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Abstract- Drying is one of the most energy-intensive stages in clay bricks manufacturing where fuel or another conventional
energy source is used to heat the air before blowing it on the wet bricks. In order to reduce the energy consumption and decrease
the carbon footprint of construction materials, thermal solar heat represents a promising and suitable energy source for this
industrial application. In this paper, the utilization of solar energy in clay bricks drying process through compact cross flow
water-to-air heat exchanger is investigated. Considering the intermittent profile of solar radiations, modeling and experimental
validation of a water-to-air heat exchanger thermo-flow characteristics estimation at variable hot fluid temperature is performed.
An agreement of more than 97% between numerical results and experimental measurements is demonstrated. Additionally, in
order to improve the industrial solar drying system efficiency, an optimization of the heat exchanger geometric parameters is
carried out based on the performance evaluation criterion and the required drying temperature in clay bricks manufacturing.
According to findings, the recommended configuration for a constant heat transfer volume of 0.05 m” is characterized by tube
diameter, longitudinal and transverse pitches of 18 mm, fin spacing of 2.9 mm and fin thickness of 0.6 mm. This configuration
is able to increase the heat exchanger performance evaluation criterion by around 53% compared to the baseline configuration.
The annual thermal performance of the solar dryer is evaluated via dynamic simulation via the TRNSYS software and shows

that the optimal configuration improves the drying temperature by more than 16%.

Keywords Industrial solar drying, Slotted Fin-and-tube heat exchanger, Design Optimization, Thermo-flow characteristics.

1. Introduction

By definition, drying is the process of excess moisture

removal from a natural or an industrial product to preserve it
or reach the required water content level.
Drying is an energy-intensive process in several industries
such as textiles, phosphate, dairy processing, production of
cement, wastewater treatment, production of tiles and clay
bricks, etc.

Two processes take place in drying: (i) the heat transfer to
the product using energy from the heating source, and (ii) the
mass transfer of moisture from the interior of the product to its
surface and from the surface to the surrounding air, in the form
of water vapor [1].

The industrial drying process represents, on average, 12%
of the total energy consumption in manufacturing process,

which is estimated to be more than 10''MJ/year in
industrialized countries. Furthermore, the specific heat energy
consumption in the brick industry is, on average, 2.18 MJ/kg
brick [2, 3].

Drying is an essential stage in clay bricks industry due to
the unsuitable properties and characteristics of raw clay to
produce the requested quality of bricks. When the ground clay
is mixed with water, its plasticity allows it to be shaped as
required. Eight main operations are conducted in the clay
bricks manufacturing process; this includes mining, storage,
size reduction, screening, cutting, coating or glazing, drying,
firing and cooling. After the coating stage, the bricks contain
between 7% and 30% of water, depending on the forming
method. The bricks must be dried at a temperature between
311.15 K and 477.15 K during a time range from 24 to 48 h

[4].
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Generally, the required energy for this process could be
provided by several sources such as, electricity, fossil fuels,
natural gas, wood and solar radiation. In fact, this last
renewable energy source has been used in drying stage of
several manufacturing processes such as the food, breweries,
tobacco, textile and chemical industries [5]. Different solar
collector technologies have been considered in industrial
sectors based on the required drying temperature. Table 1
illustrates the main industries where solar dryers are currently
installed as well as the used solar collectors along with their
respective drying temperature range. It can be noticed that no
industrial solar drying system for clay bricks manufacturing
has been identified by the International Energy Agency (IEA)
in the framework of the IEA Task 49/1V.

Furthermore, several research attempts on solar drying
system utilization in the industrial sector have been reported
in the literature. The design consideration and calculation
results of a constructed solar dryer for a mango factory were

presented. This solar dryer was used to dry thin layers of
mango slices from about 81.4 % moisture content (wet basis)
to 10% (wet basis) in 20 hours [6]. The performance of a solar
dryer used for sludge drying from pharmaceutical industrial
waste was experimentally evaluated, and demonstrated that
the solar sludge drying sand bed reduced drying time by about
25-35% when compared to the conventional sludge drying
sand bed [7]. Rural Industries Research and Development
Corporation has developed a new solar drying machine for
agricultural products using dry air rather than heated air for
grains and seeds drying process [8]. The involved researchers
have concluded that LiCl is a very effective desiccant and
estimated that over 50% savings in energy cost are achievable.
The fundamentals and literature on solar drying and solar air
heating systems was explored. One of the main
recommendations of this review paper is the utilization of
computer simulation models in solar drying systems
performance assessment [9].

Nomenclature
A heat transfer surface area (m?)
Ap base surface area (m?)

Af fins surface area (m?)

