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Abstract:

An approach to hybrid cooling technique is proposed using air jets which impinge on a
triangular grooved surface with dry grooves and grooves containing water. One major application
is for condensers of thermoelectric power plants. The heat and mass transfer analogy was
successfully used to evaluate the simultaneous heat and mass transfer. Results showed that hybrid

jet impingement produced high heat flux levels at low jet velocities and flow rates. Experimental

gults were used to characterize the resulting heat transfer under different conditions such as flow
open area percentage, array orifices diameter and array to surface stand-off distance. The results
have shown that jet impingement is capable of delivering high transfer rates with lower cooling
costrates compared to current industry conventional techniques. Water is efficiently used in hybrid

jet impingement because evaporative energy is absorbed directly from the surface instead of

cooling air to near wet-bulb temperature.
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General Audience Abstract:

Array jet impingement cooling experiments were conducted on a triangular grooved
surface with the surface at a constant temperature. Results showed that jet impingement can
provide high transfer rates with lower rates of cooling cost in comparison to contemporary
conventional techniques in the industry. Experiments on the triangular grooved surfaces were
performed at dry and wet surface conditions. Under the dry conditions, the objective is to
characterize the resulting heat transfer under varying operational conditions such as jet speed,
array orifice diameter, array to surface stand-off distance, and flow open area percentage. Results
from the triangular surface when dry showed less improvement in heat transfer than the rectangular
grooved surface. A hybrid cooling technique approach was proposed and developed by using air
jets impinging on a triangular grooved surface with the grooves containing water. The approach is
being suggested and experimentally tested for its viability as an alternative to thermoelectric power
plant cooling towers. Convection heat and mass transfer coefficients were experimentally
measured for different wet coverage of the surface. Results showed that the hybrid jet impingement
produced high heat flux levels at low jet velocities and flow rates. The highest heat transfer was

consistently found with a 50% coverage of the surface. Hybrid jet impingement showed an

improvement up to 500% in heat transfer as compared to jet impingement on a dry grooved surface
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Introduction:

Achieving a high convective heat transfer coefficient has been one of the challenges in the
field of mechanical engineering. Thermal power generation faces adverse consequences because
of increasing environmental temperature and cooling water supplies decreasing.
The location of numerous power plants permits water use from rivers, lakes or seas for cooling.
Federal regulations, however, limit new plants from using water for cooling because of the
ecological concerns. This situation leads researchers to use new technologies with less water
consumption or take the advantage of air as a sole coolant for cooling purposes. The condenser
plays a significant role in thermal power plants. Higher power plant efficiency depends on
maintaining low pressure and temperature condensation. Air-cooled condensers (ACC) rely on
environment nditions for heat rejection. When the surrounding environmental air temperature
increases, the temperature difference between the atmosphere and the condenser surface decreases.

The heat rejection capacity of the condenser consequently decreases, which leads to decreasing




efficiency of the thermal power plant. In 2010, U.S geological experts estimated that 38% of the
total fresh water consumption was used by the thermoelectric power generation [1]. In the summer
of 2011 and 2012, a number of power plants in the U.S were shut down due to rising ambient air
temperature [2].

Many industrial applications use the advantage of jet impingement because the boundary
layer is thin in the stagnation regions. This situation creates higher heat transfer coefficients on the
surface. Surface modifications are one way to improve the transfer of heat from jet impingement.
Heat transfer and impingement cooling flow have been discussed in a number of studies [3]. Flat
and smooth surfaces have been stuﬁed in the past [3-8] and some studies have investigated curved
surfaces [9,10]. Roughened walls have been tried to enhance the heat transfer on the surface [11].
ﬁuallel rectangular ribs were one method to create a roughened wall [11]. In some cases,
enhancement in heaﬁmsfer was significant for the rectangular ribs with aﬂlgle impinging jet
[11]. In other cases, however, the heat transfer was reduced because the jet can be trapped in the
cavity between neighboring ribs when the slot-width-to-rib-height was small. Furthermore, there
is an ideal spot in between neighboring rectangulalﬁibs to induce air bubbles in the cavity where
penetration of impinging jets can be prevented into the cavity and the recirculation inside.
Conseqﬁltly, heat transfer can be reduced significantly [11].

