noticed that, the mass transfer coefficient increases with
the superficial velocity at any operating pressure due to the increase of the turbulent
dissipation rate in the column. This is consistent with the previous research studies
[28,30,31] for the mass transfer coefficient.

62

Total heat transfer rate, q [W]

400
Tai = 45 °C, Twi = 10 °C, H c1 = 5 cm

300

20 psia
30 psia

15 psia
25 psia

200

100

0
0

20

15

10

5

Superficial velocity, Vg [cm/s]
(a)
0.95

Effectiveness, e

0.93

0.91

0.89
Tai = 45 °C, Twi = 10 °C, H c1 = 5 cm

0.87

0.85
0

20 psia
30 psia

15 psia
25 psia

10

5

15

20

Superficial velocity, Vg [cm/s]
(b)
Figure 2-20 Effect of the superficial velocity and the pressure on the total heat transfer
rate (a) and effectiveness (b) in the dehumidifier
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The effect of pressure on the total heat transfer rate and effectiveness is shown in Figure
2-20 for the dehumidifier. The total heat transfer rate increases slightly with the pressure
at values higher than the atmospheric pressure as shown in Figure 2-20a. This is because
the increase of the pressure decreases the bubbles size and at the same time increases the
gas holdup which again increases the specific area and the total heat transfer rate. On the
other hand, the effectiveness of the dehumidifier decreases moderately with increasing
pressure as shown in Figure 2-20b. Based on the ε-NTU model given by Equation (2-36)
and the definition of the NTU given by Equation (2-32), the increase of the pressure leads
to an increase in the air density for the same superficial velocity which consequently
increases the air mass flow rate and reversely decreases the NTU. The decrease of NTU
leads to the decrease in the effectiveness with the pressure.
Figure 2-21 shows the variation of the mass transfer coefficient in the dehumidifier. It is
concluded from Figure 2-21 that increasing the pressure leads to the increase of mass
transfer coefficient in the dehumidifier. This increase is more remarkable at higher
superficial velocity. The effect of the pressure on the mass transfer coefficient in the case
of the dehumidification process was discussed in a previous publication [31]. As the
pressure increases, the bubbles size decreases which increase the gas holdup and the
specific surface area which consequently increases the total heat transfer rate. Similar
effect of the pressure on the bubble size and gas holdup was also observed by [28,30,31].
So it could be concluded here that the increase of the pressure generally increases the
mass transfer coefficient in the dehumidification processes.
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The ε-NTU model was developed by Braun et al. [19] for a cooling tower. However, a
modified HCR of this model is given by Equation (2-35), and this model could be also
used to model the bubble column dehumidifier. Since the heat and mass transfer
processes are similar to what occurring in the cooling tower (with different energy
direction and objective of the equipment). To validate this model, the experimental values
of the NTU and effectiveness calculated by Equations (2-33) and (2-34) respectively are
presented with the ε-NTU model as shown in Figure 2-22 for the dehumidifier.
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Figure 2-21 Effect of the superficial velocity and the pressure on the mass transfer
coefficient in the dehumidifier

65

Figure 2-22 shows the relationship between the effectiveness and NTU for the
dehumidifier. The NTU values are in a larger range between 6.8 and 9.4 because the
entering air is hot and fully saturated with water vapor therefore the humidity ratio is
higher and hence higher values of NTU is obtained from Equation (2-33). The minimum
and maximum experimental values of HCR are 0.71 and 0.96 respectively. As shown in
this figure, the ε-NTU model agrees well with the experimental results for the measured
NTU range for the dehumidifier. Therefore, the variations of the effectiveness with
respect to the pressure and superficial velocity as discussed previously could be described
with the ε-NTU model which fits well the experimental data. The effect of pressure and
superficial velocity on the effectiveness could be explained by analyzing the NTU.
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2.4