A, minimum free flow area (m?)
Cp specific heat (J/kg K)
D external tube diameter (m)
D; internal tube diameter (m)
Dy hydraulic diameter (m)
F fin spacing (m)
f air side friction factor
fw water side Friction factor
j Colburn factor
convective heat transfer coefficient

h
(W/m*.K)
L total tubes length (m)
Mg air mass flow rate (kg/s)
Nu air side Nusselt number
water side Nusselt number in laminar flow
N Uiam :
regime
water side Nusselt number in turbulent
Nugyrp fl H
ow regime
Nu water side Nusselt number in transitional
% flow regime

Nr  number of tubes per row
Ny, number of rows

N total tubes number

ng number of fins

Pr water side Prandlt number

perimeter at the minimum flow cross-
section (m)

Ap  air pressure drop (Pa)

ATy, log-mean temperature difference (K)
1% air velocity (m/s)
U maximum air velocity in the minimum flow
m

Greek symbols

Re  air side Reynolds number

Re,,  water side Reynolds number
. tube outside radius, including collar
¢ thickness (m)
R.,  equivalent radius for circular fin

Sr transverse pitch (m)

Sy longitudinal pitch (m)

Sp diagonal pitch (m)

i surface temperature (K)

T; inlet temperature of air (K)
T, outlet temperature of air (K)

area (m/s)
U, water velocity (m/s)

a fin oblique angle (°)

1) fin thickness (m)

A air thermal conductivity (W/m.K)
p air density (kg/m’)
Pw water density (kg/m®)
u average free-stream viscosity, (N.s/m?)
U water dynamic viscosity (N.s/m?%)
distance between laminar and turbulent flow
regimes

Cr fin efficiency
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Ap,,  water pressure drop (Pa) As fin conductivity (W/m.K) ‘
Table 1: Current installed industrial solar drying systems [38]
. . Drying
Industry Country Name Industrial Operation Solar Collector Temperature (°C)
Breweries Germany Newmarketer Lammsbraw Drying process Air collector ~60
Food USA Keyaqa Orchards Walnuts Drying Air collector ~43
Dryi f chick
Kreher's Poultry Farms rying of chicken Air collector -
Eggs
Stapleton Spence Fruit Packing  Rehydrate Dried Unglazed
Co. Foods collector
Sunsweet Dryers Prune Drying Air collector 10~ 15
Carriers & Sons Walnuts Drying Air collector ~43
India Kaveri Agricare Pvt. Ltd. Drying Coir Peat Air collector ~ 105
Cost .
R?csaa Coopeldos Coffee Drying Air collector 40 ~ 45
Panama  Duren Coffee Coffee Drying Air collector 40 ~ 45
China Fengli Fruit Drying Fruit Drying Air collector 50~70
Indonesia Malabr Tea Drying Tea Drying Air collector ~35
: . . Flat plat
Mini Aust K Kvk Preheating, d 50~ 80
ining ustria orner Kv reheating, drying collector
Agriculture India AMR dal Mill Drying of Pulse Air collector 65~ 175
Dryi f Medicinal
Romania Aroma Plant Romania tying of Medicina Air collector -
Plants
Drying of medicinal
Romania Hofigal S.A. plants, herbs and Air collector -
fruits
USA Sonoma Country Herb Exchange Drying of Herbs Air collector -
. Drying of Wild Flat plate
G K -
crmaty. Brimmet Flower Seeds collector
R Dryi icultural
Mexico ZACATECAS TERMOSOLA rying agricultura Air collector 55 - 120
DRYING PLANT products
Flat plat
AP 70 ~ 85
collector
Chemical mixi Flat plat
Leather India Leo Leather émlca e, aLpae -
drying collector
. . . Evacuated tube
Fabricated Metal ~Germany Lackiercenter Shulte Drying Chamber -
collector
Drying finished Parallel trough
Portugal  Silampos S.A. 1ying Hishe aratiel troug 50-160
product collector
Tobacco Argentina Grammer Solar Argentina Drying of tobacco Air collector -
R Plasti Dryi f natural
ubber & Plastic Thailand Inter Rubber Latex Co. Ltd. tying of natura Air collector -
Products rubber
Drying of pre-
Flat plat
Concrete Austria Leitt Beton Gmbh fabricated concrete atprate -
collector
components
Furniture Austria Carpenting Hamminger Wood Dryin Flat plate 25-115
u -
i P g g ying collector
Repairi E ted tub
epalrln'g & Germany Lackiererei Vogel Drying process vacated fibe 22-24, 60-70
Installation collector
Flat plat
Textile USA Acme McCrary Textile Drying atprate -
collector
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T ting and
FAnSPOTtNg a0 Germany  Kélner VKB