A large surface area for heat transfer is provided by the Air-cooled condensers (ACC), but
with a low heat transfer coefficient. Evaporative cooling towers can be used with higher ambient
temperatures, but this requires a lot of make-up water [12]. An improvement of 68% in the air-to-
steam flow rate decreased the thermal resistance of the air side by 66%. However, the thermal
efficiency gain was negated as a result of increased pressure drop and increased fan power [13].
They also reported that jet impingement brings potential to ACC’s and can provide enhancement
with comparable flow rates and fan power. They suggested a hybrid condenser to conserve water,
which consists of an ACC and a cooling tower to use in case of high ambient temperatures. An
ACC and cooling tower can be operated as separate units, or the ACC can be operated inside the
cooling tower [14]. An alternative option is to use evaporation with ACC for cooling the inlet
airside with sprays [15]. A major enhancement of the thermal performance was conducted by this
technique. However, there are some disadvantages if tlﬁis incomplete evaporation of the spray

droplets [16]. The coefficient of performance CP was defined as the ratio of heat transfer to fan




power. High coefficients of performance CP > 3000 were observed by [1] when using water-filled
rectangular channels with jet impingement.

The current study represents a new approach to cooling the condensers of thermal power
plants using hybrid dry/wet jet impingement. An array of air jets is proposed with water-containing
triangular grooves on the air-side of a grooved plate condenser surface which is an improvement
of rectangular grooves of [1]. The advantage of uﬁ'lg the triangular ribs is to provide a wider
opened spacing than rectangular ribs. %bubbles may not be as easily formed as in the case of
rectangular ribs, which would allow for higher heat transfer. The objective of the current study is
to assess the feasibility of this hybrid wet/dry jet impingement system by quantifying consumption
of energy and water. In a single, easy-to-operate unit, a hybrid wet/dry jet impingement condenser

will provide efficient, dry and wet evaporative cooling.

Experimental setup:

Figure 1 illustrates the experimental system for measuring the average surface heat transfer
from an arr%f impinging air jets. Air was provided by an axial flow fan through a small wind
tunnel. The static pressure in the plenum was measured by a manometer and the pressure was
controlled to satisfy the chosen velocities. The jet aras were created with aluminum orifice
plates. At the start of each experiment the ailﬁessure was set by adjusting the fan speed to give
the desired jet velocity. The velocity was calculated from the measured pressure difference

between the plenum and the surrounding environment as:

V= [— (1)

where p is the air density.
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Figure 1: Abstract depiction of the experiment apparatus.

The different hole patterns used in the experiments are shown in figure 2. The ratio between
the test plate surface area and the area of the orifices is defined as the open area.

CdeEE

4

where Cyis the discharge coefficient, N is the number of jets. d, is the effective diameter and A is

A, = (2)
the surface area of the test plate. Experiments were conducted using open areas of 1%, 1.5 %,
and 3%, with orifice diameters of 3.18 mm, 4.76mm and 6.35mm. Because of the contraction of

the flow as it turns through the orifice, most jet arrays are produced using orifices in thin plates

with discharge coefficients of Cp =0.75 to 0.85, This gives an effective diameter of:

d,=+cp d (3)
Ao=1.5% d=4.76mm Ao=15% d=6.35mm Ao=15% d=3.18mm
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Figure 2: Jets arrays at A, = 1.5% and different diameters.
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Figure 3: Jets arrays at A, = 1% and 3% and fixed diameters.

Alsaiari [1] measured the discharge coefficients for these plates. The values are reported

in Table 1 below. The values of Cq were observed to be independent of Rey.

d(mm) n Cp Standard d.(mm)
deviation
3.18 6 0.784 0.003 28
4.76 6 0.785 0.005 422
6.35 6 0.802 0.002 5.69

Table 1: Measured discharge coefficients.

An electric resistance heater was used to heat the test surface while the air jets cooled

the test surface. The average heat transfer coefficient was calculated from steady-state

power measurements. An aluminum grooved plate was used with dimensions of 152 4mm

by 152.4mm and thickness of 12.7 mm. The grooved surface is the area between the

triangular ribs. There are 21 grooved channels in the plate and the angle between the ribs is

90%as shown in Fig. 4.