Chapter Conclusions

In this chapter, the pressure effect on the thermal performance of bubble column
dehumidifier is investigated experimentally and theoretically based on two different
operating conditions. For the constant column liquid temperature, a model is developed
for the relationship between the effectiveness of the bubble column dehumidifier and the
number of transfer units which combines the simultaneous heat and mass transfers occur
inside the bubbles. This model ended with a relationship similar to that one for a heat
exchanger with one fluid undergoing a phase change (or one fluid with a constant
temperature). In addition, a model is modified for the mass transfer coefficient from the
vapor into a vapor-gas mixture inside the bubble to capture the pressure effect. The
model is presented with a correlation of Sherwood number as a function of Reynolds
number, Schmidt number, and the density ratio. This model is calibrated using the
experimental measurements conducted at different pressures and superficial velocities.
For the constant inlet water temperature, a modified effectiveness-number of transfer
units (ε-NTU) model for counter flow cooling tower is used to relate the experimental
NTU and effectiveness values. The effect of the pressure, superficial velocity and liquid
height in the column are discussed. The performance is evaluated by measuring the total
heat transfer and the effectiveness.
The two ε-NTU models fit well with the experimental results, and the developed semiempirical model predicates the total heat transfer rate and the effectiveness of the bubble
column with a maximum deviation of 2% for both of them. It is found that the elevated
pressure increases the total heat transfer rate but decreases the effectiveness. Besides,
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increasing superficial velocities result in an increase of total heat transfer rate and the
mass transfer coefficient in the dehumidifier. It is verified that the liquid height in the
studied bubble column within the range of 3 – 7 cm, has no significant effect in the
dehumidifier on the overall performance.
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3 CHAPTER 3
BUBBLE COLUMN HUMIDIFIER

3.1

Mathematical Model

Figure 3-1 shows a schematic of the bubble column humidifier. It demonstrates the
physical processes that take place in order to help presenting the thermal analysis. In the
humidification process, cold air flows through a perforated plate at the bottom of the
bubble column humidifier and distributed bubbles are generated in the column. The
bubbles rise under the inertia and buoyancy forces, and contact directly with the warm
water in the column. The inlet water temperature to the heating coil in the humidifier and
the inlet air temperature are retained constant. However, the water temperature in the
column varies according to the flow rate and operating pressure. Heat and mass transfer
occur between the air and the water in the column due to the temperature and
concentration differences. Consequently, the water in the column losses sensible heat that
is compensated by the heating coil and it loses water molecule which are carried by the
air as latent heat transfer.
Figure 3-2 shows a control volume that represents the humidification processes occur in
the bubble column humidifier. The flow configuration of the circulated water inside the
coil and the air in the bubble column can be treated as a counter flow heat exchanger.
This is similar to the transport processes occur in a cooling tower where heat and mass
are transferred between the air and water streams. In the following thermal analysis of the
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bubble column humidifier, the inlet and outlet conditions are measured experimentally
and the performance is calculated. The performance is evaluated by calculating the total
heat transfer rate and effectiveness (ε). An ε-NTU model developed by Braun et al. [39]
for counter flow cooling tower is used to determine the effective mass transfer coefficient
in the bubble column. The derivation of the model for both cooling tower and bubble
column should be the same. The difference between the two models is the surface area
available for the simultaneous heat and mass transfer processes. In the cooling tower, this
area is the surface area of the packing, however, in the bubble column it is the surface
area of the bubbles in the column.

Hot water in (fixed Twi)

Warm water out
Hot air out

Cold air sparged (fixed Tai)
Figure 3-1 Schematic of the bubble column humidifier at constant T wi
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Applying an energy balance on the air and water streams of the control volume shown in
Figure 3-2 for the humidifier,
𝑑𝑞𝑎̇ = 𝑑𝑞̇ 𝑤

(3-1)

𝑑𝑞̇ 𝑎 = 𝑚̇𝑑𝑎 𝑑𝑖𝑎

(3-2)

The total heat transfer rate in the air and water sides can be expressed in terms of their
total enthalpy changes,

𝑑𝑞̇ 𝑤 = −𝑚̇𝑤 𝑑𝑖𝑤

(3-3)

Contributing to the majority of the total heat transfer rate in the air stream, the latent heat
transfer rate is respected to the increment of humidity ratio, and is shown as follows,
𝑑𝑞̇ 𝑙𝑎𝑡 = 𝑚̇𝑑𝑎 𝑖𝑓𝑔 𝑑𝜔𝑎

(3-4)

