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ABSTRACT

The evaporative heat exchanger has numerous applications in transferring heat. In this research an
experimental study of the heat and mass transfer has been conducted on an experimental
evaporative heat exchanger. The study involves the effect of cold water mass flow rate, hot water
inlet temperature, air flow rate, injection holes diameter and horizontal distance between injection
holes on the heat transfer, overall heat transfer coefficient, effectiveness and mass transfer. The
results obtained indicate an increase of heat and mass transfer with the increase of hot water flow
rate, hot water inlet temperature, air flow rate and injection holes diameter.
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1- INTRODUCTION

Heat exchanger is a device that transfers heat
between two or more spaces or substances. It is
classified into many types. One type is the
evaporative heat exchanger. An evaporative heat
exchanger is a combination of cooling tower and heat
exchanger. The purpose of that device is to such fluid
by water in the same time water is cooled by direct
contact with air. To achieve this process water is
sprayed in a tower on the outer surface of the heat
exchanger to cool it. The sprayed water becomes hot.
Air is blown and come in contact with the falling
water. Some of sprayed water evaporates and carried
out with air while the temperature of the rest gets
down. The cooled water falls down in the tower basin
where it is pumped again to the spray tube.

An application of the evaporative heat exchanger is
the evaporative condenser which mainly used in
refrigeration systems that has high cooling capacity.
The use of evaporative processes to improve vapor
compression system cooling efficiency is an
important method for reducing energy use and peak
demand in hot-dry climates. Evaporative condensers

demonstrate efficiency advantages by reducing the
temperature of the condensing environment from the
outdoor dry bulb temperature to close to the outdoor
wet bulb temperature. Their efficiency is essentially
unaffected by high ambient temperatures in dry
climates and indoor comfort is not compromised in
humid conditions in contrast to evaporative coolers.
The impact is most significant during utility peak
periods when the difference between dry and wet
bulb temperatures is often greatest.

The evaporative heat exchanger has many benefits.
Using of it as a condenser in a refrigeration system
minimize the volume of the condenser compared to
the air cooled one. The condenser pressure of
refrigeration system also decreases which in turn
leading to a decrease in the power consumption.
Besides, the refrigerating effect increases and
consequently the system cooling capacity increase.

Many efforts have been conducted to study heat and
mass transfer as well as the effectiveness of
evaporative heat exchanger. Webb and Villacres [1]
developed a computer program to predict the
performance of evaporative heat exchanger under
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virtually any operating condition of interest. Rana et
al [2] investigated the heat transfer coefficient from
the outer surface of a horizontal tube subjected to
water spray without air flow. They also studied the
heat and mass transfer from the same tube in case of
air flow opposite to the sprayed water and the results
obtained were compared with that of the case without
air flow. Backman et al [3] studied the use of
evaporative processes to improve vapor compression
system cooling efficiency. Their results indicated a
decrease of condenser effectiveness when the wet
bulb temperature of air was decreased.

Heat, mass transfer and fluid flow characteristics in
evaporative condensers were investigated by Bykov
et al [4]. They indicated that the spray-filled space
underneath the coil had a substantial effect on heat
rejection. On the other hand, the effect of the upper
spray nozzle zone is insignificant so that it was not
recommended to add heat and mass transfer surfaces
in the upper portions of the condenser. Zalewski [5]
formulated a mathematical model for predicting heat
and mass transfer in evaporative condenser at steady
state condition. Radojkovi¢ et al [6] investigated
experimentally the influence of tube bundle witting
on the heat transfer intensity in evaporative heat
exchanger. They indicated that, the heat exchange
increased with the increasing either of water
spreading density over the tube bundle or air flow.
The performance of two evaporatively cooled heat
exchangers is investigated under similar operating
conditions of air flow rates and inlet hot water
temperatures by Hasan and Siren [7]. Their model
was used to calculate the thermal performance of the
plain and finned tubes assuming a constant spray
water temperature in the heat exchanger. The wet-
finned surfaces show low fin efficiency compared
with dry surfaces.

Performance evaluations of refrigeration system were
studied by Hosoz and Kilicarslan [8]. They compared
the performance characteristics of refrigeration
system employing three types of condensers, namely
the air-cooled, the water-cooled and the evaporative
condensers. The experimental studying, that
conducted in the same vapor compression
refrigeration unit operating with a different
condenser in each test, indicates higher C.O.P for the
evaporative condenser than that for air cooled
condenser. Rajneesha and Kumarb [9, 10, 11] studied
experimentally the heat flux and mass transfer
coefficient over the surface of a tube of evaporative
tubular heat dissipator during falling film on a
horizontal tube of an evaporative tubular through
which hot water was flowing. It was indicated that
evaporative effectiveness and mass transfer
coefficient increased as the cooling water film flow
rate was increased and air flow rate was constant.
Ivoni et al [12] found in their experimental analysis

of an evaporative condenser that, the condensation
temperature was influenced by the humidity ratio and
enthalpy changes of the moisture air. Greater
condensation temperatures led to decrease the
performance coefficient of the refrigeration cycle in
which that equipment often works at lower wet bulb
temperatures.