-~ Jets Array

-

H

¥
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To ensure that the plate is heated uniformly, a total of 14 T-type thermocouples were
made by welding the thermocouple wires and inserting them into small aluminum tubes with
solder. They were then press fit into the test plate in different locations as shown in figure 5.
Most of the thermocouples were mounted at the bottom of the grooves and a few in the top of the

ribs and one into the side to ensure uniformity of temperature measurement.
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Figure 5: Top view of test Plate with guard plate and thermocouples locations.
Eight of the thermocouples were wired in parallel and supplied to Eurotherm 8§10
PID temperature controllers to control Eurotherm 831 Silicon Control Rectifiers (SCR),
which in turn supplied power to the heaters. To measure the voltage E, it is important to
use an RMS voltmeter (HP3486A) to determine the power supplied to the heater. After

the voltage had been measured, the power was calculated as:




Power = B 4)
R

Where R is the electrical resistance of the heater. The electrical resistance was constant with
temperature over the operating range. By using an NI-9214 DAQ system, temperature readings
from the remaining six thermocouples were recorded individually. By using additional PID
controllers and SCR’s, the four guard plates surrounding the test plate were maintained at the same
set-point temperature as the test plate to minimize the edge losses. To minimize the conduction
losses from the bottom of the plate, it was placed on a multilayer of insulation materials of wood
and fiberglass. The system took about 15 minutes to reach steady state in the case of the dry

experiments while it took about 25 minutes in the wet cases.

Data Analysis:

Heat transfer was calculated through steady-state experiments. Convection, radiation and
evaporation heat transfer were calculated in the experiments. The surface temperature is constant
at Ty= 42.8 ° C. T, is the air temperature of the jet array that hits the grooved plate. The grooves
have the shape of triangles and may contain water. As shown in Fig. 6 the energy balance for the

heat transfer is:

Power = Qrad + (Qevap + Jconv + (losses (5)

Boonee Qrad Qevap

.

Qioss Power

Figure 6: Energy balance and heat transfer mechanisms in hybrid jet impingement cooling




The radiation exchange for the dry surface is

Qraddry = Ea O Aq (TS — TJ) (6)
where Ay = dry surfacwea and g4 = the emissivity coefficient for the dry surface area which
equals to 0.76 [1] and 6 = 5.6703 10* (W/m’K") - the Stefan-Boltzmann Constant. For the wet
case the radiation is
Qradwet = &w 0 Ay (T¢ — T3) 7
where T= temperature in Kelvin and A,, is the wet surface area,
£, is the emissivity coefficient for the wet surface area and €, = 0.96. The areas are shown

in Fig. 7.
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Figure 7: Plate dimensions.

ae convection for the wet surface is qQconvw = h Ay (Ts — T,) (8)
where h is the heat transfer coefficient. For the dry surface the convection is
Qeonv,d =hAg (Ts —T,) (9)
and the heat transfer by evaporation is
Qevap = hy Ay if'g (Cw —Cy) (10)

Where ifgis the latent heat of \fﬁorization of water (2256 kJ/kg). h,,= mass transfer coefficient,

C,= concentration of the water in the air at the surface and C,= concentration of the water in the

air at the jet opening. @ is the relative humidity. v, is the specific volume for water vapor.

C. = (—1~) atTy and C, = (3) at T,. (11)
Vg Vg
From equation 5,

Yevap + Qeonv = (POWEI" — Qrad — qlusses) (12)




This combination is defined as the total transfer to the air

Gair = Qevap t deonv = (POWer — qrag — Qiosses ) (13)
The overall radiation from the wet and dry surfaces is

Grad = 0{ga Aq (T — T2) + &y Ay (TS — T)} (14)
Qair = h A (Tg = T,) + hy Ay ig (C, — Cp) (15)

where A, is the summation of Ay and A,,, and A,= A

The mass transfer coefficient is related to the heat transfer coefficient by the Lewis relation
DagLe /3
hn, =h [T] (16)