storage
Waste
USA Rockland County
management
Chemical India Ultramarine Pigments

Evacuated tube

Dryi ~70
rying process collector

Waste drying Air collector -

Drying of pigments Paraboloid dish ~ 140

Solar drying system for agricultural industry with a CPC
evacuated tubular solar collector was constructed and the
system’s performance with indoor and outdoor drying was
compared. The considered solar dryer has shown better
performances by reducing the drying time by half for all
studied samples [10]. The development of solar energy
applications in industrial sector from multiple viewpoints was
discussed [11]. This study suggested the exploration of solar
drying systems for industrial purposes based on energy and
exergy analysis. In order to identify obstacles and barriers
facing solar drying utilization in the industrial sector, authors
recommended to conduct further comprehensive studies and
investigations on this research topic. The drying kinetics of
fresh species were described and the solar energy was
approved as a suitable source or drying processes [12].
Different types of solar dryers for agricultural products were
reviewed with particular focus on environmental impact.
Additionally, the best solutions to overcome the issues related
to traditional drying have been explored [13]. The thermal
performance of flat plate solar dryer for large scale carpet
industry was evaluated. The obtained experimental results
showed that 320 kg of wet wool and carpet could be dried in
7.5 hours under an average solar irradiation intensity of 800
W/m?, and an average solar air field thermal efficiency of 48%
[14]. Solar drying for the three main wastes from the olive oil
industry was investigated and the analysis enabled further
knowledge about the drying kinetics and the obtained results
were extrapolated to large scale solar drying systems [15].
Development directions of solar dryers in China were
explored by reviewing 5 types of solar energy systems used in
herbal Chinese medicine drying process. The authors
concluded that the improvement of vacuum tube collector
efficiency will enhance the final product quality [16]. The
progress in different solar dryer types through various
applications was reviewed. This investigation suggested the
optimization of each stage in solar drying process for better
techno-economic feasibility, and it also highly recommended
to model and simulate the solar dryer thermal performance
before scaling up the system [17]. A small-scale solar drying
system for clay tiles was designed and its thermal performance
was evaluated using a dynamic simulation environment
(Trnsys). Additionally, the solar drying system components
were optimized according to the variation of the material’s
moisture content [18]. The performances of three different
solar drying systems for Tunisian phosphate namely open to
sun, greenhouse and parabolic dish concentrator were
compared based on the obtained residual phosphate moistures
and drying periods. The researchers demonstrated that solar
drying using parabolic dish concentrator gives better results
compared to the two other systems [19].

According to this literature review, a clear lack of studies,
dealing with solar energy deployment in clay brick drying
process is noticeable. This last outcome is one of the factors

that has encouraged us to explore the possibility of using solar
drying systems in this industrial sector. Moreover, the
relatively high required operating temperature is another
limitation facing the utilization of the commonly used solar
collectors such as air collectors, flat plate collectors or
evacuated solar collectors in clay bricks drying process.
Therefore, and in order to efficiently reach the required drying
temperatures, the solar dryer components’ design has to be
optimized based on the specific external parameters for
industrial drying. The main components of our proposed solar
dryer are evacuated tube solar collector, storage tank and
water to air heat exchanger.

The present paper deals with heat transfer modeling and
design optimization of four-row slotted plate finned heat
exchanger of an industrial clay bricks solar dryer. Indeed, one
of the key factors in improving the efficiency of solar energy
systems is the design optimization of heat exchange devices
[20].

The compact cross flow heat exchanger is one of the most
effective devices and widely implemented for heat recovery in
a variety of engineering applications due to its numerous
advantages, such as the large amount of heat that can be
transferred from a small exchange area, the simplicity of
design and manufacturing, wide operating temperature ranges
and the control ability of high heat flow rate at different
temperature levels [21]. Generally, tubes are mechanically or
hydraulically expanded in a block of parallel continuous fins
to manufacture finned tube heat exchangers that can be
produced with one or more rows according to the application
requirements. In order to improve the flow disturbance and,
consequently, the thermo-flow performance of the tube
bundles, different fin patterns have been developed (e.g. plain,
slot, dimples, wavy, louver and convex-louver). Additionally,
geometric parameters of the finned tube bundles, such as fin
pitch, fin thickness, number of tube rows, transverse and
longitudinal pitches, tube type and tube arrangement, play a
significant role in the thermo-flow performance enhancement.

Several studies have been performed based on
experimental and numerical investigations to explore the
ability of slotted fin-and tube bundle to break and renew the
thermal boundary layer which enhances the convection heat
transfer performances. Slotted fins become more attractive for
many researchers because of their heat transfer enhancement
and relatively low pressure drop penalty. Numerical
simulation was performed to compare two-row plain fins and
three other types of radial slotted fins. It has been shown that
at the same frontal air velocity (1-3m/s) the heat transfer rate
and pressure losses of the full slotted fin are superior to that of
the plain plate [22]. The geometric configuration for a two-
dimensional slotted fin was optimized through genetic
algorithm coupled with numerical simulation. At an air side
Reynolds number Re=500, the results showed that the flow
area goodness factor j/f increases by 11.11% based on optimal
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integrated performance (j/jy)/(f/fy) while the Colburn factor is
increases by 479.08% based on optimal heat exchange
capacity j/jjo [23]. The heat transfer and fluid flow
characteristics of two slotted fin surfaces X-type and arc-type
were numerically investigated. It has been pointed out that the
X-type fin surface has the highest heat transfer performance
and pressure drop. The study suggested an improved slotted
fin surface (Butterfly-type) which increase heat duty by 20-
24% and reduce pumping power by 38-51% [24]. The effects
of continuous and alternant rectangular slots on the thermo-
flow performance for staggered and in-line alignments were
numerically investigated. The simulations showed that the
staggered fin-and-tube bundles with continuous slotted
rectangular strips have best overall performance [25].
Additionally, and according to another numerical
investigation, the thermo-flow characteristics analysis of
different fin-and-tube bundles showed that slotted fin pattern
provides higher thermal-aerodynamic performances [26].