Wei et al [13] indicated in their analysis of
evaporative condenser for steam power plant that, the
condensing temperature of the steam in the tube was
increased with the increasing of air and water film
temperatures. The condensing temperature of the
steam was decreased with the increasing of water
flow rate and the wind velocity. The evaporation
capacity of the water outside the tube was increased
with the increasing wind velocity. Ettouney et al [14]
conducted an experimental investigation to study the
performance of evaporative condensers. The analysis
included development of correlations for the external
heat transfer coefficient and the system efficiency.
The analysis was performed as a function of the
water-to-air mass flow rate ratio and the steam
temperature. The analysis showed that the system
efficiency was increased at lower water to air mass
flow rate ratios and higher steam temperatures.

Evaporative effectiveness and mass transfer
coefficient of a U-shape brass tube of an evaporative
heat exchanger was studied by Duhan and Kumar
[15]. It was reported that the increase in evaporative
effectiveness was found with slight stagnation with
increase of Reynolds number of water and Reynolds
number of air. Evaporative effectiveness and mass
transfer coefficient were decreasing with the increase
of dimensionless enthalpy potential. Chander and
Singh [16] studied experimentally the effect of dry
out heat flux and mass transfer coefficient on a single
horizontal copper tube of an evaporative tubular heat
dissipate. It was found that, for the case of only water
flow, the onset and permanent dry out heat flux was
increased with the increase of Reynolds number of
water. In case of both water and air flow it was
observed that dry patches occurred on the surface of
the tube when Reynolds number of air was increased.
At higher flow of cooling water there was no dry
patches formed on the surface of the tube.

The review of the previous work has no studying of
hot water flow rates, the effect of injection holes
diameter and using cover sheet on the heat and mass
transfer. Besides, the cold water flow rate was taken
based on low Reynolds number.

2- Experimental Study:

The experimental apparatus was designed and
constructed as shown with its all details in Fig. 1. Hot
water is supplied from a tank of 50x50 x50 cm. The
tank was made of steel of 4 mm thickness and it is
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fixed on a steel frame stand. The tank is equipped
with two electric heating coils of 1.5 kW each. The
coils were supplied with thermostat to maintain
constant temperature. The hot water was taken from
the tank at a high level. After passing through the
heat exchanger, the hot water was returned to the
tank by a centrifugal pump of 0.37 kW power. The
heat exchanger was made of copper tube, type K, of
inner and outer diameters of 1.02 and 1.27 cm
respectively. The horizontal length of the coil is 80
cm and its height is 81 cm. Hot water, used to be
cooled, flows under gravity effect from the heating
tank to the coil through a rubber tube of 1.6 cm inner
diameter and 2.3 cm outer diameter. The rubber tube
and the coil were connected together, through
another rubber tube of inner and outer diameters of
1.25 cm and 1.6 cm respectively. At the end of the
coil, water is extracted by the pump where it is
discharged to the heating tank.

The required flow rate was adjusted by the aid of a
valve and a Rota meter. The front and back sides of
the outer case of the heat exchanger were made of
acrylic while the two sides were made of steel. An air
blower was installed at the bottom of front side for
supplying the required air.

1- Isolated hot water tank. 2- Electric heart.

3- Control valve. 4- Steel tube.

5- Rubber tube. 6- Flow-meter.

7- Cold water sprays tube. 8- Hot water coil.
9- Tower. 10- Pump.

11- Hot water return tube
12- Inlet air fan connection.
13- Exhaust air duct.
14- Cold water drain tube.
15- Stand Frame.
Fig. 1 Experimental apparatus details
Cold water was taken from the main supply net and
injected at the top of the middle section of the heat

exchanger case through capillary tubes. Capillary
tubes were welded with the injection tube to ensure
good film cooling to the hot coil and the required
distance between the injection holes and vertical
distance between the holes and hot coil are adjusted.
Each of hot and cold water coils was made of copper
tube of type “K” with inner and outer diameters of
1.656 and 1.905 cm respectively.. Six injection cold
water models were chosen. As shown in table (1).

Table (1): Summary of the injection models.

Distance Injection hole diameters [mm]
ds d; ds

5 cm apart 0.79 1.39 1.78

10 cm apart 0.79 1.39 1.78

The temperature of hot and cold water was measured
at the inlet and outlet of each coil with the aid of
calibrated copper constantan thermocouples. The
output of the thermocouples was reading by
calibrated digital indicator. The inlet and outlet
temperature and relative humidity of air were
measured by two calibrated humidifiers. The air
velocity was measured at air outlet by the aid of
portable hot wire.

3- Results and Discussions:

The effectiveness of evaporative heat exchanger is
affected by many parameters such as; the flow rate
and inlet temperature of each of hot water, cold water
and air, these parameters affect each of heat
dissipated from the hot-water coil, overall heat
transfer coefficient, the effectiveness and mass
transfer of the experimental evaporative heat
exchanger.

3-1 Effect of hot water flow rate:

The effect of hot water flow rate on each of heat
dissipated from the hot water coil, overall heat
transfer coefficient, effectiveness and mass transfer
of the experimental evaporative heat exchanger was
studied at cold water Reynolds number of 3585,
4062, 4702, 5019 and 5438. This effect was
conducted at hot water inlet temperature of 80 °C,
injection holes diameter of the cold water was 0.79
mm, the interval distance between the injections of
the cold water was 50 mm, the height between the
injections of the cold water and the first row of the
hot water coil was 40 mm and the air mass flow rate
was 0.02 kg/sec.
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The heat dissipated from hot water could be
calculated from Eq. (1) as:

Q,= MaCpy (Tyi =Tho) )

Where: Mh the mass flow rate of hot water.