&ere D,p= mass diffusivity coefficient of water vapor in air

74

k= ther-mal conductivity (W.m ' K'!) and Le= Lewis number = > = 0.865.
514
From which the convection heat transfer coefficient is calculated as:

h= Qair/A (17)
- -
(Ts—Ta)+(D“B§“ 3)‘;—‘;’1@ (Cs~Ca)

The fan power is defined as

Pr = v (18)

where V is the air volume flow rate and 7 is the fan efficiency. n; =0.65

V=A,AV (19)
The coefficient of performance is defined as:
— Yair
P Tp; 20

The Nusselt number was calculated as:
hde

Nu = —=¢, 21)
B -
The average convection heat transfer coefficient for dry surface was calculated as:

Qair (22)

N (Ts-Ta) As

Where A; is the test plate projected surface area of 152.4mm by 152 4mm as shown in figure 5.

The Reynolds number was calculated as:

Re = e (23)

v




Data Uncertainty:
Table 2 represents the sources of uncertainty in the measurement of Nu with the respective

uncertainty values. Parameters were selected based on the expression that was adopted to calculate

Nu such as:
2
Nu = % = VIR ::c (24)

Y.
D Le '3} Ay .
(Ts—Ta)+( ABK )A_‘: Ifg (Cs—Ca)

Therefore, the uncertainty on Nu was estimated as:

Unevoy = {[% (Nw). Uy ]2 + |35 (V). Una 1 [aide (Nw). Upg, ]2 + [ (vw. UM]Z +

[BiA; (Nw). Uy, ]2 + [% (Nu).Upy,, ]2 + [% (Nu). Unk ]2 + [ﬁ (V). Uno pe) ]2 +
[i (Nu). Upre ]2 + [%fg(Nu)- Unifg ]2 + [a%s(Nu). Unc, ]2 t [aaTa (Nw). Unc, ]z}z 25)

The resulting value of uncertainty was found to be 7% to 10% depending on the size of the Nu.

Smaller Nu leads to larger uncertainty.

Source of uncertainty Value Unit
1. Voltage measurement, U, 0.02% of measured V Volt
2. Resistance measurement, U,y 0.5% of measured R ohm
3. Orifice diameter measurement, U, 4x107 m
4. Temperature measurement, U,y 25 k
5. Surface area measurement, Uy, , 34x10* m?
6. Thermal conductivity value, U, 1.3x10* w/(m-k)
7. Mass diffusivity uncertainty, Uy(p,s) |0.04x107 m?/s
8. Lewis number uncertainty, U, . 0.04 _
0. Water latent heat uncertainty, Up; e 56 kj’kg
10. Water concentration at the surface, | 7.33x10” kg/m?

Uncg

11. Water concentration in jet air, Uy, ¢, 5.06x107 kg/m?

Table 2: Uncertainty sources for the wet surface
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Results and Discussion:
Jet impingement experiments were conducted at constant surface temperature Ts=42.8 °C

under dryf’wiﬁonditions. The average convection heat trﬁer coefficients were obtained using
equation 17 for the wet case. For the dry case, the average heat transfer coefficient was calculated
by using equation 22. The measured convection coefficients of the triangular grooved plate are
compared to the convection coefficient measured at the rectangular grooved surface in [1] under
the dry case. The goal is to characterize the resulting heat transfer under different conditions such
as flow open area percentage, array orifices diameter and array to surface stand-off distance.
Results for dry grooved surface:

Jet velocities of Sm/s, 7.5m/s, 10m/s, and 20m/s were used with two stand-offs distance
ratios H/de of 12.7 and 17. Table 3 shows the corresponding Reynolds number based on effective

jet diameter was calculated using equation 22.

Velocity (V m/s)

Reynolds number R,

Effective diameters (d. mm)

de =2.8mm de =4.22mm de =5.69mm
V=35 0234 13918 18766
V=75 13852 20877 28149
V=10 18469 27837 37534

Table 3: Reynolds number.

Figures 8 and 9 show the variation of average heat transfer coefficient with velocities for
the grooved surface at different H/d. ratios and constant diameter d, open Area A, and temperature
Ts.