Figure 3-2 A finite volume element in a bubble column humidifier with a counter flow
configuration
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Analogous to a cooling tower, the mass balance over a finite volume is given by the
following differential equation,
−𝑑𝜔𝑎 =

ℎ𝑑 𝑎𝐴𝑐

�𝜔𝑎 − 𝜔𝑠𝑎,𝑤 �𝑑𝑧

𝑚̇𝑑𝑎

(3-5)

Where h d is defined as the convective mass transfer coefficient of the vapor diffusion into
the bubbles. The number of transfer units (NTU) for a heat and mass exchanger is given
by [39],
𝑁𝑇𝑈 =

ℎ𝑑 𝑎𝑉𝑐
𝑚̇𝑑𝑎

(3-6)

Integrating Equation (3-5) and using the definition of NTU given by Equation (3-6), the
following expression is obtained to calculate NTU.
𝜔

𝑁𝑇𝑈 = ∫𝜔 𝑎,𝑜 �𝜔
𝑎,𝑖

𝑑𝜔𝑎

𝑠𝑎,𝑤− 𝜔𝑎 �

(3-7)

The integration of Equation (3-7) is made by assuming a linear relationship between the
humidity ratio of the saturated air and the water temperature since the variation in the
water temperature is very small along the bubble column. The effectiveness is defined as
the ratio of the actual total heat transfer rate to its maximum approaching value of the
stream having minimum heat capacity. In the present work, the air stream has the
minimum heat capacity and therefore an expression for its effectiveness is given by,
𝜀=𝑖

𝑖𝑎𝑜 −𝑖𝑎𝑖

𝑠𝑎,𝑤𝑖 −𝑖𝑎𝑖
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(3-8)

where i sa,wi is the enthalpy of saturated air at entering water temperature, which is the
maximum possible temperature for the exit air in a counter flow heat exchanger.
The heat capacity ratio (HCR) for a heat and mass exchanger was modified by Narayan et
al. [3,26]. It is defined as the ratio of maximum possible total enthalpy change between
the cold stream and hot stream (HCR < 1),
𝑖

−𝑖𝑎𝑖 𝑖𝑤𝑖 −𝑖𝑤,𝑎𝑖

𝐻𝐶𝑅 = 𝑚𝑖𝑛 〈 𝑖𝑠𝑎,𝑤𝑖
−𝑖
𝑤𝑖

𝑤,𝑎𝑖

,𝑖

𝑠𝑎,𝑤𝑖 −𝑖𝑎𝑖

〉

(3-9)

Analogous to a counter flow heat and mass exchanger, the relationship of the
effectiveness and NTU is given by Equation (3-10) [39],
1−𝑒𝑥𝑝[−(1−𝐻𝐶𝑅)∙𝑁𝑇𝑈]

𝜀 = 1−𝐻𝐶𝑅∙𝑒𝑥𝑝[−(1−𝐻𝐶𝑅)∙𝑁𝑇𝑈]

(3-10)

In order to determine the mass transfer coefficient from Equation (3-6), the specific area
(a) in the bubble column is required. The specific area is given by Equation (3-11)
assuming that the bubbles are of mean sauter diameter [40],
6𝜖

𝑎=

(3-11)

𝑑𝑏

The gas holdup in Equation (3-11) is given by the following expression provided by Joshi
and Sharma [45],
𝑉𝑔

𝜖 = 0.3+2𝑉

𝑔

(3-12)

where Vg is the superficial velocity calculated by dividing the actual air flow rate by the
cross-sectional area of the bubble column. The gas holdup (ϵ) can be also expressed by
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the following relationship which relates the aerated liquid height in the bubble column
(H c2 ), to the static liquid height (H c1 ), provided by Akita and Yoshida [41].
𝜖=

𝐻𝑐2 −𝐻𝑐1

(3-13)

𝐻𝑐2

The aerated liquid height (H c2 ) is used to determine the aerated volume (Vc) which
appears in Equation (3-6) by multiplying it by the cross-sectional area (A c ).
Finally, the following expression given by Miller [40] and Narayan et al. [11] in a similar
system is used to determine the bubble mean diameter.
𝑑𝑏 = �(𝜌