CpW: is the specific heat of water.

T..T.. .
hi* "h.o - inlet and outlet hot water temperature.

The Reynolds number could be calculated as:

Re _ ALY d _4m

uo mdu
Where: p the water density.
di: tube inlet diameter.
C: fluid velocity.
W dynamic viscosity.
Figure (2) shows the effect of hot water flow rate on
the heat dissipated for different cold-water flow rates.
It is seen that, the heat dissipated from the hot water
coil is increased with the increase of hot water flow
rate. As example for the case of cold water Reynolds
number of 5438, the heat transfer is increased from
8.16 to 9.97 kW with a percentage increase of 22.18
when the hot water Reynolds number is increased
from 22629 to 31439 with a percentage increase of
38.93. This explained as indicated in Eg. (1) as the
heat transfer is function of mass flow rate.

@)

11

10

Q, [kW]

T,=80°C, d,=0.79 mm
X =50 mm, h =40 mm
6 o b b b b b b

20 22 24 26 28 30 32 34
Re,,, x 103

Fig. 2 Effect of hot water flow rates on the heat
dissipated for different cold-water flow rates.

The overall heat transfer coefficient (U) could be
calculated as the following:

Q,=U,AQB, 3
Where: A, = nd,L, ®,, could be obtained as follows:
O = (Thl _Tcl) — (Th2 _Tcz) )
" In( (Thl_Tcl))
(Th2 _Tcz)

Equation (3) indicates that, the overall heat transfer
coefficient increases with the increase of heat
transfer. This is indicated in Fig. 3 which illustrates
the effect of hot water flow rate on the overall heat
transfer coefficient of the hot water coil. The figure
indicates that, the overall heat transfer coefficient
from the hot water coil is increased with the increase
of hot water flow rate. As example for the case of
cold water Reynolds number of 5438, the overall heat
transfer coefficient is increased from 799 to 926
W/m?.K with a percentage increase of 15.9 when the
hot water Reynolds number is increased from 22629
to 31439 with a percentage increase of 38.93.

1000
900
3 F
g 800 F
= =
700
E T,=80°C, d, = 0.79 mm
- x =50 mm, h =40 mm
600 oo bbb b b b

20 22 24 26 28 30 32 34
Re,,, x 103

Fig. 3 Effect of hot water flow rates on overall heat
transfer coefficient for different cold-water flow
rates.

The effectiveness (g) of the heat exchanger is an
important factor in heat transfer devices. This factor
indicates how much of useful heat transfer from the
available heat. This factor could be calculated as
following, See Fig. (4):

_ Actual heat loss _ (T, ~Ty,o) )
Max.available (T, —T,,)
T
-

C,i
Parallel Flow H.E

Fig. 4 Temperature gradient for Parallel flow heat
exchanger
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Figure 5 shows the effect of hot-water flow rate on
the effectiveness of the evaporative heat exchanger
for different cold water flow rates. The effectiveness
of the evaporative heat exchanger increases as the hot
water flow rate is increased. For the case of cold
water Reynolds number 5438, the effectiveness of
the experimental heat exchanger is decreased from
0.49 to 0.43 with a percentage decrease of 12.24
when the hot water Reynolds number is increased
from 22629 to 31439 with a percentage increase of
38.93.

0.6

0.5

Illlllllllllllllllll

0.4

TTTT

[| T,=80°C,d;=0.79 mm
[ (x=50mm, h=40 mm
0.3 FETRRRRTRARTRTRRTRTA RRRRR RN R RARTRRTARRRRRR AU RRARARTNI ARARTATAT]

20 22 24 26 28 30 32 34
Re,,, X 102

Fig. 5 Effect of hot water Reynolds number on heat-
exchanger effectiveness for different cold-water
Reynolds number

The decrease of heat exchanger effectiveness could
be explained as the increase of hot water flow rate
causes high wvelocity. Accordingly, the time of heat
transfer is decreased which in turn causes an increase
on the hot water temperature along the heat
exchanger path. This results in high temperature at
the exit for the hot water. This means that energy go
out from the heat exchanger thus the effectiveness of
the experimental evaporative heat exchanger is
decreased.

In evaporative heat exchangers some of sprayed
water may vaporized and carried out by the air. Make
up water is required instead of this vaporized water.
The amount of water vapor could be obtained by the
following relation:

m, = Ma(@, — o) (6)

m = pAC (7
Where: A is the cross section area of air outlet

opening; C is the average air velocity.

oy and o, are the humidity ratio obtained at air inlet

and outlet conditions from psychometric chart as

shown in Fig. 6.

ity Retlo, gMgjda)

Dry Bulb Temperaturs, .-C Pressurs= 101325 Pa

Fig. 6. Representation of air conditions process on
psychometric chart

Figure 7 illustrated the mass transfer of the
evaporative heat exchanger as a function of hot-water
flow rate for different cold-water flow rates. The
figure indicates that, as the increase of hot water flow
rate, the heat transfer increases as indicated before
and consequently more vaporization occurs and the
specific humidity of air increases.

