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Abstract

This paper analyzes the performance of jute fiber ropes that are used in the form of rope bank as wetted media in
evaporative coolers. Widely spaced and compact arrangements of rope bank are taken into consideration. An ambient
condition of 39.9°C and 32.8% RH is selected on the basis of weather data of Bhopal (2008) India particularly of
weather in summer season. For the purpose of this study, the surface temperature of ropes is assumed as WBT of
incoming air and theory of simultaneous heat and mass transfer is applied. Saturation efficiency, outlet temperature of
air and cooling capacity are calculated for air mass flow rate of 0.9 kg/s to 0.3 kg/s. The saturation efficiency varies
between 57% and 73% for widely spaced bank and between 74% and 87% for compact bank. Outlet temperature of air
is determined on the basis of empirical correlation and is found to be in the range of 31.7°C-29.4°C and 29.4°C-27.4°C
for widely spaced bank and compact bank respectively. The cooling capacity varies from 11243 kJ/h-26381 kJ/h and
from 13384 kJ/h-33852 kJ/h for widely spaced bank and compact bank respectively. Fan power increases from 4.7
W-104.2 W and from 16.4 W-323.9 W for widely spaced and compact arrangement respectively. Variation of these
parameters with mass flow of air is shown. It is seen that compact arrangement of ropes gives better performance
although at the cost of high power consumption.
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Nomenclature

A, Total wetted surface area of the rope bank (m?); C,: Specific heat of air (J/kgK); D Diameter of jute ropes (m) Dyg: Diffusion coefficient of water
into air (m /s) (Dag)s : Diffusion coefficient of water into air at 7s (m /s); t; Dry bulb temperature of ambient air (OC) t,- Dry bulb temperature of
outlet air ( C); H:Height of the frame (m); A: Convective heat transfer coefficient (W/m K); A Mass transfer coefficient (m/s); Le: Lewis number
dimensionless M, Mass flow rate of air through the rope bank (kg/s); A: Total number of ropes in bank; N;: Number of rows depth of rope bank;
Nu: Nusselt number, dimensionless; P : Power required by fan (W); Pr. Prandtl number, dimensionless; Q. :Cooling capacity (kJ/h); Repmax-
Reynolds number based on maximum velocity of air, dimensionless; R+ : Relative humidity of air (%); Sc. Schmidt number, dimensionless; (Sc)s :
Schmidt number at £, dimensionless; Shp: Sherwood number based on diameter of ropes, dimensionless; Shpn - 12: Sherwood number corrected
for 12 rows depth, dlmenS|onIess SD: Diagonal pitch of rope bank (m); SL: Longltudlnal pitch of rope bank (m);ST: Transverse pitch of rope bank
(m); #: Film temperature ( C); t:: Surface temperature of ropes ( C); Vi Velocity of air at the entry to rope bank (m/s); V. MaXImum velocity of air
through the rope bank m/s; I : Volume flow rate of air (m /s); W: Width of the frame (m); 4,,: Wet bulb temperature of ambient alr( C); 4P :
Pressure drop across the rope bank (Pa): 7. Friction factor.

Greek letters

w, .Specific humidity of outlet air (kg/kg da); V : Kinematic viscosity of air (m%/s); Vs : Kinematic viscosity of air, at 7s (m%s);
« : Thermal diffusivity of air (m2/s); J : Correction factor for pressure drop; O : Density of air (kg/m3); 7] : Saturation efficiency (%).

Abbreviations

DBT: Dry bulb temperature (°C); DBTmax : Maximum dry bulb temperature (°C); RH: Relative humidity (%); WBT; Wet bulb temperature (UC).

Introduction

Conventional air conditioning system requires high
capital investment and its operating costs often become
exponentially high due to its consumption of electricity.
Furthermore, the restrictions imposed by protocols limit
the type of refrigerants that can be used in these
systems. In contrast evaporative cooling systems provide
considerably large energy savings when compared with
conventional air conditioning systems. Thus, a combined
use of conventional and evaporative cooling systems can
help achieve lower energy consumption which is not
possible if stand alone conventional cooling system was
to be used. Evaporative cooling system uses water which
causes no harm to environment and it can be fabricated
easily. Therefore, this method is used for comfort cooling,
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livestock housing and storage of fruits, vegetables and
horticultural produce.

