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ABSTRACT

Numerical analysis for heat exchanger for spray-assisted low-temperature desalination system
Is presented for an existing low-temperature desalination unit at Arusha Technical College
(ATC). The current desalination unit at ATC has two suction fans and a water pump in the
condensation unit where significant amount of energy is consumed. So, it will be impractical
to implement such a type of desalination system in remote areas where there is limited access
to electricity. The study aims to come up with a suitable model for the replacement of the
current condensation unit due to high energy consumption. The heat transfer phenomena have
been analyzed to understand the effect of mass flow rate, tube length and diameter in a shell-
and-tube heat exchanger (STHX). A Math CAD model was developed using the Delaware
method to obtain the mentioned parameters. The results show that the pressure drop is very
low from all STHX configurations, while the heat transfer coefficient seems to be maximum
in the smallest diameter within the largest tube length heat exchanger. The maximum possible
energy will be extracted by the STHX from the steam while it condenses. According to the
results, as long as over-design is considered the proposed system can be implemented with the
minimum effect of 5.968 to 10.688 kWh energy consumption. The energy-saving of the
proposed system is about 8.856 kWh as the replacement of the STHX from the existing
condensation unit. While the current system energy is consumed about 14.824 to 19.544 kWh
in a single day of operation. Also, the proposed system will improve the system workability to

the remote communities in future implementation.
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CHAPTER ONE
INTRODUCTION
1.1  Background of the Problem

The present society demands the efficient utilization of energy and at the same time reducing
environmental impact to contribute to sustainable economic development. More freshwater
consumption is caused by the development of the world industry and human population
growth (Chen et al, 2018b). Desalination of brackish water or seawater is an important
approach to solve the water resource dearth. The reverse osmosis (RO), electro-dialysis (ED),
vapor compression (VC), multi-effect distillation (MED) and multi-stage flash (MSF)
desalination technologies are more popular, which most of them are conventionally operated
by fossil fuels that contribute to greenhouse gas (GHG) emissions. However, the researchers
have come up with the idea of using renewable energy such as ocean thermal energy
conversion (OTEC), wind and solar energy as an alternate means of fueling desalination units
(Ikegami et al., 2006). Desalination processes that are assisted by solar energy are not yet
commercialized; small capacity desalination plants that utilize solar PV and wind energy have

been invented to serve the remote communities (Herrero-Gonzalez et al., 2018).

Sometimes using low-grade waste heat for desalination and the combined fossil fuel and solar
desalination could be more cost-effective (Li et al., 2013). This attracted researchers’
invention and innovation on low-temperature and low-pressure desalination system that it
simply agree to use low-grade heat. By considering the reduction of heat losses to the
surroundings, the higher collection efficiency, low-cost glass flat plate solar collectors with
temperatures up to 80°C have been used (Siddique et al., 2018). Moreover, the spray flash
evaporation desalination has been used for more than four decades due to the liquid jet which
improves the rate of flash evaporation compared to superheated pool water and superheated
liquid in conventional MSF evaporators (Miyatake et al., 1981). The level of jet shattering is
strongly causing more violent and faster evaporation in flash evaporator related to the
superheat degree (Mutair & Ikegami, 2009). The costs of energy consumption increased when
the production of freshwater increased; the low energy efficiency is partly influencing the high
cost of water production. The recovery ratio gained output ratio, and freshwater productivity
rate are the factors that determine the performance of the desalination plant (Ahmed et al.,
2018). Many of the conventional spray flash evaporation use solar still aimed at preheating

water before entering the evaporation chamber.
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An extensive mathematical and experimental study on spray flash evaporation phenomena was
conducted by Chen et al. (2018). The study specifically discussed a hot water jet sprayed into
a low-pressure evaporator as applied by Muthunayagam et al. (2005). Araghi and Khiadani
(2018) reported on dynamic thermo-fluid behavior and performance by utilizing a gas-liquid
ejector in single-stage vacuum spray flash desalination. Miyatake et al. (1985) made an
injection of bubble nuclei to enhancement the efficiency of spray flash evaporation, through
investigating effects of superheating and nozzle diameter (Miyatake et al., 1981), a liquid
temperature (Miyatake et al., & Yuda et al., 1981), liquid flow rate, and electrolytic effects in
the evaporator. El-Fiqgi et al. (2007), and Mutair and Ikegami (2010) mainly investigated on
flash evaporation characteristics from superheated water jets. Based on droplet analysis
Cai et al. (2018) modeled the diffusion-controlled evaporation on the spray flash evaporator.
Qian and Chua (2018) and Maria et al. (2016) carried out a detailed review of the
thermodynamic model and mathematical modeling developed to precisely predict the
performance of spray evaporator. Qi et al. (2018) analyzed the setting of the flash recovery
system and optimize the design of flash chamber. Ja et al. (2018b) and EI-Agouz et al. (2014)
evaluated spray-assisted low-temperature desalination power by solar through numerical
modeling. Ikegami et al. (2006) performed an experimental study on how much the direction
of injection influences flash evaporation. Mutair and lIkegami (2009) investigated the
formulation of correlation and influencing factors from superheated water jets on flash
evaporation. Stengler et al. (2018) analyzed the function of low-pressure drop vertical gas-
liquid separator together with a flash evaporator.