16

15

14

13

m, x 107 [g/sec]

12

T,=80°C,d,=0.79 mm
x =50 mm, h =40 mm
11 = ARRTRTRTARRTRRRARIRTRARRTATA ARARARRRRIRARARTRRTAARARARTRTARTRTRANIN

20 22 24 26 28 30 32 34
Re,,, x 10%

Fig. 7 Effect of hot water Reynolds number on mass
transfer for different cold-water Reynolds humber

This means that the mass transfer increases with the
increase of cold water flow rate. For the case of cold
water Reynolds number 5438, the mass transfer of
the evaporative heat exchanger is increased from
0.138 to 0.15 g/sec with a percentage increase of 8.69
as the Reynolds number of hot water is increased
from 22629 to 31439 with a percentage increase of
38.93.

This means that the mass transfer increases with the
increase of cold water flow rate. For the case of cold
water Reynolds number 5438, the mass transfer of
the evaporative heat exchanger is increased from
0.138 to 0.15 g/sec with a percentage increase of 8.69
as the Reynolds number of hot water is increased
from 22629 to 31439 with a percentage increase of
38.93.
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3-2 Effect of cold water flow rate:

The effect of cold-water flow rate on each of heat
dissipated from the hot water coil, overall heat
transfer coefficient, the effectiveness and mass
transfer of the experimental evaporative heat
exchanger was studied at Reynolds number of 3585,
4062, 4702, 5019 and 5438. This effect was
conducted at hot water inlet temperature of 80 °C,
injection holes diameter of the cold water was 0.79
mm, the interval distance between the injections of
the cold water was 50 mm, the height between the
injections of the cold water and the first row of the
hot water coil was 40 mm and the air mass flow rate
was 0.02 kg/sec.

Figure 8 shows the effect of cold water flow rates on
the heat dissipated from the hot water as for different
hot water flow rates. The heat dissipated from the hot
water coil is increased as the cold-water flow rate is
increased. This result is expected, as the experimental
setup is a heat exchanger.

12

10 F
=
8 | ﬁ
C T,=80°C.d, =079 mm
C X =50 mm, h =40 mm
6—I||||||||||||||||||||||||||||
3000 4000 5000 6000

ReCW
Fig. 8 Effect of cold-water flow rates on heat

dissipated for different hot water Reynolds number.
For the case of hot water Reynolds number 31439,
the heat dissipated is increased from 8.79 kW to 9.97
kW as the Reynolds number of cold water is
increased from 3585 to 5438. Therefore, there is
13.42 % increasing in the heat dissipated from the
hot water as the Reynolds number of cold water is
increased by 51.69 %. The increasing of cold-water
flow rate decreases the cold-water temperature along
the heat exchanger path, which results in high
temperature difference between the two streams, so
the heat exchange is increased.

The overall heat transfer coefficient from the hot
water coil as a function of cold water flow rate for
different hot water flow rates is illustrated in Fig. 9.

900
F Re,,
E | o 22629
E | & 24440
E | 026041
800 [ # 29966
F | ®31439
<
g 700 F
N
600 [
E T, =80°C, d,;=0.79 mm
E X =50 mm, h =40 mm
500—ll|||||||||||||||||I|||||||||
3000 4000 5000 6000

Reg,

Fig. 9 Effect of cold water Reynolds number on

overall heat transfer coefficient for different hot
water Reynolds number.

It is indicated that, the owverall heat transfer
coefficient from the hot water coil is increased with
the increase of cold-water flow rate. For the case of
hot water Reynolds number 31439, the overall heat
transfer coefficient from the hot water coil is
increased from 704 to 785 W/m?.K as the Reynolds
number of cold water is increased from 3585 to 5438.
Therefore, there is an increase of 11.51 % in the
overall heat transfer coefficient from the hot water
coil as the Reynolds number of cold water is
increased by 51.69 %. The increasing of cold-water
flow rate decreases the cold-water temperature along
the heat exchanger path, which results high
temperature difference between the two streams. So,
the overall heat transfer coefficient for the hot water
coil is increased.

Figure 10 shows the effectiveness of the evaporative
heat exchanger as a function of cold Reynolds
number for different hot water flow rates. The
effectiveness of the evaporative heat exchanger
increases as the cold-water Reynolds number
increases. For the case of hot water Reynolds number
31439, the effectiveness of the evaporative heat
exchanger is increased from 0.38 to 0.43 as the
Reynolds number of cold water is increased from
3585 to 5438. Therefore, there is 13.16 % increasing
in the effectiveness of the evaporative heat exchanger
as the Reynolds number of cold water increasing by
51.68 %. The increasing of cold-water flow rate
decreases the cold-water temperature along the heat
exchanger path, which results high temperature
difference between the two streams, so the
effectiveness of the evaporative heat exchanger is
increased.
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Fig. 10 Heat-exchanger effectiveness as a function of
cold water Reynolds number for different hot-water
flow rates
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Figurell illustrates the mass transfer of the
evaporative heat exchanger as a function of cold
Reynolds number for different hot water flow rates.
The figure indicates that, as the increase of cold
water flow rate less vaporization occurs and the
specific humidity of air decreases. This means that
the mass transfer decreases with the increase of cold
water flow rate. For the case of hot water Reynolds
number 31439, the mass transfer of the evaporative
heat exchanger is decreased from 0.187 to 0.171
g/sec as the Reynolds number of cold water is
increased from 3585 to 5438. Therefore, there is 8.56
% decreasing in the mass transfer of the evaporative
heat exchanger as the Reynolds number of cold water
increasing by 51.67 %.