Evaporative cooling uses a wetted pad through which
air is passed at uniform rate to make it saturated. Pads
that offer a large air-water contact surface area to aid
evaporation of water can be kept in wet state by dripping
water on upper surface with the help of a recirculating
pump. Water evaporates and in the process air looses a
part or all of its sensible heat and gains equivalent
amount of latent heat of water vapor thereby leading to
decrease in its temperature and increase in humidity.
More the amount of evaporation, greater is the cooling
effect. Thus, the system is more efficient in hot and dry
climates that is, when it is most needed.

However evaporative coolers do not accurately
control temperature and humidity and their performance
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depends on outside air condition. Moreover, humidity of
air also increases during the process. The common
material used as wetted media for these coolers is aspen
or rigid cellulose. Many researchers have endeavored to
improve the performance of these systems by
implementing appropriate changes in design, process
and materials. Al-Sulaiman (2002) designed a test set-up
to evaluate the performance of jute, date palm and luffa
fibers as wetted media. His findings showed that jute has
highest cooling efficiency followed by luffa and date palm.
Salt deposition was the least for jute; however it had poor
resistance to mold forming. There was difficulty in
keeping the jute fibers uniformly distributed after wetting
and therefore he recommended the treatment of jute
fibers to get higher mold resistance.

Camrago et al. (2004) developed a mathematical
model of direct evaporative cooler and presented their
experimental results with rigid cellulose media having
area density of 370 m%m’. The performance was
measured by saturation effectiveness derived in terms of
heat transfer coefficient, air mass flow rate, wetted
surface area of cooling media and humid specific heat.

Gomez et al. (2005) constructed a test bed set up in
order to carry out trials on ceramic evaporative cooling
system. Two independent air flows namely return and
outdoor were separated by ceramic pipes kept wet by
constant water flow on their inner side. Their findings
concluded that heat and mass transfer occurred between
air flows as a result of the behavior of porous solid and
the process is semi-indirect. Porous material acts as a
filter and avoids any contamination that can be caused by
outside air.

Liao and Chiu (2002) developed a wind tunnel
technique for measuring performance of the pad. They
used coarse fabric and fine fabric PVC sponge mesh as
wetted media. The fan pad system was simulated on the
basis of measurements of air velocity, dry and wet bulb
temperatures and pressure drop. The correlations for
heat and mass transfer coefficients were formulated for
two pad materials.

Maheshwari et al/ (2001) conducted an analytical
evaluation of the performance of indirect evaporative
cooling unit and undertook a comparative study on the
power requirements of conventional packaged air
conditioner and indirect cooling unit. The comparison was
made on the basis of measures arrived after calculating
relevant cooling capacity. Simultaneous heat and mass
transfer from surface of cylinders or tube banks has also
been analyzed by different authors. Khan et a/ (2006)
carried out an analytical investigation of heat transfer
from tube banks and presented simplified models of heat
transfer for in-line and staggered arrangement. They
concluded that compact banks and staggered
arrangement gives higher heat transfer rates when
compared to widely spaced and in-line arrangement.

Sun and Marrero (1996) performed theoretical as well
as experimental studies on heat and moisture transfer
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around single short porous cylinders during forced
convection drying. The results arising out of their analysis
of coupled heat and mass transfer were correlated in
terms of Nusselt and Sherwood numbers. The correlation
is used during the prediction of initial drying rates for short
cylinders. The review of literature shows that no previous
studies of jute fiber ropes as wetted media in the form of
rope bank have been carried out. In this paper the
performance of jute rope bank as wetted media is
analyzed. These fibers are capable of retaining high
moisture and have a large wetted surface area. Al-
Sulaiman (2002). The prediction of heat and mass
transfer coefficients is made by assuming the surface
temperature of the ropes as WBT of incoming air. The
factors like outlet temperature of air, saturating efficiency
and cooling capacity of the cooler are estimated.
Methodology

Arrangement of wetted media

Fig. 1 shows the arrangement of the jute fiber rope
bank inside the frame. The front area of the frame is 0.6
m by 0.6 m and its depth is equal to 0.3 m. Top and
bottom supports can keep the ropes vertically positioned.
In general, staggered and compact banks achieve higher
heat transfer rates when compared to in-line and widely
spaced banks (Khan et a/, 2006). Therefore staggered
array is preferred for the analysis. The longitudinal pitch
is equivalent to the diameter of ropes and the transverse
pitch can be either 1.5 D (arrangement A) or 1.25 D
(arrangement B).

Fig. 2 shows the configuration of rope bank and Table
1 shows the geometrical parameters for two
arrangements A and B. The flow of water can be
maintained on the upper side of the rope bank with the
help of re-circulating pump that keeps the ropes wet. The
cylindrical surface of each rope is considered as wetted
surface and the total wetted surface area of the entire
rope bank is given by following eqgn.
A,=NMNDH m? (1).