The effective energy utilization for sustainable economic development is demanded to reduce
freshwater scarcity through the desalination technigque, whereas the conventional desalination
approach uses fossil fuels or sometimes combines with renewable energy souses. The low-
grade waste heat combined with fossil fuels and solar provides cost-effective, while the solar
collectors used in preheating saline water before entering into the evaporator. The liquid jet
improves the rate of flash evaporation compared to superheated pool water which reduces the
cost of water production. Also, the hot water jet sprayed into a low-pressure evaporator or a
single-stage vacuum spray flash desalination which does not receive passive solar energy.
Moreover, some of the literature was based on droplet analysis, characteristics of superheated
water jets, diffusion-controlled evaporation, predict the performance of spray evaporator, the
influence of the direction of injection, the flash recovery system and optimize the design of
flash chamber and others, but don’t directly explain the condensation unit if it is a separate unit

in the spray flash evaporation desalination plant. Presently, Arusha Technical College (ATC)
2



has established a low-temperature desalination unit that consumes about 14.824-19.544 kWh
in a single day of operation; especially in the condensation unit that comprises two suction fan
and a water pump which consume about 8.856 kWh, even though it is a vital part of flash
evaporation desalination technology. Hence, this research purely focuses on optimizing the
condensation unit by replacing it with shell-and-tube heat exchanger through a numerical

analysis.
1.2 Statement of the Problem

In the above literature, the flash evaporator has been reported from many theoretical and
experimental studies as an essential unit in the low-temperature desalination technology. But
there is no specific study that discusses the condensation unit on flash evaporation desalination
technology. Moreover, currently, there is an existing low-temperature desalination unit at ATC,
which uses 8.856 kWh energy at the condensation unit. Thus, this research is on enhancing the
performance of a spray-assisted low-temperature desalination system by optimizing the
condensation unit by replacing it with shell-and-tube heat exchanger. The heat exchanger is
designed to reduce the level of energy consumption, allows a smooth working environment of

the desalination unit.
1.3 Rationale of the Study

The present society demands the efficient utilization of energy and at the same time reducing
environmental impact to contribute to sustainable economic development. More freshwater
consumption is caused by the development of the world industry and human population
growth (Chen et al., & Chua, 2018b). Desalination of brackish water or seawater is an
important approach to solve the water resource dearth. The reverse osmosis (RO), electro-
dialysis (ED), vapor compression (VC), multi-effect distillation (MED) and multi-stage flash
(MSF) desalination technologies are more popular, which most of them are conventionally
operated by fossil fuels that contribute to greenhouse gas (GHG) emissions. The low-grade
waste heat combined with fossil fuels and solar provides cost-effective, while the solar
collectors used in preheating saline water before entering into the evaporator. Since the
evaporation chamber is made of glass material and receives direct sun rays (passive solar), the
use of a spray flash evaporation integrated with the evacuated tube desalination system is

essential in developing sustainable sources of freshwater that consume low energy.
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14.1

Research Objectives

Main Objective

To enhance the performance of a spray flash evaporation integrated with an evacuated tube

desalination system.

1.4.2

(i)

(i)

(iii)

1.5

(i)

(iii)

1.6

Specific Objectives

To optimize the condensation unit by replacing it with a shell-and-tube heat exchanger
(STHX).

To scrutinize the effect of some parameters and configuration on the spray flash

evaporator performance.

To assess the heat transfer phenomena due to mass flow rate, tube length and diameter
in the design of STHX.

Research Questions

To what extent the energy consumption could be reduced if the condensation unit by

replacing with the STHX in the spray flash desalination unit installed at ATC?

For how much is STHX affect the current configuration and parameters on the spray

flash evaporator performance?

What are the exact heat transfer phenomena due to variation of mass flow rate, tube
length and diameter in the design of STHX?

Significance of the Study

The effective energy utilization for sustainable economic development is demanded to reduce

freshwater scarcity through the desalination technique, whereas the conventional desalination

approach uses fossil fuels or sometimes combines with renewable energy souses. In the

aspects of energy consumption reduction for desalination, there are still improvement

opportunities and ample research due to the huge desalination benefits as Tanzania has enough

potential water bodies for increasing freshwater resources and improving water quality.

Optimization of the energy consumption in the desalination system will attract government



and other stakeholders to invest, especially for remote communities, suitable small-scale
desalination units.

1.7  Delineation of the Study

This study had focused on the design of the STHX to be used by the solar-driven desalination
plant installed at ATC. Therefore, this research had focused on developing only one main part
(shell-and-tube heat exchanger) of the evaporation desalination system to lower energy

consumption for the current system.



CHAPTER TWO
LITERATURE REVIEW

2.1  Solar Assisted Desalination System

There are two main techniques to collect solar energy, direct use of the thermal energy from
solar radiation through the solar collector and electrical power transferred from solar radiation
through photovoltaic (PV) materials (Ruzhu & Ge, 2016). It is an advantage to desalination
industries to utilize solar energy through solar PV panels and thermal collectors which are
capable to make greener desalination industry (Sharon & Reddy, 2015). Instead of an electric
heater, the solar collector has been used in preheating inlet water to minimize the electric
energy consumption by the desalination system as shown in Fig. 1 and Fig. 3. Investigations
on the integration of solar thermal collectors with desalination systems have been reported in
different works and observed that the distillation capacity of the system is enhanced; and the

overall efficiency of the system reaches the value of 67.6% (Rajaseenivasan & Srithar, 2017).
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Figure 1: Illustration of the solar-assisted desalination system (Xu & Dai, 2019)