According to the above overview, it can be noticed that
plate alternant slotted fins are one of the most effective
patterns that improve the tube bundles’ performances.
Additionally, geometric parameters of the tube bundles such
as tubes diameter, transverse and longitudinal pitches, fins
spacing and fins thickness have a major impact on the thermal
and aerodynamic performances of the heat exchanger.

The paper is organized as follows. At first, physical models
for both water and air sides are described based on suitable
correlations of Nusselt number and friction factor. Afterwards,
the reliability of the considered models at variable hot fluid
temperature is experimentally investigated. Finally, the heat
exchanger design optimization is conducted and the solar
drying system thermal performance is evaluated for the
optimal tube bundles configuration via the dynamic
simulation software (TRNSYYS).

2. Physical Model
2.1. Water side flow and heat transfer models

In this section, the water side pressure drop and heat
transfer characteristics are described based on widely accepted
models. Following part details mathematical models presented
and used in reliable sources [26-28]. These expressions are
used to define overall heat transfer coefficient and pressure
drop of water side heat exchanger. The pressure drop in pipe
flow is given by the following equation [27]:

_1p,Uj

AP, ladll
v D, 2

Velocity in pipes is expressed by basic function [27]:

w(p,M,,)?
In order to calculate friction factors for flow inside of the
pipe, the Reynolds number is required. The expression of this
non-dimensional number expressing ratio between viscous
and friction forces is defined by the following formula [27]:

U,,p.D;
Re,, = IwPwli 3)
Hw

In the cases when flow is turbulent, various expressions
exist. The roughness of the tube wall is an important factor.
The only surfaces for which an accurate rule can be quoted for
the resistance are those that are technically smooth [27]. Much
greater resistances to flow are encountered if the surfaces are
rough; it depends solely on the roughness in turbulent flow,
but, in the transition zone, it also depends on the Reynolds
number. The numerous observations that have been made
have failed to establish a general relationship between
pressure drop and roughness that would embrace the
multiplicity of cases that are likely to occur in practice [27,
28]. Haaland equation [28] is used for this case, because there
is no need to iterate the Darcy friction factor like in other
expressions [27]. The accuracy of the Darcy friction factor
solved from this equation is claimed to be within about +2 %,
if the Reynolds number is above 3000. The friction factor is
expressed as follows [27]:

1
g 4
(—1-8 log ((%) + ((k/Dy) /3.71)1-11>> “)

fw=

Friction factor is dependent on flow regimes. For the cases
when internal flow is laminar and internal pipe surface can be
assumed to be smooth, the friction coefficient is calculated by
the formula [27]:

Re,,
fw =22

By using given equations 4 and 5, pressure drop in water side
is determined for both laminar and turbulent cases.

The heat transfer coefficient, used to define heat flux from
water side, is expressed from Nusselt number, which is
calculated for the case of laminar forced internal flow and
fully developed turbulent flow. In the laminar flow regime,
Nusselt number remains constant and could be assumed equal
to [27]:

Nuwgm = 3.6567 ()

While in the flow which is highly turbulent, heat transfer

intensity depends on Reynolds and Prandtl numbers and

friction factor (with all other relations associated to friction

factor). These dependencies could be summarized and

expressed by the equation suggested by Gnielinski et al [27]:
(fw/8)Rey, Pr

[1 * (D_>/] %)
1+12.7 \/%(Prz/"’ -1 :

The heat exchanger may operate in cases other than during
laminar or fully developed turbulent flow in the water side.
For the cases when flow regime falls between Re > 2300 and
Re < 10% the heat transfer coefficient should be expressed

Nugyrp =
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from transitional flow approximation suggested by Gnielinski
etal [27]:

Nuggn = (1 - Y)Nulam + yNugyrp )]

In order to describe the temporal sequences, the intermittency
factor y is expressed as follows [27]:

Re,, — 2300

Y= 104 = 2300

<y<
and0 <y <1 9)

Where y = 1 if the flow is permanently turbulent, and y = 0
if the flow is permanently laminar.

The above described physical model allows to examine
heat transfer intensity in a wide range of water side flow rates
and can be employed for optimization tasks.

1.1. Air side flow and heat transfer models
1.1.1.  Parameters definition

The modeling of thermo-flow characteristics of the slotted
finned tubes heat exchanger (Fig.1) is performed based on the
following assumptions:

- Steady-state flow

- Incompressible fluid

- Neglected radiation effect

- Constant thermo-physical properties of the solid and fluid.

The heat transfers on the air side of the finned tube bundles in
staggered configuration (Fig. 2) is modeled based on the
following dimensionless parameters [30, 31]:

The Reynolds Number:
Re = pUp,D/u (10)
with:

U(Sy/2a) if 2a < 2b

Um = {U(ST/Zb) if 2a > 2b (an

where p and p are the density and dynamic viscosity
respectively, estimated at the mean inlet temperatures.