6𝜎𝑑𝑜

𝑤−𝜌𝑎 )𝑔

1/3

�

(3-14)

The convectional ε-NTU model in the counter flow heat transfer is novel to be used in the
bubble column humidifier (to the authors’ best knowledge). For a design purpose, giving
the required conditions of heat exchanger, the value of the NTU can be determined as a
demand of geometrical parameters. For a performance elevation, the effectiveness and
outlet conditions of air and water can be solved with known parameters of the NTU and
inlet conditions of air and water. However, for design purpose, we should know the
convective mass transfer coefficient h d in order to calculate NTU for a given bubble
column geometry. In Section 3.3, the experimental data will be presented and the NTU
relationships given by Equations (3-6) and (3-7) will be used to determine the mass
transfer coefficient. In addition, the ε-NTU model will be presented with the experimental
values of the effectiveness and NTU to demonstrate that it is a good working model
which could be used to predict the effectiveness of the bubble column humidifier or
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dehumidifier at different operating conditions. Therefore, it could be utilized in the
design or the performance evaluation of bubble columns.
The set of equations in the mathematical model are modeled and solved numerically by
using a computer program Engineering Equation Solver (EES) [46]. The physical
properties of moist air and liquid water are acquired from its built-in functions relying on
good accuracy thermodynamic and transport properties database. The non-linear
equations are solved iteratively to obtain the outputs of performance evaluations based on
the inputs of operating conditions, with graphic solutions generated in plots.

3.2

Experimental Work

3.2.1 Experimental Setup
A schematic of the experimental setup (see Figure 3-3) provides the main components
and the basic flow paths in the humidifier test. For the bubble column humidifier tests
under reduced pressure, the air flows through the dehumidifier first where it is cooled and
dehumidified then through the humidifier where it is heated and humidified. A vacuum
pump (30) is connected to the exit of the humidifier where the air is sucked and a subatmospheric pressure is created inside the system. The pressure and flow rates are
controlled by a set of valves (1, 8, 11, 16, 23, and 26). The bubble columns are filled with
water to a certain level and the temperature of the water in the columns is controlled by
heating and cooling coils inserted inside the humidifier and dehumidifier respectively.
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Both bubble columns have perforated plates (3, 18) at its bottom where air is sparged
through its holes and bubbles aerate the columns.
The structure and geometry of both bubble columns are the same. The external body of
the bubble columns is made of transparent PVC tubes of 100 mm inside diameter, 10 mm
thickness, and 250 mm height. The tubes are enclosed by two cover plates at the top and
bottom where the air inlet and exit ports as well as the measuring instruments are
connected. The external surface of the columns was insulated by glass wool blanket of 5
cm thickness to reduce the heat loss or gain to or from the surroundings. A copper coil is
installed inside each bubble column to provide the heating or cooling load needed during
the experiments. The copper coils have an outside diameter of 9.5 mm, a wall thickness
of 0.9 mm, and is spiraled to a helical height of 90 mm with a turn outside diameter of 98
mm. Hot and cold waters are circulated inside the coil in the humidifier and dehumidifier
respectively. A water chiller (12) (Thermal Scientific model Accel 500 LC) is connected
to the cooling coil installed inside the dehumidifier which provide a cooling capacity up
to 500 W and a temperature range of 0 – 80 °C. The heating coil in the humidifier is
connected to a constant temperature circulating bath (27) (Omega model HCTB-3010)
which provides a heating capacity up to 1000 W and an adjustable temperature range of
20 – 95 °C.
The air is sparged through the perforated plates (3, 18) installed at the bottom of each
bubble column which distribute the air and generate bubbles. The perforated plate
consists of a stainless steel cylindrical box of 98 mm outside diameter and 18 mm height.
A plate covers this box and has 83 holes of 1 mm diameter each drilled in a staggered
distribution with a pitch of 9 mm. The air enters at the bottom of the perforated plate box
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through stainless steel tube and hose. During the experimental tests, the perforated plate
and fittings causes a maximum pressure drop of a 0.12 bar (1.7 psia) at the highest flow
rate tested. The level of water in the bubble column is adjusted using make-up tanks (9,
24) which are connected to the bottom of each bubble column.