20
= 18:—
= C
P L
=) C
< C
E 16 |
- (T,=80°C, d,=0.79 mm
- | x =50 mm, h =40 mm
14 |||||||||||||||||||I|||||||||
3000 4000 5000 6000

Re

cw

Fig. 11 Mass transfer as a function of cold water
Reynolds number for different hot-water Reynolds
number

3-3 Effect of hot water inlet temperature:

The effect of hot water inlet temperature on each of
heat dissipated from the hot water coil, overall heat
transfer coefficient, effectiveness and mass transfer
of the experimental evaporative heat exchanger was
studied and illustrated in Figs. 12 to15. The studying
was conducted at 50 °C, 60 °C, 70 °C and 80 °C.
This effect was conducted for injection holes
diameter of the cold water 0.79 mm, interval distance
between the injections of the cold water was 50 mm,
the height between the injection holes of the cold
water and the first row of the hot water coil was 40
mm, cold water flow rate was 0.059 kg/sec and the
air mass flow rate was 0.02 kg/sec. It is indicated
from Fig. 12 that the heat dissipated from the hot
water coil is increased with the increase of hot-water
temperature. For the case of hot water Reynolds
number 31439, the heat dissipated is increased from
548 kW to 9.28 kW as the hot-water inlet
temperature was increased from 50 °C to 80 °C.
Therefore, there is an increase of 34.31 % in the heat
dissipated from the hot water as the hot-water
temperature was increased by 60 %. The increasing
of hot-water inlet temperature causes high hot-water
temperature along the heat exchanger path, which
results in high temperature difference between the
hot water and cold water streams. Therefore the heat
exchange is increased.

10
r Re,,
- | 022629
[ | A& 24449
L | O 26941
F | * 29966
L | @ 31439
8
2 |
e -
6 |
C 0.79 mm
F x =50 mm, h =40 mm
N No cover
4 llllllllllllllllllllllllllll
40 60 80 100

T, [°C]
Fig. 12 Effect of hot water inlet temperature on heat
dissipated for different hot water Reynolds number

Figure 13 indicates the effect of hot water inlet
temperature on the overall heat transfer coefficient. It
is seen that, the overall heat transfer coefficient of the
hot water coil is decreased as the hot-water inlet
temperature is increased. For hot water Reynolds
number 31439 the overall heat transfer coefficient is
decreased from 962 to 595 W/m”.K as the hot-water
temperature is increased from 50 °C to 80 °C.
Therefore, there is 38.51 % decreasing in the overall
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heat transfer coefficient from the hot water coil, as
the hot-water temperature is increased by 60 %. The
overall heat transfer coefficient from the hot water
coil is a function of heat dissipated and logarithmic
mean temperature difference.

The overall heat transfer coefficient of the hot water
coil is in direct relation with the heat dissipated and
is in reverse relation with the logarithmic mean
temperature difference, see equation (4). Although
the heat dissipated is increased when the hot water
temperature is increased, but the overall heat transfer
coefficient of the hot water coil is decreased as the
hot water inlet temperature is increased. This
indicates that the increasing of the logarithmic mean
temperature difference is higher than the increasing
of the heat dissipated as the hot water temperature is
increased.

1200 g
E Rehw
E 0 22629
3 A 24449
1000 E 0 26941
E % 29966
800 E ® 31439
¥
é 600 E
> E
400 E
200 £ d,=0.79 mm
E x =50 mm, h =40 mm
O —l 111 11111 l 1111 11111 l 1111 11111
40 60 80 100

T, [c]
Fig. 13 Overall heat transfer coefficient as a function
of hot water inlet temperature for different hot water
Reynolds number

The effectiveness of the evaporative heat exchanger
as a function of hot water inlet temperatures is
illustrated in Fig. 14 for different hot-water flow rate.

0.7 ¢
06 F
cosf \

04 F
E d,=0.79 mm
E X =50 mm, h =40 mm

0-3—llllllllllllllllllllllllllll
40 60 80 100

T, [C]
Fig. 14 Effect of hot water inlet temperature on
Effectiveness of heat exchanger for different hot
water Reynolds number

It can be seen that, the effectiveness of the
evaporative heat exchanger is decreased as the hot-
water inlet temperature is increased. For hot water
Reynolds number 31439, the effectiveness is
decreased from 0.51 to 0.41 as the hot-water
temperature is increased from 50 °C to 80 °C.
Therefore, there is 19.61 % decreasing in the
effectiveness from the evaporative heat exchanger, as
the hot-water temperature is increased by 60 %. This
could be explained as, the increase of hot-water
temperature leads to increase the difference between
hot water inlet temperature and cold water inlet
temperature, see Eq.(5). Consequently, the
effectiveness of the experimental evaporative heat
exchanger is decreased.