2.2 Solar Thermal Collector

Convenient drawing materials and simple structure are the key merits of the basin-type solar
still to be widely used as a good example of the passive solar desalination system. Currently
the studies on the basin-type still primarily concentrate on integrating with other solar thermal
collectors, thermal performance improvements, and new materials drawing (Zheng, 2017).
Depending on the solar radiation, less than 5 kg/m?/d daily water output and nearby 30-45%
the basin-solar still efficiency was reported by Hou et al. (2018). Low water productivity is the
main drawback basin-type still in comparison to conventional methods (El-Agouz et al.,
2014). Noted from He and Yan (2009) that the operating efficiency of solar stills was low;
mainly due to condensation that takes place in the basin and making difficult the evaporation
temperature to raise, while the latent heat of condensation is released to the ambient. From the
literature, there are three main types of solar thermal collectors: concentrated parabolic
collector, evacuated tube collector and flat plate collector (Khan et al., 2018). Evacuated tube
collectors are made up of transparent glass tubes in one or many rows mounted on a frame. In
diffuse or overcast sunlight conditions they are capable of high thermal efficiency close to that
of bright sunshine (Mahbubul et al., 2018) and indicative temperature 50-200°C as appeared in
Table 1. Evacuated tube collectors have noted to perform well when integrated with different
solar desalination systems on improving the desalinated water production rate and efficiency

of the system (Rahimi-Ahar et al., 2018) as shown in Fig. 2.

Table 1:Solar thermal collector (Wang et al., 2016)

Collector Motion Absorber type Concrzrtlit(r)ation temlgéjr;itri(\elioq
Flat plate Stationary Flat 1 30-80
Evacuated tube Stationary Flat 1 50-200
CPC Stationary Tubular 1-5 60-240
PTC Single-axis tracking Tubular 15-45 60-300
LFR Single-axis tracking Tubular 10-40 60-250
Parabolic dish Two-axes tracking Point 100-1000 100-500
Solar tower Two-axes tracking Point 100-1500 150-2000
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Figure 2: Flow chart of evacuated tube collectors desalination system (Liu et al., 2013)

2.3 Spray Assisted Low-Temperature Desalination

Figure 3 shows a diagram of spray assisted low-temperature phase-change desalination
technique which is the thermal-based method that makes no boundary upon heat and mass
transfer mechanism and eliminates the contribution of mechanical energy input (Chen et al.,
2018a). A spray is a process whereby small droplets from continuous phase liquid
disintegrated and dispersed into surrounding via a spray nozzle (Zhao et al., 2018). When the
surrounding saturation vapor temperature is slightly lower than that of the liquid stream
injected into a low-pressure chamber will split into fine droplets (Chen et al., 2018).
Renewable energy sources integration with thermal desalination systems can be adapted
through different concepts necessary in lowering energy consumption (Wellmann et al., 2015).
With lower initial cost, lower fouling and scaling potential, the simplicity of system design,
and high heat and mass transfer rates made the spray assisted low-temperature desalination
useful compared to the traditional thermal desalination technologies (Qian & Chua, 2018).
This technology comprises two main units to reach the freshwater namely the evaporation unit
and condensation unit (Gude & Nirmalakhandan, 2009). Fortunately, solar energy can either
be used directly or indirectly to supply thermal energy to an evaporation unit to produce steam
(Al-Kharabsheh & Yogi, 2003). However, the heat exchange process occurs in the
condensation unit by exchanging steam temperature with that of cooling media (gas or liquid)

and condensing the steam into liquid water (Roy, 2018).
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Figure 3: lllustration of the spray-assisted low-temperature desalination (Ja et al., 2018b)

2.4  Shell-and-Tube Heat Exchanger

Heat exchange refers to the process which takes place between channels/medium when there is
a temperature gradient between them. The heat exchange process occurs when fluids of the
channels exchange their temperature by passing through a heat exchanger (Sundén & Manglik,
2007). The heat exchanger is a device or a structure that permits heat transfer, and often goes
together with mass transfer. Heat exchangers vary in size, shape, transfer mode, and other
features depending on the performance characteristics, construction, and application
(Thulukkanam, 2013). They have been used in various industries including process industries,
power plants, chemical, pharmaceutical, petrochemical, and engineering (Arani & Moradi,
2019). To avoid equipment failure and undesired operations, the selection of appropriate
configuration for a specific process is vital. Various tubular heat exchanger categories
including STHX, double-pipe, and spiral-tube heat exchanger; and they have been used in
various heating and cooling devices (Kakac et al., 2002). Among the categories, STHX
models are the best and extensively used (Nitsche & Gbadamosi, 2015). The STHX uses
indirect contact mode exchangers where heat is exchanged in a transient manner (Bichkar et
al., 2018). One fluid stream flows on the shell across or along the tubes whereas the other
flows through tubes. In STHX corrosive fluid should pass through tubes while non-corrosive
one passes through the shell, whereas only the channels, heads, tubes, and tube-sheets
will need expensive corrosion-resistant alloys. The STHX provides a great heat transfer area to
weight and volume. Also, they could be simply constructed in an extensive range of sizes in

comparison with other categories of heat exchanger (Ambekar et al., 2016).
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The STHX comprises tubes, tube sheets or shell, baffles, rear-end and front-end head as the
essential parts, and they have been designed in a range of different inner constructions,
depending on the anticipated heat transfer and pressure drop performance. The most common
design of STHX is U-tube design, fixed tube sheet design, and floating head type. All the
designs are subjected to thermal stresses in the tube, tube sheet, the front-end head which are
always fixed, whereas the rear-end head can either be fluctuating or fixed, due to variation of
temperature from heat transfer characteristics. The exchangers could operate with identical
phases (gas or liquid) on each side that is identified as single-phase, or with two-phase as used
in vaporization of liquid into a vapor or in condensing the vapor into a liquid with the phase

transformation (Roy, 2018).