Hot air as it comes in causes the evaporation of water
at the rope surface giving rise to combined effects of heat
and mass transfer.

Velocity & mass flow rate considerations

The velocity of air at the entry point of the rope bank
is allowed to vary between 0.75 m/s and 2.25 m/s. This
range is recommended not only in the literature that
focuses on evaporative coolers but also by manufacturers
(ECOCOOL evaporative cooling pad catalog from Arctic
India P. Ltd. Gurgaon, India). These velocities are
assumed to be uniform while entering the rope bank and
are further enhanced by the restricted passage between
the ropes. Mass flow rate of air is calculated on the basis
of frontal area of the frame for the ropes, and density and
velocity of air at the entry.
M,=p Vo HW Kkgls (2).
Heat & mass transfer analogy

During the evaporation of water into air, low mass flux
approximation involves a maximum error of 2.5% and
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therefore heat mass convection analogy can be used
(Cengel, 2004). Under these conditions determination of
mass convection coefficients can be made by picking up
the appropriate Nusselt number correlation for the given
geometry and boundary conditions and replacing the
Nusselt number with the Sherwood number and the
Prandtl number by the Schmidt number (Cengel, 2004).
As such, the results derived for the bank of tubes may be
used for the determination of mass transfer rates
specifically associated with the evaporation of water from
the surfaces of bank of tubes in cross flow. Mass and
heat transfer coefficients are calculated on the basis of
standard relations and outlet temperature of air is
calculated on the basis of empirical relation. The other
related parameters are then calculated on the basis of
psychrometric relations (2009).
Ambient condiitions

The weather data of Bhopal on the basis of usually
prevalent conditions in the month of April, May and part of
June were collected and classified into five groups of
average maximum dry bulb temperature (DBT) and
relative humidity (RH). These conditions are shown in
Table 2. The most frequently occurring conditions of
39.9°C DBT and 32.8% RH are selected for the analysis.
The corresponding wet bulb temperature (WBT) is also
shown.
Evaluation of air properties

Correlations and non-dimensional numbers used in
this analysis require the evaluation of properties of air. In
the literature the properties are evaluated at the
arithmetic mean of fluid inlet and outlet temperature
(Cengel, 2004). In order to obtain more consistent results
for convective transfer coefficients, there arises a need to
evaluate physical properties of air at film temperature
(Sun & Marrero, 1996). In evaporative cooling, water is
continuously re-circulated; therefore its temperature
stabilizes close to what is ambient WBT (Liao & Chiu,
2002). On this basis, surface temperature of the ropes is
assumed to be equal to the WBT of incoming air and the
properties of air are evaluated at film temperature that
works out to be

t, + 1 .

t, = > =32.75°C

All the properties of air are referred at this temperature
barring those, which are to be referred at surface
temperature. Density, kinematic viscosity and thermal
diffusivity are corrected for altitude at Bhopal. Diffusion
coefficient is calculated using the empirical formula.

-I- 2.072
D,, =1.87x107% [T} m?/s.
Where T is absolute temperature and P is pressure in

atm.
£ =1.094 kg/m® C,= 1007 J/kgK v =17.24 x 10° m?/s
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v, =15.68 x 10°m’/s « =2.369 x 10° m’/s

D,s =2.784x107° m?s (D,g), = 2.651x10° m?s

Reynolds number

Reynolds number used in correlations is calculated on
the basis of the maximum air velocity occurring in the
rope bank that may occur either at transverse plane or
diagonal plane for the staggered array. The condition for
maximum velocity occurring at the diagonal plane is
2(SD-D) < (ST-D). However, this condition is not satisfied
either by arrangement A or B and hence maximum
velocity occurs at transverse plane and is given by the

eqn.:
ST

Vi =| —— |V 3

max LT_D}( 2) 3)
Reynolds number is given by the eqgn.

Vmax X D
Re,,, = - — (4)
14

Lewis number and Schmidt number

These numbers are based on diffusion coefficient of
water into air and are calculated on the basis of the
following relations:

o
Le=— (5)
DAB
1%
Sc=—— (6)
DAB
V.
(S¢)y =— (7)
(DAB )s
Sherwood number

The appropriate correlation for Nusselt number for
ST
staggered tube banks for [E) < 2 and (V) >16 is

chosen and Nusselt number is replaced by Sherwood
number and Prandtl number is replaced by Schmidt
number.