Figure 15 indicates the mass transfer as a function of
hot water inlet temperatures for different hot-water
flow rate. The mass transfer between cold water and
air is increased slightly with the increase of hot-water
inlet temperature between 50 °C and 60 °C after
which the rate of increase mass transfer is increased.
This is because the rate of heat transfer between hot
water and cold water increases which in turn result in
an increase of heat and mass transfer between cold
water and air. For hot water Reynolds number 31439,
the mass transfer is increased from 0.154 to 0.187
g/sec as the hot-water temperature is increased from
50 °C to 80 °C. Therefore, there is 21.43 %
increasing in the mass transfer from the hot water as
the hot-water temperature is increased by 60 %.
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Fig. 15 Mass transfer as a function of hot water inlet
temperature for different hot water Reynolds number

3-4 Effect of air flow rate:

The effect of air flow rate on each of heat dissipated
from the hot water coil, overall heat transfer
coefficient, the effectiveness and mass transfer of the
experimental evaporative heat exchanger was
studied. The studying was conducted at four values
of air flow rate; they were 0.02, 0.019, 0.018 and
0.015 kg/sec. This effect was conducted for the case
of bare hot water coil, 1.38 mm injection holes
diameter, the interval distance between the injections
of the cold water was 50 mm, the height between the
injections of the cold water and the first row of the
hot water coil was 40 mm, the hot water inlet
temperature was 80 °C, hot water flow rate was 0.091
kg/sec and cold water flow rate was 0.079 kg/sec.

The effect of air flow rate is shown in Figs. 16 to 19.
Figure 16 shows the heat dissipated from the hot
water as a function of air mass flow rates for
different hot-water flow rate. It is indicated that, the
heat dissipated from the hot water coil increases with
the increase of air flow rate.
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Fig. 16 Effect of air flow rate on heat dissipated for
different hot water Reynolds number.

For the case of hot water Reynolds number 31439,
the heat dissipated is increased from 8.46 to 9.97 kW
as the air flow rate is increased from 0.015 to 0.02
kg/sec. Therefore, there is 17.85 % increasing in the
heat dissipated from the hot water as the air flow rate
is increased by 33.33 %. The increasing of air flow
rate decreases the cold-water temperature along the
heat exchanger path, which results in high
temperature difference between the two streams (cold
and hot water), so the heat exchange is increased.
Also the increasing of air flow rate decreases the air
temperature along the heat exchanger path, which
results high temperature difference between the two
streams (air and hot water), so the heat exchange is
increased.

Figure 17 shows the overall heat transfer coefficient
from the hot water coil as a function of air mass flow
rates for different hot-water flow rate. It is seen that,
the overall heat transfer coefficient from the hot
water coil is increased as the air mass flow rate is
increased. For hot water Reynolds number 31439, the
overall heat transfer coefficient is increased from
1008 to 1171 W/m”.K as the air flow rate is increased
from 0.015 to 0.02 kg/sec. Therefore, there is an
increase of 16.17 % in the owverall heat transfer
coefficient from the hot water coil, as the air flow
rate is increased by 33.33 %. This could be explained
as, the increasing of air flow rate decreases the cold-
water temperature along the heat exchanger path,
which results in high temperature difference between
the two streams (cold and hot water) so the heat
exchange is increased.
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Also, the increase of air flow rate decreases the
temperature difference of air along the heat
exchanger path, which results in high temperature
difference between the two streams (hot water and
air), so the heat exchange is increased. Thus the
overall heat transfer coefficient is increased as the
heat exchange is increased.

Figure 18 illustrates the effectiveness of the
evaporative heat exchanger as a function of air mass
flow rates for different hot-water flow rate. The
figure indicates that, the effectiveness of the
evaporative heat exchanger is increased as the air
mass flow rate is increased. For the case of hot water
Reynolds number 31439, the effectiveness is
increased from 0.47 to 0.52 as the air flow rates is
increased from 0.015 to 0.02 kg/sec. Therefore, there
is an increase of 10.64 % in the effectiveness from
the experimental evaporative heat exchanger, as the
air flow rates is increased by 33.33 % at this
condition. This because the increase of air flow rate
decreases the cold-water temperature along the heat
exchanger path, which results high temperature
difference between the two streams (cold and hot
water), so the heat exchange is increased. Also, the
increase of air flow rate tend to decrease the air
temperature difference along the heat exchanger path,
which results in high temperature difference between
the two streams (hot water and air), so the heat
exchange is increased. Thus the effectiveness is
increased as the heat exchange is increased.
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Fig. 18 Effectiveness as a function of air mass flow
rates for different hot water Reynolds number

Figure 19 illustrates the effect of air flow rates on
mass transfer for different hot-water flow rate for
different. The figure indicates that, as the increase of
air flow rate more vaporization occurs and the
specific humidity of air increases. This means that
the mass transfer increases with the increase of air
flow rate. For the case of hot water Reynolds number
31439, the mass transfer of the evaporative heat
exchanger is increased from 0.121 to 0.179 g/sec as
the air flow rate is increased from 0.015 to 0.02
ka/sec. Therefore, there is 47.97 % increasing in the
mass transfer as the air flow rate is increased by
33.33 %.
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Fig. 19 Effect of air mass flow rates on mass transfer
for different hot water Reynolds number
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3-5 Effect of the distance between injection holes:

The distance between injection holes affects each of
heat dissipated from the hot water, overall heat
transfer coefficient, the effectiveness and mass
transfer of the experimental evaporative heat
exchanger. This effect was studied at two cases. First
case was conducted at 50 mm difference (16 outlets
for cold water), second one was conducted at 100
mm distance (8 outlets for cold water). This effect
was conducted under the following circumstances;
the hot water coil was a bare tube, the injection
diameter of the cold water was 0.79 mm, the height
between the injections of the cold water and the first
row of the hot water coil was 40 mm, the hot water
inlet temperature was 80 °C, cold-water flow rate
was 0.059 kg/sec and the air mass flow rate was 0.02
kg/sec. The effect of the distance between injection
holes is shown in Figs. 20 to 23. Figure 20 shows the
heat dissipated from the hot water as a function of
hot-water flow rate for different distance between
injection holes. It is indicated that, the heat dissipated
from the hot water coil is decreased as the distance
between injection holes is increased.
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Fig. 20 Heat dissipated from hot water as a function
of hot water Reynolds number for different distance
between injections.