Figure 3-3 Schematic of the experimental setup for humidifier test at fixed T wi
(1, 8, 11, 16, 23, 26) valve, (2) bubble column dehumidifier, (3, 18) perforated plates, (4,
19) copper coils, (5, 6, 10, 14, 20, 21, 25, 29) thermocouples, (7, 22) absolute pressure
sensors, (9, 24) make-up tanks, (12) water chiller, (13, 15, 28) rotameter, (17) bubble
column humidifier, (27) water heater, (30) vacuum pump
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The operating parameters of flow rate, temperature, and pressure are measured using
rotameters (13, 15, 28), thermocouples (5, 6, 10, 14, 20, 21, 25, 29) and absolute pressure
gauges (7, 22) respectively. The air flow rate is measured using the rotameter (15) which
has a range of 0.5 – 4.5 ft3/min (236 – 2124 cm3/s) and an uncertainty of ±2.5%. The
water flow rates in the cooling and heating coils are measured using rotameters (13, 28)
which have a range of 0.8 – 8 L/min.
All thermocouples are of K-type connected to a 12-channel temperature logger (Omega,
RDXL 12SD). The thermocouples and the data logger system have a combined
uncertainty of ±0.25 K. The absolute pressure of the air inside the bubble columns is
measured by digital pressure gauges (Omega, DPG1000B-100A) which have a range of 0
– 100 psia (0 – 6.89 bar absolute) and an uncertainty of ±0.1 psia (±6.89×10-3 bar). The
water level in the columns is measured directly by a ruler attached to the outside surface
of the bubble columns. The hydrostatic pressure of the liquid in column and the pressure
drop in the perforated plate are considered in the measured pressure during the humidifier
test. The absolute pressure of moist air in the rotameter which determines its density is
obtained from the pressure measurements of humidifier (22) and dehumidifier (7) along
with total pressure drop mentioned above.

3.2.2 Experimental Procedure
Before the experimental test starts, gas leakage test is performed to avoid any air leakage
from the system. The temperatures from all thermocouples are checked before the
implementation of any heating or cooling loads to guarantee a uniform temperature
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environment. Every run is accomplished to when a steady state condition is achieved at
which all measuring variables fluctuate within their uncertainty tolerances, and
continuously carried out for new experimental set conditions.
In the humidifier test, water level in the bubble column humidifier was adjusted to the
desired level (3, 5, or 7 cm) using the make-up tank (24). Similarly, the water level in the
dehumidifier was fixed at 5 cm using the make-up tank (9). During the humidifier
experimental run, the inlet water temperature to the heating coil in the humidifier was
fixed at 45 °C, and the inlet air temperature to the humidifier was fixed at 15 °C by
adjusting the water column temperature in the dehumidifier. The air flow rate through the
humidifier was adjusted by the control valve (16) while the humidifier pressure was
adjusted by a pressure regulator on the vacuum pump. The reduced pressures in the
humidifier were set to 7 psia (0.48 bar), 8 psia (0.55 bar), 10 psia (0.69 bar) and 12 psia
(0.83 bar). We could not achieve higher flow rates at lower pressures because of the
limiting flow capacity of the vacuum pump. Therefore, in the experimental results, there
are few superficial velocities at lower pressures. For comparison, an atmospheric
condition at nearly 15 psia (1.03 bar) is given by removing the vacuum pump (30) with
its pipe and supplying an air compressor to the front end of the valve (1). Along a
simultaneous change with the varying pressure, the air flow rate measured in the
rotameter (15) determines the superficial velocity in a total range of 2 – 16 cm/s.
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3.2.3 Calibration and Uncertainty Analysis
To improve the precision of the measurements, a careful calibration of all instruments
was performed and the measured data was compared with standard values. The
thermocouples were calibrated with a liquid-in-glass thermometer which has a 0.1 K least
count while the pressure transducers were calibrated using a dead weight tester to ensure
that their readings are accurate to the standard values provided by the manufacturers.
The flow rate measured by the rotameter is corrected due to the difference in the moist air
density from the dry air at the STP condition (Standard Temperature and Pressure) for
which it was calibrated by the manufacturer. Since the air flow in the rotameter is mainly
inviscid, the flow rate is proportional to the square root of the air density. Therefore, a
correction to the air flow rate is given by Equation (3-15). On the other hand, the
rotameter was installed at the humidifier exit where cold air flows through to reduce the
effect of condensation.
̇
𝑉𝑎,𝑚
̇
𝑉𝑎