2a and b are shown in Fig. 3 and could be calculated based on
the geometric parameters as follow:

2a =(S;—D)— [(ST —D)é. nf] (12)
b= (S, — D) — [(Sy — D)&.n] (13)

The friction factor is:
f=2Ap/pUf (14)

Ap is the pressure drop across the finned tube bundles.

The Nusselt Number is:

Nu=h.D/2 (15)

where A is the air thermal conductivity and h is the average
heat transfer coefficient which is defined by:

h=®/AAT (16)
where @ is the total heat flow rate calculated by:

® = My Cp (T, = T1) (17)
and 4 is the heat transfer surface area estimated by:

A=A, + {FAf (18)

where Ay, is the area of the base surface and Ay is the area of
the fins.

Fig. 1: Architecture of the finned tubes heat exchanger

Airflow outlet

Slotted fins

Airflow inlet

Fig.2: Schematic diagram of slotted finned tube bundles in
staggered configuration
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Fig. 3: Schematic diagram of geometric parameters

The approximation method defined by Schmidt [29] estimates
the fin efficiency {; by the following correlation:

_ tanh(mr.¢)
A 19
where
2h

m= g (20)

¢ = (% - 1) [1 + 0.35log, (Rrﬂﬂ @1

Req 197 Xy (XL 0 3)0-5 (22)

- -\, Y

Xy =Sr/2 3)

(24)

XL= XM2+SL2/2

The logarithmic mean temperature difference between the
tube wall and the air is defined as:

T, —T)— (T, —T
= T =T) = (T, = T) 5
ln(Tw - Ti/Tw - To)
1.1.2.  Nusselt number and friction factor correlations

In order to enable thermo-flow performances prediction
and heat exchangers design, several correlations have been
established in the literature based on experimental and
computational studies for different numbers of row and fin
patterns. Most of the conducted investigations allow for the
estimation of the average heat transfer coefficient and the
pressure drop through the calculation of the Nusselt number
and the friction factor respectively (based on geometric
parameters of finned tube bundles).

Kong et al [26] have established correlations for four-rows
alternant slotted finned tube bundles based on a three

dimensional simulation validated by experimental tests. The
correlations were developed using multiple linear regression
analysis in function of longitudinal and transverse pitches as
well as tube diameter. The air side friction factor and Nusselt
number are expressed as follows:

S —0.0258 S —0.2419
f = 324.0431 Re 04825 <3T> = (26)
ST —-0.8571 SL —0.6648
Nu = 4.8787 Re®3173 (—) (-) (27)
u e D D
with:
1<5,/D<18, 1<5,/D <18, 800 < Re < 13000

So as to estimate the overall performance of the finned
tube bundles, the heat transfer capability of a surface with a
given flow resistance, is commonly defined by the
performance evaluation criterion Py which is calculated by
the following equation [26]:

Nu /

Pgc = (28)

1/3

The required transmitted power to the air flow, to
overcome pressure losses, can be estimated based on the
following equation [19]:

Mair Ap
1%

W= 29)

From the presented physical model of plate alternant
slotted tube bundles, it can be noticed that the proposed
correlations are fitted at constant hot fluid temperature since
the considered conventional energy source is able to generate
the hot fluid at constant temperature. Furthermore, due to the
intermittency of solar energy, the heat exchanger performance
estimation at variable hot fluid temperature is experimentally
investigated in the next section, aiming to evaluate the
reliability of the described physical model.

3. Experimental Validation
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3.1. Experimental setup

An experimental validation of the thermo-flow
performances of a 4-row alternant slotted finned tube heat
exchanger (Fig. 4.a) has been performed using the
experimental system presented in Fig. 5. The aim is to
investigate the variation effect of the water inlet temperature
on the heat exchanger performances prediction. The staggered
configuration is characterized by transverse and longitudinal
pitches of 35mm, diameter of 25mm, fin spacing of 3.2mm
and fin thickness of 0.3mm, as schematically shown in Fig. 3.
The heat exchanger’s tubes and fins are made from aluminum,
while the tube connections are made from resistant silicon to
withstand high temperatures. The wind tunnel (Fig. 4.c) has a
test section covered by asbestos layer to minimize heat losses
that closely matches the experimental sample to eliminate the
contraction and expansion losses. The test section size (Fig. 5)
is 500mm width, 700mm height and 1000mm long. In the air

[EE

il

(2) (b)

loop, the flow rate is controlled by a digital blower speed
controller able to provide an air velocity between 0.5 and
3.5m/s that is adjusted based on a hot wire anemometer with
the precision of £0.05m/s. Two strings of T-tubes has been
implanted upstream and downstream of the exchanger to
measure the pressure drop along the test section using an
inclined single tube micro differential pressure gauge with a
precision of +0.15Pa. The water loop is supplied by a water
temperature control system (Fig. 4.b) able to provide a
constant flow of hot water at different temperatures up to
120°C in liquid phase guaranteed by an integrated pressure
controller. The output of the water control system has been
equipped by a turbine flow meter with a precision of +0.14kg/s
to control the water flow and keep it at 1kg/s during the
experiments. Two T-type thermocouple grids have been
implanted in the inlet (6 thermocouples) and outlet (24
thermocouples) of the test section. 12 T-type thermocouples
have been implanted in the heat exchanger surface.