For the case of hot water Reynolds number 31439,
the heat dissipated is decreased from 9.28 to 8.56 kW
as the distance between injection holes is increased
from 50 to 100 mm. Therefore, there is 7.76 %
decreasing in the heat dissipated from the hot water
as the distance between injection holes is increased
by 50 %. This could be explained as, for small
distance between injection holes, more cold water
outlets (16 outlets) which imply low outlet velocity
for cold water as the cold water flow rate was
constant. This causes more uniform cold water
distribution over the hot water coil which results in

high heat exchange between the two streams as
shown in the figure.

Figure 21 indicates the overall heat transfer
coefficient of the hot water coil as a function of hot-
water flow rate for different distance between
injections. The overall heat transfer coefficient of the
hot water coil is decreased as the distance between
injection holes is increased. For the case of hot water
Reynolds number equal to 31439, the overall heat
transfer coefficient is decreased from 909 to 790
W/m>.K as the distance between injections is
increased from 50 to 100 mm. Therefore, there is
13.1 % decreasing in the owerall heat transfer
coefficient from the hot water as the distance
between injections is increased by 50%. The
decreasing of the distance between injection holes
causes more uniform cold water distribution over the
hot water coil which results in high heat transfer
between the two streams. High heat transfer means
high overall heat transfer coefficient for the hot water

coil.
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Fig. 21 Overall heat transfer coefficient as a function
of hot water Reynolds number for different distance
between injections

Figure 22 illustrates the effectiveness of the
evaporative heat exchanger as a function of hot-water
flow rate for different distance between injection
holes. The effectiveness of the evaporative heat
exchanger is decreased as the distance between
injection holes is increased. For the case of hot water
Reynolds number 31439, the effectiveness is
decreased from 0.40 to 0.36 as the distance between
injection holes is increased from 50 mm to 100 mm.
Therefore, there is 10% decreasing in the
effectiveness of the evaporative heat exchanger as the
distance between injections is increased by 50 %.
The decreasing of distance between injections causes
more uniform cold water distribution over the hot
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water coil which results in high heat exchange
between the two streams. High heat exchange means
high effectiveness for the experimental evaporative
heat exchanger as the distance between injections is
decreased.
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Fig. 22 Heat-exchanger effectiveness as a function of
hot water Reynolds number for different distance
between injections

Figure 23 indicates the mass transfer as a function of
hot-water flow rate for different distance between
injection holes. The mass transfer is decreased as the
distance between injection holes is increased.
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Fig. 23 Mass transfer as a function of hot water
Reynolds number for different distance between
injections

For the case of hot water Reynolds number 31439,
the mass transfer is decreased from 0.183 to 0.167
g/sec as the distance between injection holes is
increased from 50 to 100 mm. Therefore, there is 8.7
% decreasing in the mass transfer as the distance
between injection holes is increased by 50 %. This
could be explained as, for small distance between
injection holes, a more cold water outlets (16 outlets)
which imply low outlet velocity for cold water as the
cold water flow rate was constant. This causes more
uniform cold water distribution over the hot water
coil which results in low mass transfer between the
two streams as shown in the figure.

3-6 Effect of injection holes diameter:

The effect of injection holes diameter on each of heat
dissipated from the hot water coil, overall heat
transfer coefficient, the effectiveness and mass
transfer of the experimental evaporative heat
exchanger was studied at three diameters, mainly
0.79 mm, 1.39 mm and 1.78 mm. This effect was
conducted under the following circumstances; the
interval distance between the injection holes of the
cold water was 50 mm, the height between the
injections of the cold water and the first row of the
hot water coil was 40 mm, the inlet hot water
temperature was 80 °C, cold-water flow rate 0.059
kg/sec and the air mass flow rate was 0.02 kg/sec.
The effect of injection diameter is shown in figures
24 to 27. Figure 24 shows the heat dissipated from
the hot water as a function of hot-water flow rate for
different injection diameters. It is indicated that, the
heat dissipated from the hot water coil is increased as
the injection diameter is increased. For the case of
hot water Reynolds number 31439, the heat
dissipated is increased from 9.28 to 10.46 kW as the
injection holes diameter is increased from 0.79 to
1.78 mm. Therefore, there is 12.72 % increasing in
the heat dissipated from the hot water when the
injection diameter is increased from 0.79 to 1.78 mm.
This may be explained as the decreasing of the
injection diameter increases the outlet velocity of
cold water. High cold water velocity facing the first
row of the hot water coil tends to reduce the cold
water film around the surface of the hot water coil.
Also, High cold water velocity facing the first row of
the hot water coil causes non-uniform of cold water
distribution over the rest of the hot water coil surface,
as the hot water coil is in a vertical plane (10 rows in-
line arrangement).
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Fig. 24 Heat dissipated from the hot water as a
function of hot- water flow rate for different of
injection diameter.