Currently, the minimum pressure drop with a greater coefficient of heat transfer is vital for the
industries as an effective better condensation unit design (Solanki & Kumar, 2018). However,
some of the literature has been studied on the design and optimization of STHX by introducing
different types, amount and size of fluid molecules. Thakur et al. (2018) injected air bubbles at
tube inlet for different Al,O3; nanoparticle concentrations and studied the heat transfer
characteristics. The results show that the increase in air bubble injection and Al,O3
nanoparticle concentration, causes the increase of heat transfer coefficient and overall heat
transfer coefficient. Another study done by Somasekhar et al. (2018) used fluent
computational software to analyze distilled water, pressure drop characteristics and heat
transfer of Al,O3; water nanofluid. The result shows an improvement in heat transfer
characteristics when adding nanoparticles. Pahamli et al. (2016) evaluated Paraffin RT50 as
phase change material based on thermal behavior and heat transfer features during the melting
process in an STHX; and it was observed that at the end of the process, the average
temperature and heat transfer rate increases by increasing the eccentricity in 0.25, 0.5 and 0.75

while the melting time decreases to 33, 57 and 64%, respectively.
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Also, various research works have been conducted on STHX to fulfill the need for higher heat
transfer performance and optimization by using the Kern method and Delaware method
together with other approaches. Geete et al. (2018) analyzed the thermodynamic properties
using the Kern method and found out that when the hot fluid temperature increases, the amount
of entropy production, the effectiveness ratio and the transfer unit ratio declined while the heat
transfer coefficient increase and pressure drop. Also, Jafari et al. (2018) designed and evaluated
the applications of STHX of liquid food products from nanofluid thermal processing by using
the Kern method, the result showed high overall heat transfer coefficients achieved with
suitable linear and mass velocity. Moreover, Yousufuddin et al. (2018) designed and optimized
STHX for cooling lean diethanolamine with different baffle spacing arrangements using the
Kern method. The results on the shell side declared that increasing baffle spacing decreases the
heat transfer coefficient and increases the pressure drop. Ruiz et al. (2018) analyzed the
influence of the mass flow in an STHX in the tube side using kerosene as working fluid; the
results describe that the increase in shell side mass flow rises the overall heat transferred while

increase in tube side mass flow declines the pressure drop.

Finally, solar radiation could be converted through two main techniques; solar thermal collector
and photovoltaic, whereby both techniques are used to minimize electric energy consumption
and enhance distillation capacity to overall 67.6% efficiency when integrated with conventional
desalination unit. Basin type solar still has been used as a passive solar desalinator combined
with flat plat thermal collector provide efficiency 30 to 45% which shows low water production
due to condensation takes place in the basin that makes it difficult to raise in evaporation
temperature. In the case of spray flash desalination, the nozzles are used to disintegrate and
disperse a continuous liquid phase into the chamber and cause phase change with no boundary
between mass and heat transfer. In spray flash desalination things are different from basin type,
here the evaporation process takes place in different units separate from the condensation unit.
The evaporation unit used to get support from the solar collector, while an evacuated tube
collector provides a higher indicative temperature 50 to 200°C and performs well than a flat
plate with indicative temperature 30 to 80°C when integrated with different solar desalination
systems. Shell-and-tube heat exchanger may be used as the condensation unit instead of
conventional condensers due to its capacity to provide high heat transfer area to weight and
volume, simply constructed in the extensive range of size depends on heat transfer and pressure
drop performance. However, most of the literature explains the improvement of some parts in
evaporation unit and not condensation unit such as droplet analysis, characteristics of
superheated water jets, diffusion-controlled evaporation, predict the performance of spray
11



evaporator, the influence of the direction of injection, the flash recovery system and optimize
the design as detail explained in the literature section. The current study based on optimizing
the condensation unit by replacing with the shell-and-tube heat exchanger (STHX) to enhance
the performance of a spray flash evaporation integrated with an evacuated tube desalination
system by analyzing the effect of some parameters and configuration on the spray flash
evaporator performance, and to assess the heat transfer phenomena due to mass flow rate, tube

length and diameter in the design of STHX.
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CHAPTER THREE
MATERIALS AND METHODS

3.1  Modification of Current System Configuration

Figure 4 illustrates the current layout which comprises several electric components namely,
blower, feed pump and filter with a suction fan, water circulation pump and condenser with a
fan. These components make a high level of energy intensity. Here source water from the
source chamber pumped into the flash chamber via nozzles. The sprayed flash occurred and
absorbs the thermal energy in the flash chamber to form steam. The thermal energy is formed
through passive solar heating systems by taking advantage of the sun's free, renewable energy
in the flash chamber to form steam the same way as in the basin type desalination system since
our evaporation chamber is made by glazing material. Steam is escaping the chamber by
passing between the chamber’s walls, sucked through filter suction fan direct to the filter, then
sucked by condenser suction fan and condensed, and finally stored as freshwater in a distillate
reservoir. The steam is condensed when the cold water is circulated in the condenser from the
water circulator tank via a second feed pump which consumes about 5.968 kWh of electric
energy per operation. At the same time, the condenser suction fan sucks the steam from the
filter to speed up the process in which much steam is allowed to escape. Both condenser and
filter suction fans increase energy consumption on the system by 2.888 kWh and make the
8.856 kWh total energy consumption in the condensation unit. Hence, the current system
energy is consumed 14.824 t019.544 kWh in a single day of operation depend on the use of

four blowers which consume about 4.720 kWh.
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Figure 4: The current layout of the spray flash evaporation system