()

Fig. 4: Experimental facility for thermo-flow performance of slotted finned tube heat exchanger. (a)slotted finned heat
exchanger sample,(b) water temperature control system, (c) wind tunnel experimental system

| pr— [

Data acquisition system 11 ]

Computer
Taic_ow AP S | Twa(er out J} Tair in
Tusern | ™
Heat hi r
leal ?XC angel Blower
Air outlet - — =l 21‘ l < Air inlet E
Test section
Wind tunnel

-

:

control system

Water temperature

Fig. 5: Experimental setup and locations of measuring point
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Inputs
- Geometric parameters

- Inlet temperature
- Flow rates

!

Physical properties

!

- Nusselt number
- Friction factor

!

- Air convective heat
transfer coefficient
- Pressure drop

Water convective heat
transfer coefficient
=l Heat transfer area >
v
NTU-efficiency
Tube wall temperature | y
P Outlet water
1 temperature

==»| Air outlet temperature

!

Air outlet heat flux

Fig. 6: Flow chart of computational code

Table 2: Maximum estimated uncertainties

Parameter Measuring uncertainties (%)
Myater 3.98
Ugir 4.33
Tair_in 0.22
Tair_out 0.53
Twater_in 0.17
AP 3.65
Re 4.71
Nu 6.82
f 6.37
h 6.81

In order to achieve accurate measurements, the
thermocouples have been pre-calibrated using the ice point
calibration method with an error range of =0.1°C.

The thermocouple data was recorded by Agilent 34972A data
acquisition system [32] and then averaged and collected by the
host computer.

The uncertainty estimation in a computed result could be
performed with good accuracy using a root-sum square
combination of each of the individual independent variables
X1, X2, ..., Xy, When used in a function such as I =
f(x1, %5, ... xy). The basic equation of uncertainty analysis is
estimated as follows [33]:

N

S (2 e

i=1 L

6r =

In this particular case, most of the equations describing the
results are a pure product form such as Eq.30, then the relative
uncertainty can be estimated directly. That is if

[=xfxd .. x (31)

- [(a&f +(b %)2 . (m‘sﬂ)z]l/z (32)

X1 X2 XN

where xq,x,,..xy are the measured variables used to
calculate ' and 8x,,dx,,...,0xy are the tolerances of the
corresponding variables.

Therefore, the estimated uncertainties of different
experimental parameters are summarized in Table 2.

3.2. Model validation and analysis

The numerical estimation of the thermo-flow performance
of four-row slotted fin-and-tube bundles has been conducted
through a Matlab code, according to the presented flow chart
in Fig. 6. The air and water flow rates as well as the air and
water inlet temperatures are the inputs in the considered
algorithm for thermo-flow characteristics calculations.
Simulation results have been compared with experimental
data to investigate the reliability of the proposed physical
model in the estimation of the thermo-flow characteristics of
the heat exchanger at variable hot water temperature between
323.15K and 363.15K.

The baseline parameters of the fin-and-tube bundles used
in the numerical calculations are summarized in Table 3. In
order to calculate the Nusselt number and friction factor based
on the performed experimental measurements of the air outlet
temperature and the pressure drop, the air thermal properties
are evaluated at the mean temperature (Tpir in + Tair out)/ 2-

Based on the average temperatures, the primary
measurements of the air outlet temperature, the heat exchanger
surface temperature as well as the air pressure drop are
represented versus the water inlet temperature and compared
with numerical results in According to Fig. 7, it is noticed that
maximum deviations of 0.26%, 0.61% and 2.9% occur
between simulations and experimental data for air outlet
temperature, surface temperature and air pressure drop
respectively. Additionally, the air pressure drop decreases by
around 4% when the inlet water temperature increases as it can
be concluded from Fig. 7.c. This decrease in pressure loss can
be explained by the rise of air pressure with the temperature in
the outlet leading the decrease of the pressure drop for a
constant air pressure in the inlet.

Despite the decrease of the pressure drop, it can be seen in
Fig. 8.a that the friction factor has an increasing tendency with
the water inlet temperature.
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Table 3: Baseline parameters

Parameter Value
Myater (kg/S) 1
Ugir (M/s) 0.5
Tty in (K) 289.15
ST = SL (mm) 35
D (mm) 25
6 (mm) 0.3
F; (mm) 3.2
N 24
N, 4
n 214
Tair_out_sim Tair_out_exp
360
355
) 350
g 345
2
g 340
w
g 335
2
- 330
=2
s 325
<
]
= 320
315
320 330 340 350 360 370
Water inlet temperature (K)
(a)
Tw_exp Tw_sim
370
365
g 360
o 355
5
£ 350
g 345
§ 340
g 335
£ 330
& 325
320
315
320 330 340 350 360 370
Water inlet temperature (K)
(b)
6 AP exp ®AP sim
5
<
&
? 4
<
@
: 3
£
~
2
1
320 330 340 350 360 370
Water inlet temperature (K)
(c)

Fig. 7: Influence of water inlet temperature variation on (a)
air outlet temperature (b) surface temperature and (c) air

pressure drop

This can be explained by the increase in the air kinetic
viscosity and the decrease of the air density with the
temperature rise.