The overall heat transfer coefficient of the hot water
as a function of hot-water flow rate for different
injection diameters is shown in Fig. 25.

It could be seen that, the overall heat transfer
coefficient of the hot water coil is increased as the
injection holes diameter is increased. For the case of
hot water Reynolds number equal to 31439, the
overall heat transfer coefficient is increased from 909
to 1201 W/m.K with percentage increase of 32.12
when the injection holes diameter is increased from
0.79 mm to 1.78 mm. This may be explained as, the
increasing of injection diameter increases the heat
transfer so the owverall heat transfer coefficient is
increased and vice versa.

It could be seen that, the overall heat transfer
coefficient of the hot water coil is increased as the
injection holes diameter is increased. For the case of
hot water Reynolds number equal to 31439, the
overall heat transfer coefficient is increased from 909
to 1201 W/m%K with percentage increase of 32.12
when the injection holes diameter is increased from
0.79 mm to 1.78 mm. This may be explained as, the
increasing of injection diameter increases the heat
transfer so the owverall heat transfer coefficient is
increased and vice versa.
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Fig. 25 Overall heat transfer coefficient as a function
of hot water Reynolds number for different of
injection diameter.
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Figure 26 illustrates the effectiveness of the
evaporative heat exchanger as a function of hot-water
flow rate for the three chosen cases of injection holes
diameter.
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Fig. 26 Heat-exchanger effectiveness as a function of
hot water Reynolds number for different injection
diameter

The figure shows that, the effectiveness of the
evaporative heat exchanger is increased as the
injection diameter is increased. For the same case of
hot water Reynolds number “31439”, the
effectiveness is increased from 0.40 to 0.47 as the
injection diameter is increased from 0.79 mm to 1.78
mm. Therefore, there is 17.5 % increasing in the
effectiveness of the experimental evaporative heat
exchanger for this case. The increasing of injection
diameter increases the heat transfer so the overall
heat transfer coefficient is increased and vice versa.
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The figure shows that, the effectiveness of the
evaporative heat exchanger is increased as the
injection diameter is increased. For the same case of
hot water Reynolds number ‘314397, the
effectiveness is increased from 0.40 to 0.47 as the
injection diameter is increased from 0.79 mm to 1.78
mm. Therefore, there is 17.5 % increasing in the
effectiveness of the experimental evaporative heat
exchanger for this case. The increasing of injection
diameter increases the heat transfer so the overall
heat transfer coefficient is increased and vice versa.

Figure 27 indicates the mass transfer of the hot water
as a function of hot-water flow rate for different
injection diameters. It could be seen that, the mass
transfer as a function of the hot water flow rate is
increased as the injection holes diameter is increased.
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Fig. 27 Mass transfer as a function of hot water
Reynolds number for different injection diameter

For the case of hot water Reynolds number equal to
31439, the mass transfer is increased from 0.183 to
0.214 gf/sec with percentage increase of 16.94 when
the injection holes diameter is increased from 0.79
mm to 1.78 mm. This may be explained as, the
increasing of injection diameter increases the heat
transfer so the mass transfer is increased and vice
versa.

Conclusions:

The experimental investigation of some parameters
those affect on heat and mass transfer in evaporative
heat exchanger led to the following conclusions:

1- The heat dissipated from hot water coil increases
with the increase of each of hot water flow rate,
cold water flow rate, hot water inlet temperature,
air mass flow rate and injection holes diameter
while it is decreased with the increase of
horizontal distance between injection holes.

The overall heat transfer of the hot water coil
increases with the increase of hot water flow rate,
cold water flow rate, air flow rate and injection
holes diameter while it is decreased with the
increase of hot water inlet temperature and the
horizontal distance between injection holes.

The effectiveness of the tested evaporative heat
exchanger increases with the increase of cold
water flow rate, air flow rate and injection holes
diameter while it is decreased with the increase of
hot water flow rate and its inlet temperature and
the horizontal distance between injection holes.
The mass transfer increases with the increase of
hot water flow rate, hot water inlet temperature,
air mass flow rate and injection holes diameter
while it is decreased with the increase of cold
water flow rate and horizontal distance between
injection holes.
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Nomenclature:

A Area, m’

C : Fluid velocity, m/s

C,: Specific heat of water, J/(kg. K)

d. Tube inlet diameter, mm.

h: Height between the injection holes of the cold
water and the first row of the hot water coil, mm
L : Active length of hot water coil, m

Re : Reynolds number.

T : Temperature, °C

U : Overall heat transfer coefficient, W/m?K

x : Distance between the injection holes, mm

Q : Heat dissipated rate, kW

M - Mass flow rate, kg/s
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Greek Symbol:

o : Specific humidity, g/kgua

O®: Logarithmic temperature difference

W : Dynamic viscosity, kg/m.s

€ : Effectiveness of evaporative heat exchanger
m :Approximate ratio, T = 22/7

p : Water density, kg/ m’

Subscript:

1: Inlet 2: Outlet
a: Air c:Cold
h : Hot i:Inlet
m: Mean 0 : Outlet
V : vapor w : Water
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