=�

𝜌𝑎,𝑆𝑇𝑃
𝜌𝑎𝑖

(3-15)

The uncertainty mainly arises from the instruments, experiment condition, and
observations of measured quantities. Uncertainty analysis is essential to evaluate the
accuracy of each calculated result. In this work, the uncertainty of the calculated results is
determined using the method described by Coleman and Steele [47]. Based on the
uncertainty of each instrument previously stated in Section 3.2.1, the uncertainty of each
calculated parameter is determined using the uncertainty propagation function in EES
commercial software [46]. The uncertainty bars are shown in the results figures that are
presented in Section 3.3.
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3.3

Results and Discussion

3.3.1 The Air and Water Outlet Temperatures
Experimental measurements are conducted for the bubble column humidifier under
different operating conditions. The parameters that are varied in the experimental runs are
the static liquid height, superficial velocity, and pressure. However, the inlet temperatures
of both air and water are fixed for the bubble column humidifier. The thermal
performance of the bubble column is presented by calculating the total heat transfer rate
and the effectiveness. In addition, the mass transfer coefficient is illustrated under
varying superficial velocity and pressure.
Figure 3-4 shows the outlet temperatures of air and water in the humidifier at subatmospheric pressures and different superficial velocities. The exit air temperature and
exit water temperature both decrease with the increase of the superficial velocity. The
decrease of the exit air temperature could be attributed to the increase of the heat transfer
coefficient with increasing the superficial velocity due to the enhanced turbulence [15].
The decrease of the exit air temperature with the superficial velocity could be also
explained from the decrease of the NTU with the air flow rate which consequently
decreases the air effectiveness (see Figure 3-8). On the other hand, the increase of the air
flow rate directly increases the sensible heat transfer rate which leads to a decrease of the
exit water temperature since the water flow rate and inlet water temperature are both
fixed.
The effect of pressure on the outlet air and water temperatures in the humidifier is also
shown in Figure 3-4. In the humidifier, it is concluded that the exit air temperature is
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slightly increases when the pressure is reduced to sub-atmospheric values at a given
superficial velocity. The slight increase of the exit air temperature could be explained by
the decrease in the mass transfer coefficient with the pressure as will be shown in Figure
3-7. On the other hand, the exit water temperature in the humidifier is found
insignificantly affected by the pressure, not surprising that the exit air temperature in the
humidifier is slightly increased at a reduced pressure.
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Figure 3-4 Outlet temperatures of air (a) and water (b) in the bubble column humidifier at
different pressures and superficial velocities
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3.3.2 Effect of Column Liquid Height
The column liquid height discussed herein is the static height of the water in the column.
During the experimental runs, we varied the static height in the range of 3 – 7 cm which
does not immerse the coil totally. However, the aerated liquid height after bubbling
effectively covered the coil. It was not possible to increase the static liquid height more
than 7 cm as there is no much space and the water in the column will flow with the air
stream. The influences of varying the column liquid height on the total heat transfer rate
and effectiveness for humidifier case were determined. As shown in Figure 3-5, the effect
of column liquid height in the humidifier is found insignificant to either the total heat
transfer rate or the effectiveness which agrees well with these previous studies [11,12,31].
Accordingly, the remaining experimental results exclude the liquid height effect and will
show all humidifier tests at a liquid height of 5 cm.
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Figure 3-5 Effect of static water column height on the total heat transfer rate (a) and
effectiveness (b) in the bubble column humidifier
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3.3.3 Effect of Superficial Velocity
Figure 3-6 shows the effect of superficial velocity on the total heat transfer rate and
effectiveness for the bubble column humidifier. In addition, the variation of the mass
transfer coefficient with the superficial velocity is illustrated in Figure 3-7. It is evidently
shown from Figure 3-6a that the total heat transfer rate significantly increases with the