0.2 0.25
Stho.ss(S—T) Re%®_ (Sc)**| > ®)
SL (Sc)s

As N, = 12, in the present analysis, a correction
factor of 0.985 is applied for Sherwood number. Hence,
ShDNL =12= 0.985 x 5/70 (9)

Heat & mass transfer coefficients
Mass transfer coefficient is based on Sherwood number
and is given by the equation
ShDNL:IZ DAB
= m/s

10
I D (10)
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Fig. 1. Arrangement of Jute rope bank. Fig. 3. Variation of saturation efficiency
I . I with air mass flow rate
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Fig. 2. Dimensions of jute rope bank (Top view).
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SL D =25mm Fig. 4. Variation of cooling capacity with air mass flow rate
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Fig. 5. Variation of pressure drop with air mass flow rate Fig. 6. Variation of fan power with air mass flow rate
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Heat transfer coefficient is calculated based on analogy The temperature of air at the outlet of rope bank can
between heat and mass transfer and which is given by be predicted by measures of heat transfer coefficient,
the eqn.: total wetted surface area and mass flow rate of air
213 2
h, = pC,h, (L)?°  Wim’K (11) (Cengel, 2004).
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— Awhc

t,=t —(t, —t)expl —==| °C (12).
2 S S 1 Man
Performance parameters
Performance parameters such as saturating

efficiency and cooling capacity can be calculated on the
basis of outlet temperature of air and specific and
relative humidity are calculated on the basis of
psychrometric relations.

Saturation efficiency for such type of cooler can be
calculated by the eqn.:

Lt
tl _twl
The cooling capacity is given by (Watt & Brown, 1997)
Qc=M,x C,%x (- 1) x 3.6 kd/h (14)

(13)

Pressure drop
The pressure drop across the rope bank is determined by

V 2
AP=N_y M (f) Pa (15

Standard graphs were used as reference for the friction
factor and the correction factor.

Fan power requirement

A major component of the power required for
evaporative cooler is the power required to move the air
through the rope bank which is proportional to pressure
drop and can be determined using the egn.:
P=V; AP JIs (16)

The various parameters that are calculated using the
eqgn. 1 through 16 are shown in Table 2 and 3.
Results and discussions

As expected the volume flow rate and mass flow rate
of air increase with the velocity. The maximum velocity is
3 times the velocity at the entry in case of widely spaced
arrangement (A) and 5 times the initial velocity at the
entry in case of compact arrangement (B). As Reynolds
number is based on maximum velocity, its value
increases from 3264-9791 in widely spaced arrangement.
In contrast, in the case of compact arrangement, due to
the more restricted passage between the ropes,
maximum velocity has higher value and consequently
Reynolds number increases from 5439 to16318.

Sherwood number and mass transfer coefficient
reflect effectiveness of mass convection at the rope
surface. It is seen that with increasing velocity, mass
convection occurs more effectively. Heat transfer
coefficient depends on mass transfer coefficient and
increases from 44.96 to 86.91 W/m?K in case of widely
spaced rope bank arrangement. Considering that the
maximum velocity values achieved are higher in compact
arrangement, this arrangement gives higher heat transfer
coefficients ranging from 58.89 W/m?K to 113.85 W/m?K.
Higher heat transfer coefficients result in lower outlet
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temperature of air from 29.4°C to 27.4°C in compact

arrangement when compared with 31.7°C to 29.4°C in

widely spaced arrangement. Even when the heat transfer

coefficients increase, the outlet temperature of air

noticeably increases in both the arrangements due to
Table 1. Geometrical parameters of jute rope bank

Parameter Arrangement A | Arrangement B
ST 37.5 mm 31.25 mm
SL 25 mm 25 mm
SD 31.25 mm 29.5 mm
No. of rows depth A 12 12

,\Ilr? ?sf.‘%%);% .. 11" rows 16 19

,\Ilr? Z()Idfglefs@h 12" rows 15 18
Total No. of Ropes N 186 222
Total wetted surface area Ax 8.765 m’ 10.46 m*
Approach velocity Vam/s Vomls
Maximum velocity Vinax 3Vam/s 5V,mls
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higher mass flow rates associated with increased air
velocity. Therefore saturation efficiency decreases with
velocity. This is in accordance with other types of
evaporative coolers that use different media with different
configurations.