Figure 5 shows a schematic of a proposed layout that remains with the blower and the feed
pump only which may alleviate the energy consumption through the implementation of the heat
exchanger as a condensation unit. Now source water from source chamber pumped to
evacuated tube collector through the heat exchanger then feed to a flash chamber via nozzles.
As usual, the sprayed flash occurred and absorbs the thermal energy in the flash chamber to
form steam. Steam is escaping the chamber bypassing at the top, condensed by exchanging heat
with cold water from the source at the heat exchanger and stored as freshwater. The blower is
embedded with the flash chamber to compress the water vapor/steam to raise its pressure and
temperature (Xu et al., 2019). The heat exchanger condenses outgoing steam which saves
about 8.856 kWh that is consumed by the current condensation unit, at the same time becomes
a preheater for the incoming cold water. The evacuated tube collector (also a preheater) raises
further the temperature of the feed-water before it is fed into the flash chamber. Therefore, the
proposed layout single day of operation will consume 5.968 to 10.688 kWh electric energy

depend on the use of blowers.
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Figure 5: Proposed layout of the spray flash evaporation system

3.2 Specifying Physical Parameters

Thermal conductivity, density, viscosity and specific heat capacity of the cold and hot fluid
stream were among the factors assessed at point number 6 in Fig. 5 in the primary stage in the
STHX design as can be seen in Table 2, taken from the existing evaporator appeared in Fig.
6a. Double shell passes were taken into account and a triangular pitch of 1.25 space between
tube to tube centers, was considered for the analysis. A single segmental baffle was chosen for
ease of maintenance and high thermal features. U-tube (tube sheet) was used to permit a
distinction of thermal expansion. Moreover, the outlet temperatures 29 and 28°C (t; and t3) for
steam and water respectively were assumed to control the output and easy computation as
shown in Fig. 6b. Delaware method is referred to as ideal tube bank correction that dividing
the flow of fluid in the shell into many individuals steams. The method used to evaluate the
effect of mass flow rate on the pressure drop, heat transfer coefficient, overall heat transfer

coefficient, over-surface and over-design through equation 1 to 22.
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Table 2: Physical parameters of steam and water were taken from the steam evaporator

. C k Rfoulin
System m Tinlet Toutlet p 3 Mt 29
components (kg/s) (°C) (°C) (kg/m®) (kl\]</;( g (Pas) (Vl\é/)m K(rAnN)
Steam 0.024 60 29 0191 1914 0.000011 0.023 0.00009
W 0.1- 0.00089
ater 08 25 28 996.4 4179 0.597 0.00018
(a) (b)

2—Cold flud inlet 6 — Hot fluid inlet
3— Cold fluid outlet 7—Hot fluid outlet

Figure 6: (a) Low-temperature evaporator in Arusha Technical College, Tanzania (b)
heat exchanger model

3.3 Shell-and-Tube Heat Exchanger Design Equations

The thermal calculations of the STHX device were performed by using the essential equations
found in Sections 3.3.1-3.3.6, as described in the literature (Gongalves et al., 2019).
3.3.1 Thermal Evaluation

The sensible heat transfer rate for STHX is defined by the temperature difference on the shell-

side or that of the tube-side and their load was calculated using equation 1:
Q:mepf (ts_tz):mngg (te _t7) 1)

Where rirg and s are mass flow rate of steam and water respectively, Q is heat transfer rate,
Cpg and Cpy are specific heat capacity of steam and water respectively, t3 and t; are an outlet

and inlet water temperature, t; and ts are outlet and inlet temperature of steam respectively.
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Equation 2 computes a logarithmic mean temperature difference (47},) that used in estimating
the true temperature difference in equation 3 by applying a correction factor (F;) to allow for

the departure from the true counter-current flow:

AT| :(te_ts)_(t7_tz)
In t6_t3
t, —t,

ATm = I:tATIm (3)

)

3.3.2 Overall Heat Transfer Coefficient Assessment

An estimated overall heat transfer coefficient (U,) is used to attain a preliminary appraisal for
the size of the STHX. According to the working fluid, the range is 1500 - 4000 W/m?K as
stated by Goswami (2004):

Q

T, @

Where ATy, is the true temperature difference, U, is the pilot overall heat transfer coefficient, Q
is the heat transfer rate and A is a heat transfer area.

3.3.3 Tube-Side Calculations

Empirical equation 6 below was used to determine the bundle diameter. The n; and K; in the
equation are coefficients determined by the tube layout and the number of tube passes from
Table 3 for triangular pitch and square pitch. The number of the tubes of (ny) is the ratio of total
heat transfer area (A) and the tube outer surface area (A;) as shown in equation 5.