The derived parameters such as friction factor, Nusselt
number and heat transfer coefficient are shown in Fig. 8. The
comparison between simulations and experimental data
illustrates that the maximum deviations are around 3.2%,
1.56% and 0.34% for friction factor, Nusselt number and heat
transfer coefficient respectively. Nusselt number is decreasing
with the increase of inlet water temperature as illustrated in
Fig 8.b, which can be explained by the increase of the air
kinetic viscosity with the temperature that consequently gives
lower Reynolds number. Furthermore, the increase of the air
conductivity with temperature leads to the enhancement of the
convective heat transfer coefficient regardless of Nusselt
number decline. It can be concluded from Fig. 7-8 that the
predicted results agree. well with the experimental data for
both heat transfer and fluid flow.

This shows the good reliability of the considered physical
model and computational code allowing reliable estimation of
the heat exchanger performances at variable inlet water
temperatures and the optimization of different geometric
parameters of the four-row slotted fin-and-tube bundles.

2. Design Optimization

Heat exchanger optimization is considered as a design
process where all the design and operating parameters are
evaluated based on the requirements (i.e. outlet temperature,
pressure drop and heat flow rate). The most common
objectives of heat exchanger optimization are the energy
saving and resources conservation as well as capital and
operating costs’ reduction. In order to reduce the relatively
high cost of solar energy conversion and consequently
improve the solar drying system efficiency, a design analysis
of the studied heat exchanger is conducted. The present
parametric optimization aims to define the optimal geometric
parameters and consequently improve the thermo-flow
performances for a constant heat transfer volume of 0.05 m’
and an air and water flow rates of, respectively, 0.171 kg/s and
1 kg/s.

The present parametric optimization is conducted with an
inlet water temperature of 383.15K in order to meet the
required air temperature in clay bricks drying that should be
between 373.15 and 383.15K in the thermal room.

For the present optimization, the considered baseline
parameters are listed in Table 3.

The investigation is performed based on the simultaneous
variations of the geometric parameters (D, St, Si, Fs, 6) for a
constant heat exchanger volume of 0.05 m’. In order to explore
the geometric parameters effects on the overall heat exchanger
performance, the performance evaluation criterion (Eq.28) is
considered. Indeed, the higher Pgc is, the better the overall
performance of the heat exchanger.

According to equations 26, 27 and 28, it can be noticed that
the performance evaluation criterion is maximal when St/D=
Si/D=1. Thus, considering the most available sizes in the
market, five geometric configurations are compared with the

633



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

M. Bououd et al., Vol.9, No.2, June, 2019

baseline configuration in order to investigate the achieved air
outlet temperature.

10 f_exp f_sim
9.5
9
5 85
S
S 8
=
£ 15
2
= 7
6.5
6
320 330 340 350 360 370
Water inlet temperature (K)
(a)
30 Nu_exp ANu_sim
28
5
2
£ 26
=
=
2 24
=
4
22
20
320 330 340 350 360 370
Water inlet temperature (K)
(b)
h_exp h_sim
— 33
<
E 32
g 3
2 30
&
k) 29
S
% 28
: 27
3 26
==}
25
320 330 340 350 360 370
Water inlet temperature (K)
(c)

Fig. 8: Influence of water inlet temperature variation on (a)
friction factor (b) Nusselt number and (c) heat transfer
coefficient

The considered configurations are listed in Table 4 with
the corresponding number of tubes per row that is increased in
order to keep a constant heat transfer volume when the
diameter, transverse pitch and longitudinal pitch dimensions
are reduced.

The estimation of the air outlet temperature and
performance evaluation criterion of different configurations is
illustrated in Fig.9 for a constant fin thickness and fin spacing
of 0.3mm and 3.2mm respectively. It can be noticed that the
performance evaluation criterion is maximal when the
considered geometric parameters are equal to 35mm.
However, the air outlet temperature is maximal when the
parameters are equal to 18mm. Moreover, the baseline

configuration utilization gives the lowest outlet air
temperature and performance evaluation criterion that can be
enhanced by considering one of the two previous
configurations.

The heat exchanger performances are enhanced by around
111.73% where the air outlet temperature is increased by
3.71% when 35mm configuration is considered, while the
performances are improved by 53.24% leading the air outlet
temperature rise by 9.85% when D=S1=S;=18 mm.