Fig. 3 shows variation of saturation efficiency with
mass flow rate of air. It shows that saturation efficiency
decreases from 73% to 57% and from 87% to 74% for
widely spaced arrangement and compact arrangement
respectively, corresponding to an increase in mass flow
rate from 0.3 to 0.9 kg/s. In the experiments conducted by
Al-Sulaiman (2002) the cooling efficiency of jute fibers
has been reported as 62.1% with air velocity of 2.4 m/s
and DBT of about 35°C. Lower range of velocities and
uniform wetting of surface assumed in the present
analysis gives theoretically higher values of efficiency.
Instead of keeping jute fibers loosely packed in a box,
rope bank enables uniform exposure of cooled surface to
air which in turn increases efficiency. Fig. 4 shows the
variation of cooling capacity. As is evident from fig. the
cooling capacity increases with mass flow as greater
mass of air is being cooled. It increases from 11243 kJ/h
to 26381 kJ/h and from 13384 kJ/h to 33852 kJ/h for
widely spaced arrangement and compact arrangement
respectively.

Fig. 5 and 6 show the variation of pressure drop and
fan power with mass flow rate. As higher mass flows are
a result of higher velocities, both pressure drop and fan
power increase in tandem with the mass flow rate.
Pressure drop increases from 17.3 Pa to 128.6 Pa and
from 55.4 Pa to 365.5 Pa for widely spaced and compact
arrangement respectively. Fan power increases from 4.7
W to 104.2 W and from 16.4 W to 323.9 W for widely
spaced and compact arrangement respectively.

It is seen that 14% increase in efficiency and marginal
decrease of 2°C in outlet temperature are obtained with
compact arrangement; however there is considerable
increase in power consumption which is at least 3 times
when compared to widely spaced arrangement. Hence
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widely spaced arrangement is preferable to ensure
substantial energy savings.

Table 2. Averaged weather data at Bhopal, India
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way to save the energy with relatively little sacrifice in
comfort. However this is possible only when jute fibers

are available at cheaper rate. The jute fibers, when

i Average treated appropriately, to offer higher resistance to mold
Amg.‘f”t D%Tcmax E"ta' maximum A":’;:'_Ir"l/ge V!CB:T forming, can be used as alternative media in this form
condition ays | pBT°C ° for evaporative coolers.

A Below 35°C 5 33.8 39 22.58

B 35- 39°C 10 371 345 23.08 Table 4. Typical parameters for arrangement B

C 39-41°C 29 39.9 32.8 25.59 Vinax m/s 3.75 6.25 8.75 11.25

D 41-42°C 18 41.4 26.1 24.63 Zd m°/s 0.27 0.45 0.63 0.81

E Above 42°C 5 42.6 22.6 24.28 M; kg/s 0.295 0.492 0.689 0.886

Table 3. Typical parameters for arrangement A REpmax 5439 9066 12692 16318
Sc 0.6190
Vs m/s 0.75 1.25 1.75 2.25 (S0)s 05913
Vinax m/s 2.25 3.75 5.25 6.75 le 0.8509
Vf m°/s 0.27 0.45 0.63 0.81 -
M; kg/s 0295 | 0492 | 0.689 | 0.886 Shop= 12 /266 | 88.92 | 103.39
2 3064 5439 2615 9791 hm m/s 0.0596 | 0.0809 0.0990 0.1151
seDmaX 55190 he W/m’K | 58.89 | 80.01 97.91 113.85
(Si‘)s 0'5913 b °C 27.40 28.24 28.87 29.36
le 0.8509 n % 87.4 81.5 77.2 73.7

Shon=12 40.83 | 5547 | 67.88 | 78.92 W Soka 1 0.02146 | 0.0211 | 0.02083 | 0.02063
hm m/s 0.0455 0.0618 0.0756 | 0.0879 "3; air
he W/m’K | 4496 | 61.08 | 74.74 | 86.91 RH %o 86.9 814 77.5 74.6
& °C 2040 | 3045 | 3116 | 3169 Qc kJ/h 13384 | 20808 | 27567 | 33852
n % 73.4 66.1 61.1 57.4 f}( 0.6 0.54 1 0.5 0.44
w kg/k

o dg o | 0.02061 | 0.02016 | 0.01986 | 0.01963 2P Pa 5538 | 13846 | 25128 | 36553
RH % 74 .4 68.6 64.9 623 P w 16.36 68.16 173.18 323.91
Q: kd/h 11243 16857 21832 26381
f 0.52 0.49 0.47 0.43 References
X 1 1. Al-Sulaiman F (2002) Evaluation of the performance of local

fibers in evaporative cooling. Energy Conversion
2P| Pa |78 [ 4575 [ 8505 [ TR0 | pyorvooment 43(16), 22675073
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Compact arrangement gives higher saturation
efficiency and lower outlet temperature of air at the cost
of higher power consumption. Hence, findings lead to the
conclusion that widely spaced arrangement is a better
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