()

n \»
Db = do (Ej (6)
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Table 3: Coefficients n1 and K1 (Towler & Sinnott, 2012)

Tube passes 1 2 4 6 8
Square pitch

Ny 2.207 2.291 2.263 2.617 2.643
K1 0.215 0.156 0.158 0.0402 0.0331
Triangular pitch

Ny 2.142 2.207 2.285 2.499 2.675
Ky 0.319 0.249 0.175 0.0743 0.0365

The heat transfer coefficient (h;) of the hot fluid stream was determined by using equation 7
below. Where, kg is a hot fluid thermal conductivity, d; is a tube inner diameter, Pr; is a tube
side Prandtl number 0.975, Re; is tube side Reynolds number 1.825 x 10° and the flow is
turbulent, pg and p are hot fluid and water viscosity respectively:

kg 08 p,033| Hg "
ht = d_ Ret Prt - (7)
i luw

3.3.4 Shell-Side Equations

In the following equations, Ds is a shell diameter, D, is a clearance between a tube bundle
diameter Dy, and the diameter of the shell. While c; and m; are empirical coefficients presented
in Table 4 that relate to the head type designed in the STHX.

Ds = Dc + Db (8)
Dc = Cl + mlDb (9)
Table 4: Coefficients ¢; and m; (Khalfe et al., 2011)

Head Type C1 my

Outside Packed Head 0.038 0.0

Pull Through Floating Head 0.0862 0.009

Split Ring Floating Head 0.0446 0.027
U-Tube or Fixed Head 0.008 0.01

Equation 10 determines the heat transfer coefficient (hs) on the shell. Where, k:is a shell-side
thermal conductivity, de is a shell equivalent diameter, Pr; is a shell side Prandtl number, Jy is a

Colburn factor, ps, and py are cold fluid and water viscosity respectively.

k 0.14
=23, P (ﬁj (10)

e W

18



3.3.5 Overall Coefficients Calculations

Equation 11 was used to determine the required overall heat transfer coefficient, Uyeq.

Q

u =—< 11
* and AT (1)
Equation 12 was used to calculate the clean-overall heat transfer coefficient, U.
q -1
d d In(doj 1
U, =|—+ = (12)
h.d, 2k h,
If U, < U, the following step was considered.
q c
Equation 13 was used to compute the design overall heat transfer coefficient:
q -1
d % In{doj 1 Rd
U, = oy J 1 RA g (13)

hd, 2k h d

S 1

IfU,>U_, the next step was worthy to be carried out.
q

Over-design is computed in equation 14. The final design safety margin is provided by over-
design in which the required fouling compensation is represented. Over-surface deals with
exchanger surface area and depends on the wall and film resistances and fouling allowance, it

can be obtained through equation 15.

U
Odes =_d_l (14)
Ureq
U
@) P = € -1 15
o = (15)
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3.3.6 Pressure Drop Calculations
(i) Tube-Side Pressure Drop
A hot fluid pressure drop (4P;) was computed as shown in equation 16. Where f; is a Darcy

friction factor, specific gravity in the tube side (s), tube length (), hot fluid mass velocity (G),

inner tube diameter (d;) and n, is a tube passes number.

f1GZn
AP =—"3" (16)
7.5x10%ds,
The return pressure loss was computed through equation 17:
AP =1.334x10"(2n_-1.5 6y
, =1.334x (“p—-)s— (17)

t

The tube side nozzles pressure drop (4P was considered through equation 18. Where Gy is a

tube side nozzles mass velocity and ns is the number of tube passes.

2
AP, =2.0x10% " (18)

St

Equation 19 evaluates the overall pressure drop (4P;) across the hot fluid stream on the tube

side as presented below:

AP, =AP +AP. +AP, (19)

(i) Shell-Side Pressure Drop

Equation 20 evaluates initial pressure loss (4P,) in the shell side. Where s; is specific gravity,
friction factor (fs), equivalent diameter (d,), baffle number (n,) and Dy is a shell diameter.
B fs(Gg)ZDs(nb +1)

AP, = 20
° 7.5x10%d.s, (0)

Also, the pressure loss in the shell side nozzles (4P,s) was considered through equation 21
shown below. Where Gy is a shell side nozzles mass velocity and ns is the number of tube

passes.

2
AP_ =2.0x107" % 1)

S
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Then, the net pressure drop (4Ps) across the cold fluid stream on the shell side was computed

by adding the nozzles pressure loss and initial shell side pressure losses as per equation 22:

AR, = AP, + AP (22)
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1  Effect of Mass Flow Rate on the Pressure Drop and the Heat Transfer Coefficient

Figures 7(a-c) shows the pressure drop together with heat transfer coefficient variations within
the STHX with the length of 600 mm, 800 mm and 1000 mm for three different tube outer
diameters of 14 mm, 12 mm and 10 mm with 1 mm thickness for each respectively through a
given range of mass flow of 0.1 to 0.8 kg/s. From Fig. 7 (a-c) it can be seen that both the heat
transfer coefficient and the pressure drop increase proportionally to the mass flow rate by
considering the nine configurations of heat exchangers. Also, confirm that the heat transfer
coefficient is much greater at any point in the range of mass flow rate compared to the pressure
drop. Hence it is noted that the diameter of 10 mm shows the greatest heat transfer coefficient
of 18 162, 20 881 and 23 212 W/m?K and the maximum pressure drop of 0.328, 0.593 and
0.957 Pa. While the diameter of 14 mm shows a minimum pressure drop of 0.117, 0.223 and
0.370 Pa and a lesser heat transfer coefficient of 13 265, 15 326 and 17 107 W/m’K in the
length of 600 mm, 800 mm and 1000 mm, respectively.