Despite the higher air outlet temperature improvement rate
of 18 mm configuration compared to 35 mm, the performance
evaluation criterion obtained by this last configuration
remains higher due to the resulting higher pressure drop across
the 18mm configuration as shown in Fig. 10.

The estimation of the required transmitted power to the air
to overcome the pressure drop across different configurations
is illustrated in Fig.10 and shows that for 35mm configuration,
0.91 W has to be transmitted to achieve 3.71% of air outlet
temperature enhancement; whereas an additional 0.35 W leads
to 9.85% of improvement using 18mm configuration. It can
be concluded from Figures 9 and 10 that according to the
performance evaluation criterion and the air outlet
temperature the optimal configuration is when tube diameter,
transverse and longitudinal pitches are equal to 18mm.

Another factor that encouraged this choice is the declining
decrease rate of the air outlet temperature provided by 18mm
configuration due to the increase of the air velocity compared
to 35mm configuration.

The variation effect of the air velocity on the outlet air
temperature and the required transmitted power to the air to
overcome the pressure drop are presented in Fig. 11. It can be
noticed that, based on geometric parameters of 35mm, the air
outlet temperature is reduced by around 66.9 %, while with
tube bundles of 18mm, the air outlet temperature decreases by
only 26.3 % (if the blower delivers to the air a maximal
additional power of 36.8 W).

The next step is to optimize the fin spacing and fin
thickness for the optimal configuration D=S;=S;=18mm
based on the air outlet temperature. For a constant heat transfer
volume, the air outlet temperature has been calculated for Fg
= 2 - 3.4mm leading the decrease of the fin thickness for a
constant number of fins that remains at its baseline value. As
it is shown in Fig. 12, the air outlet temperature is maximal at
a fin spacing of 2.9mm and a fin thickness of 0.6mm.

Finally, it can be concluded that the optimal configuration
of the considered heat exchanger for a constant heat transfer
volume is tubes diameter, transverse and longitudinal pitches
of 18mm, 2.9mm of fins spacing, 0.6mm of fins thickness and
11 tubes per row.

Table 4: Number of tubes per row by configuration

Configuration Number of tubes per row
D=25mm; St=S;=35mm 6
D:ST:SL:35 mm 6
D:ST:SL:25 mm 8
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system

In order to assess the overall thermal performance of the
considered solar drying system under Fez’s (center Morocco)
climatic condition, the air outlet temperatures provided by the
optimal and the baseline heat exchanger configurations have
to be simulated and compared. For this purpose, we have
considered TRNSYS’17 as its one of the widely used software
for transients thermal systems simulation [34-37].

The thermal simulation diagram is displayed in Fig.13
where, the different components of the solar drying system are
represented. In fact, Type 71 is used for the modeling of
evacuated tube solar collector with an area of 10 m* while a
hot water storage tank of 200 liters is simulated by Type 4c.
The heat regulation system is assured by Type 2b which
controls the water pump (Type 3d) to start the circulation of a
water flow rate (0.5 kg/s) when the temperature difference
between the thermal storage tank is greater than the upper
dead band temperature and stop it when it is lower than
the lower dead band temperature. Additionally, the modeling
of the heat exchanger is performed trough a Matlab code
coupled as an external program to TRNSYS. The hourly
variations of different temperatures during one year such as
the water inlet temperature coming to the heat exchanger from
the accumulation tank as well as the air outlet temperatures
provided by the optimal and baseline configurations are
displayed in Fig. 14. As it can be seen, the air outlet
temperature provided by the optimal configuration is, on
average, 16% higher than the baseline configuration. This
comparison demonstrates the importance of such design
optimization in the enhancement of the thermal performances
of a solar drying system.

4. Conclusion

With the aim to ensure an efficient design of an industrial
clay bricks solar dryer system, modeling and design
optimization of a four-row alternant slotted fin-and-tube water
to air heat exchanger have been conducted.

* In order to conduct the design optimization, the heat transfer
and fluid flow characteristics of the heat exchanger at
variable hot fluid inlet temperature have been modeled and

validated experimentally. The considered physical model
has shown a reliability of more than 99.8% and 97.1%,
respectively, for the air outlet temperature and pressure drop.

* According to the conducted experimental investigation, it
has been shown that the convective heat transfer increases
with increasing the water inlet temperature, while the
pressure drop decreases.

* The performed parametric optimization has recommended a
tube bundles configuration with tubes diameter, transverse
and longitudinal pitches of 18 mm, fins spacing of 2.9 mm
and fins thickness of 0.6 mm within the scope of
investigation for:

1<S;/D<18 1<S,/D <18,
2<F, <34 01<6<15
800 < Re < 13000

* The recommended configuration provides a performance
evaluation criterion of 19.29 that represents an improvement
of 53.21% compared to the one given by the baseline
configuration (ST=SL=35mm, D=25mm, § =0.3mm,
FS=3.2mm) that is around 12.53.

* The dynamic simulation of the annual thermal performances
of the studied industrial solar dryer system has shown that
the recommended configuration enhances the air outlet
temperature by more than 16% and consequently contributes
to energy saving by improving the whole system efficiency.
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