superficial velocity. This is mainly due to the increase of the mass flow rate which
increases the sensible heat. The effectiveness of the humidifier decreases significantly
with the superficial velocity as shown in Figure 3-6b. Based on the definition of the
effectiveness given in Equation (3-8), the variation of the exit air temperature discussed
in Section 3.3.1 controls the variation in the effectiveness. As discussed in 3.3.1, the exit
air temperature decreases in the humidifier with the superficial velocity which leads to
this variation in the effectiveness. Moreover, the variation of the effectiveness could be
explained from the relationship with the NTU which will be discussed in Section 3.3.5.
Figure 3-7 shows the variation of the mass transfer coefficient determined from the NTU
correlations given by Equations (3-6) and (3-7). It is noticed that, the mass transfer
coefficient increases with the superficial velocity at any operating pressure due to the
increase of the turbulent dissipation rate in the column. This is consistent with the
previous research studies [28,30,31] for the mass transfer coefficient.
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Figure 3-6 Effect of the superficial velocity and the pressure on the total heat transfer rate
(a) and effectiveness (b) in the humidifier
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Figure 3-7 Effect of the superficial velocity and the pressure on the mass transfer
coefficient in the humidifier
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3.3.4 Effect of Pressure
The effect of pressure on the total heat transfer rate and effectiveness is shown in Figure
3-6 for the humidifier. Decreasing the pressure to sub-atmospheric values slightly
increases the total heat transfer rate as shown in Figure 3-6a. This indicates that
decreasing the pressure to the sub-atmospheric value enhance the humidification process
and allow more water vapor molecule to transfer to the air stream. In addition, as the
pressure decreases in the humidifier the effectiveness increases slightly as shown in
Figure 3-6b. This could be explained by the increase of the mass transfer coefficient
which consequently increases the exit air temperature.
Figure 3-7 shows the variation of the mass transfer coefficient in the humidifier. It is
concluded from Figure 3-7 that increasing the pressure leads to the increase of mass
transfer coefficient in the humidifier. This increase is more remarkable at higher
superficial velocity. The effect of the pressure on the mass transfer coefficient in the case
of the dehumidification process was discussed in a previous publication [14]. As the
pressure increases, the bubbles size decreases which increase the gas holdup and the
specific surface area which consequently increases the total heat transfer rate. Similar
effect of the pressure on the bubble size and gas holdup was also observed by [28,30,31].
So it could be concluded here that the increase of the pressure generally increases the
mass transfer coefficient in the humidification processes.
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3.3.5 The Use of ε–NTU Model
The ε-NTU model was developed by Braun et al. [39] for a cooling tower. However, a
modified HCR of this model is given by Equation (3-9), and this model could be also
used to model the bubble column humidifier. Since the heat and mass transfer processes
are similar to what occurring in the cooling tower (with different energy direction and
objective of the equipment). To validate this model, the experimental values of the NTU
and effectiveness calculated by Equations (3-7) and (3-8) respectively are presented with
the ε-NTU model as shown in Figure 3-8 for the humidifier.
Figure 3-8 shows the experimental values of the ε and NTU for the humidifier at all
superficial velocities and pressures. In addition, the ε-NTU model is plotted in the same
figure at HCR values corresponding to the minimum and maximum experimental values
calculated by Equation (3-9). As shown in the figure, the ε-NTU model agrees well with
the experimental results for the measured NTU range of 1.1 – 2.1. The change of the NTU
is mainly due to the variation of the air mass flow rate due to the changes of the
superficial velocity and the air density (the density changes due to the pressure variation).
Consequently, the effectiveness increases with the superficial velocity. Therefore, the
variations of the effectiveness with respect to the pressure and superficial velocity as
discussed previously could be described with the ε-NTU model which fits well the
experimental data. The effect of pressure and superficial velocity on the effectiveness
could be explained by analyzing the NTU.
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91