Figure 7(d) illustrates the variation of the all minimum pressure drop (blue) which appears in
the tube with a diameter of 14 mm versus the cold fluid stream mass flow rate in the shell side
for the three different tube length exchangers. The results show that the tube configuration with
a minimum length (600 mm) has a minimum pressure drop of 0.117 Pa corresponding to the
rest of the configurations. Figure 4d also shows the results of the variation of the maximum
heat transfer coefficient (black) which appears in the tube with a diameter of 10 mm versus cold
stream mass flow rate in the shell side for the three different tube length exchangers, thus the
tube configuration with a maximum length of 1000 mm portrays maximum heat transfer

coefficient of 23 212 W/m?K compared to the rest configurations.
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Figure 7: Pressure drop and heat transfer coefficient against mass flow rate (a) 600 mm
length (b) 800 mm length (c) 1000 mm length (d) minimum pressure drop and
maximum heat transfer coefficient

4.2 Effect of Mass Flow Rate on the Ratio of Heat Transfer Coefficient and Pressure

Drop

Figures 8(a-c) represents the ratio of heat transfer coefficient and pressure drop (h/p) variations
within the STHX with the length of 600 mm, 800 mm and 1000 mm for three different tube
outer diameters of 10 mm, 12 mm and 14 mm respectively; with 1 mm thickness for each
through a given range of mass flow rate 0.1 to 0.8 kg/s. It can be seen that the ratio decreases as
the mass flow rate increases in all nine (9) configurations. The slope was found to be very
steeper at 0.1 to 0.3 kg/s mass flow rate and becomes moderate as the mass flow rate increases.
Then at the 0.1 to 0.8 kg/s flowrate, the shortest tube with a 14 mm diameter displays a high
heat transfer coefficient, 1 358 087 to 113 046.2 W/m? K per pressure drop. While the longest
tube with a 10 mm diameter has a low heat transfer coefficient, 286 708.9 to 24 258.03 W/m?
K per pressure.
23
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Figure 8(d) shows the maximum ratio of the heat transfer coefficient and pressure drop appears
to be maximum in tubes with a 14 mm diameter for the three different length heat exchangers
configurations. It can also be seen that the tube configuration with a minimum length (600 mm)
has a maximum ratio compared to the rest of the configurations. Moreover, from Fig. 8c one
can note the minimum ratio (black) which appears in tubes with the smallest diameter of 10
mm for the heat exchangers configuration of 1000 mm length. This does not compromise what
was portrayed before to have a maximum heat transfer coefficient in comparison with the rest
configurations in Fig. 7d. Here, the fact is the heat transfer coefficient is affected by pressure
drop along the path and both go proportional to the mass flow. But the ratio decrease with an

increase in mass flow rate.

900000 4

800000 —h/AP-18-d10 400000

: —— AP 16.d10
——h/AP-18-d12 1 ——hWAP-16-d12
700000 ——h/AP-18-d14 200000 | ——WAP-I6-d14

600000 4 000000

500000 4
800000 —

400000 4

h/AP (m/s K)

600000 —

300000 4
400000
200000 4

200000

100000

0 T T T T T T T

b7 T T 00 01 02 03 04 05 06 07 08 09
00 01 02 03 04 05 06 07 08 09 m (ke/s)

m (kg/s)

(a) (b)

24



600000
1400000 4

——h/AP-110-d10
500000 - ——h/AP-110-d12
——h/AP-110-d14

——h/AP-I6-dl4
1200000 ——h/AP-Ig-dl4
——h/AP-110-d14

400000 1000000 4

800000 4
300000 4

h/AP (m/s K)
h/AP (m/s K)

600000 4
200000 +

400000
100000

200000

— T T T T 1 o+ T T
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

m (kg/s)

(c) (d)

Figure 8: The ratio of heat transfer coefficient and pressure drop against mass flow rate
(@) 600 mm length (b) 800 mm length (c) 1000 mm length (d) maximum ratio

4.3 Effect of Mass Flow Rate on the Overall Heat Transfer Coefficient

Figures 9(a-c) expresses the effect of mass flow rate on the overall heat transfer coefficients of
design heat transfer coefficient (Ug) and clean heat transfer coefficient (U;) within the STHX
with the length of 600 mm, 800 mm and 1000 mm for three different tube outer diameters of 10
mm, 12 mm and 14 mm respectively; with 1 mm thickness for each. The results for both U4 and
U, coefficients demonstrate that when the cold fluid flows over the whole surface of the shell
was varied, the Uy and U, increase constantly at any rate regardless of the difference in the tube
configuration throughout the study. On the other hand, the U is shown to increase twice or
more to that Uy when an increase in mass flow in the shell side. This is due to the significant
effect of the fouling factor of the working fluids. However, the increase in mass flow and
sustaining the temperatures keep Uy and U rising proportionally, the design coefficient is used
rather than the clean coefficient based on the interest of over-design. The highest and smallest

values of Uy appeared in 10 and 14 mm tube diameter, respectively.
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m (kg/s)

Figure 9(d) illustrates the Uy which appears through all-tube configurations. The result shows
that the tube configuration with a maximum length (1000 mm) has maximum Uy compare to
the other configurations. Moreover, it can be seen that as the length of the tube increases with a
decrease in diameter the maximum Uy is achieved. To provide the required rate of heat transfer
the value of the Uy, should be greater than or equal to the value of the required coefficient, Ureq.
The results show that the suitable mass flow of 0.3 to 0.8 kg/s with a range of 2306 to 2539

W/m?K can be selected for the proper design of the exchanger as shown in Fig. 10d.
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Figure 9: Overall heat transfer coefficient versus mass flow rate (a) 600 mm length (b)
800 mm length (c) 1000 mm length (d) design overall heat transfer coefficient
among all configurations



4.4  Effect of Mass Flow Rate on the Over-Surface and Over-Design

Figures 10(a-c) demonstrate the over-surface (Og,) and over-design (Oges) Changes when
designing the STHX with the length of 600 mm, 800 mm and 1000 mm for three different tube
outer diameters of 10 mm, 12 mm and 14 mm with 1 mm thick for each respectively through a
given range of 0.1 to 0.8 kg/. Since the Uyq is much smaller than that of the U, the Og
appeared to increase in the range of 19.2 to 463.3 as the mass flow increases. The Oges Were
shown to increase slightly from the negative value on 0.1 to 0.3 kg/s to a positive value on 0.4
to 0.8 kg/s in a range of -33.9 to 12.8.

Since engineers do recognize that there will be uncertainties in the data provided and that there
may be times when the feedstock will not exactly match up to what was originally specified. A
certain amount of conservatism will be required just to achieve satisfactory performance despite
unforeseen circumstances. Figure 10(d) clarifies the possibility of designing the suitable STHX
by displaying the greatest values of Oges Which mostly appeared in the smallest tube diameter
(10 mm) to all three tube length configurations with a total of nine samples. However, the Oges
is a negative value at a low mass flow rate of 0.1 to 0.3 kg/s specifically to the configurations of
length 600 mm and 800 mm. Conversely, as mass flow increase from 0.4 to 0.8 kg/s, the Oges
becomes a positive value. Hereafter, the configuration with tube length 1000 mm performed

well even from the mass flow of 0.3 kg/s compared to other configurations.

27



550
500 4 |l Osu-110-d10
Il ©Od=s110-d10
450 4 |l Osur-10-d12
[ Odes10-d12
400 1 | [ Osurt 10-d14
350 | |l Odes110-d14
5 300
Q.: 250
O 2004
150
100
50
04
-50 T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
m (kg/s)
(a)
350 4
-Osur—lﬁdlﬂ
300 o | I Odes16-a10
Il Osur16-d12
I Odes-16-d12
250 - | I Osur16-d14
Il Odes15-d14
200
o 1504
\u
' 1004
50 4
0 -4
-50 T T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
m (kg/s)

/Od\m

sur

des

450 4

-Osur—IS«dIU
400 4| Il Odes18-d10
Il Osu-18d12
350 1 | I Odes18d12
-Osur—IS«dH
300 4 | Il Odes18-d14
250 4
200 4
150 4
100 4
50
0+
-+ 77711
0.1 02 03 0.4 05 0.6 0.7 08
m (kg/s)
20~

104

-10 1

Il Odes-6-d10

Bl Cdes16-d12
20 Il Odes16-d14
I Odes18-d10
I Odes-18-d12
30 4 Il Cdes18-d14

Il Odes110d10
Il Ode=s110d12

Il Ode=s110d14
-40 T T T T T T T T T T T T T

0.1 0.2 03 0.4 0.3 0.6 0.7 0.8

m (kg/s)
(d)
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS
51 Conclusion

A heat exchanger model for a low-temperature desalination system was established through
the influence tube length and diameter, and mass flow rate on pressure drop, heat transfer
coefficient, overall heat transfer coefficient, over-surface and over-design. After analyzing
these heat transfer perimeters the following summarized conclusions were obtained. Both the
heat transfer coefficient and the pressure drop increase proportionally to the mass flow rate
among all nine configurations of heat exchangers. But the pressure drop is noticed to be very
low 0.328 to 0.957 Pa for all studied configurations that will lower the pumping power. The
clean overall heat transfer coefficient increases twice or more to that of the design coefficient
when an increase in mass flow in the shell side due to the effect of the fouling factor. The
maximum design coefficient is achieved by increasing the tube length with a decrease in
diameter. Also, the mass flow of 0.3 to 0.8 kg/s is suitable for the proper design of exchanger
in the present study. The configuration with the 2000 mm length and 10 mm diameter which
provides high heat transfer is recommended to work with a maximum flow rate of 0.8 kg/s to
achieve a maximum heat transfer coefficient of 23 212 W/m?K, while 12.8 is a maximum
over-design coefficient achieved on 0.8 kg/s mass flow. The energy-saving of the proposed
system is about 8.856 kWh as the replacement of the STHX from the existing condensation
unit. While the current system energy is consumed about 14.824 to 19.544 kWh in a single day
of operation and is improved to the range of 5.968 to 10.688 kWh for the proposed system

depend on the use of blowers which consume about 4.720 kWh in peak operation.
5.2 Recommendations

In general, the performance of the proposed layout system seems to be very suitable in terms
of workflow and less energy consumption to the system. Therefore, the implementation of the
proposed layout of the low-temperature desalination unit at Arusha Technical College will
enhance the daily operation. Since the current research is based on numerical computation, the
fabrication of STHX and pilot testing based on the proposed layout is highly recommended
that will ensure the availability of enough data to compare with the existing system. Also at
that moment, for prospective energy efficiency, there is amply of research to be done on the

current glazing evaporator performance.
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