3.4

Chapter Conclusions

In this chapter, the pressure effect on the thermal performance of bubble column
humidifier is investigated based on experimental work. The sub-atmospheric pressure is
operated, and the inlet temperatures of air and water are fixed. The other operating
conditions comprise of superficial velocity and column liquid height. The performance is
evaluated by measuring the total heat transfer and the effectiveness. An ε-NTU model for
counter flow heat and mass exchanger is employed combined with thermal analysis
between the air and water streams.
The modified ε-NTU model agrees well with the experimental values of the effectiveness
and NTU for the humidifier. The experimental results show that under the subatmospheric pressure, the lower pressure is advantageous to both the heat transfer rate
and the effectiveness. Therefore, it is recommended to operate lower pressure in the
bubble column humidifier. It is demonstrated that the liquid height in the column has no
significant effect on the performance however; the superficial velocity increases both the
heat transfer and effectiveness for the humidifier.
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4 CHAPTER 4
CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusions
In the present work, the effect of the pressure on the bubble column humidifier and
dehumidifier is investigated experimentally and theoretically under different operating
conditions.
For the dehumidifier test under constant column liquid temperature, the effect of the
pressure on the dehumidification process of bubble column dehumidifier is investigated.
A model is developed for the relationship between the effectiveness of the bubble column
dehumidifier and the number of transfer units which combines the simultaneous heat and
mass transfers occur inside the bubbles. This model ended with a relationship is similar to
that one for a heat exchanger with one fluid undergoing a phase change (or one fluid with
a constant temperature). In addition, a model is modified for the mass transfer coefficient
from the vapor into a vapor–gas mixture inside the bubble to capture the pressure effect.
The model is presented with a correlation of Sherwood number as a function of Reynolds
number, Schmidt number, and the density ratio. This model is calibrated using the
experimental measurements conducted at different pressures and superficial velocities.
For the dehumidifier and humidifier under constant inlet water temperatures, the pressure
effect on the thermal performance of bubble column humidifier and dehumidifier is
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investigated experimentally. In addition, the effect of the superficial velocity and liquid
height in the column are discussed. The performance is evaluated by measuring the total
heat transfer and the effectiveness. Moreover, an ε-NTU model is used to relate the
experimental NTU and effectiveness values.
The main obtained results are summarized as follows:
•

It is verified that there is no significance for the liquid height in either humidifier
or dehumidifier to the overall performance.

•

Higher superficial velocities result in an increase of total heat transfer rate and the
mass transfer coefficient in both the bubble column humidifier and dehumidifier.
However, the effectiveness in the humidifier is decreased, compared to the
dehumidifier effectiveness which increases with the superficial velocity.

•

For the humidifier under the sub-atmospheric pressure, the lower pressure is
advantageous to both the heat transfer rate and the effectiveness. For the
dehumidifier under the elevated pressure, the higher pressure is beneficial for the
heat transfer rate, but against the effectiveness.

•

The modified ε-NTU model based on the counter flow cooling tower agrees well
with the experimental values of the effectiveness and NTU for both the humidifier
and dehumidifier.

•

The developed model of Sherwood number predicts the total heat transfer rate and
the effectiveness of the bubble column with a maximum deviation of 2% for both
of them.
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4.2 Recommendations
It has been demonstrated that the pressure has considerable effects on the humidification
and dehumidification processes in bubble columns. However, combining the advantages
of the entire pressure effect on the complete HDH system with the usage of bubble
column humidifier and dehumidifier needs further investigation.
Overall, some recommendations are provided for any future work:
•

It is suggested to operate a bubble column HDH system under lower humidifier
pressure. However, it is not recommended to operate higher pressure in the
dehumidifier since it requires a larger dehumidifier size to compensate for the
decrease occurs in the effectiveness.

•

The effect of the column liquid height on the gas holdup needs further
investigation for bubble columns with lower aspect ratio (height to diameter).

•

In the humidifier test under sub-atmospheric pressure, a varying superficial
velocity in a fixed reduced pressure is requested to obtain more experimental
results for further analysis.

•

Measurements for the productivity and input energy are necessary for more
parametric investigations in the future complete bubble column HDH cycle.

•

Some improved designs are expected to provide more effective, reliable and
economic in practical applications. For example, a solution is need for the flexible
water volume control in the closed bubble column when operated under higher or
lower absolute pressure, less copper coil material is used, different dimensions of
bubble column with varying aspect ratio is applied, etc.
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