In figure 8, representative results compare the average heat transfer coefficient from two
different plates of rectangular and triangular grooved surfaces. The rectangular grooved plate
showed higher results in the average heat transfer than triangular plate at all different velocities.

Higher jet velocity leads to higher heat transfer coefficient as expected.
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Figure 8: Average heat transfer coefficient vs Velocity

for Hide= 12.7,d. =4 22mm, A,= 1 5%.

In figure 9, H/d. has been changed to 17 and all other conditions remain constant. Two
different velocities were tested. The results show that the change of the H/de does not affect the
fact that rectangular grooved plate has higher heat transfer than triangular plate under dry

condition.
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Figure 9: Average heat transfer coefficient vs Velocity

for H/de= 17, de=4.22 mm, A,=1.5%.




In figure 10, the diameter of the orifice plate has been decreased and experiments were
conducted under same other conditions as figures 8 and 9. The larger H/d. decreases the heat

transfer coefficient, which is still lower than the rectangular grooved plate.
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Figure 10: Average heat transfer coefficient vs Velocity

for H/de=12.7,d:=2.8 mm, A,= 1.5%.

Figure 11 shows results with a larger diameter of the orifice plate under same conditions

as shown in figure 10. The diameter has small improvement in heat transfer by using triangular
grooved plate.
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Figure 11: Average heat transfer coefficient vs Velocity

for H/de= 12.7, de=5.69 mm, A,= 1.5%.
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Another way of viewing the change of heat transfer is as a function of open area as shown
in figure 12. Higher and lower open areas are compared on both rectangular and triangular
surfaces. Figure 12 shows the result of rectangular and triangular plates at V= 5m/s at two different

open areas.

& N g
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W
o

Ave h (w/m,-k)
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= N
o o O

0 1 2 3 4
Ao (%)

Figure 12: Average heat transfer coefficient vs Open area

for H/de=12.7, d.=4.22 mm.

Results for triangular wet grooved surface:

Water was used to fill in the grooved channels to different depths, which gave different
wet coverages. This is different than for the rectangular channels. As the ratio of wet area to the
total area changes, the heat transfer coefficient and Nu changes. The g was used to show the
change of the total energy transfer from the surface. Three different velocities were used in these
experiments at V=5 m/s, 7.5m/s and 10m/s. Four different wet area ratios were used at Aw/A; =
100%, 7%, 50% and 30%. Higher energy transfer was found to be in the ratio of 50% wet area.
Highest average heat transfer coefficient and Nu were found in the ratio of 30%.

Figure 13 represents the total energy transfer at different wet ratios and velocities. As the
velocity increases, the energy transfer increases. Figures 14,15, 16, 17 and 18 have the same open
area of A, = 1.5% at different diameters and H/d.. When the grooved channels are full of water
Aw/A= 100%, the energy transfer has the lowest value. The energy transfer actually increases as

the wet coverage decreases until it reaches the highest value at Aw/A= 50%. It decreases again

14




when the ratio of Aw/A=30% due to less evaporation. Heat flux was calculated by dividing qai to
total area of the test plate which is 0.0223 m>. Highest heat flux was found at 50% wet coverage

area at the highest velocity of 10 m/s.
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Figure 13: quir vs Aw/A( for H/de= 12.7, de=4 22 mm, A,= 1.5%.

Figure 14 shows the average heat transfer coefficient under the same conditions of figure
13. The heat transfer coefficient increases as the ratio of wet area decreases. This explains why

the maximum transfer occurs at 50% wet coverage.
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Figure 14: Heat transfer coefficient vs Aw/A, for H/de= 12.7, de=422 mm, A,=1.5%.
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H/d. has been changed to test the enhancement of heat transfer at different array to surface

stand-off distances. Figure 15 illustrates the variation of g at different conditions.
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Figure 15: Quir vs Aw/Ac for H/de= 17, de=4.22 mm, A,= 1.5%.

The variation of heat transfer coefficient was shown in figure 16 under the same conditions

above. At H/d=17, higher heat transfer coefficient was found than H/d.=12.7 at all different

velocities.
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Figure 16: Heat transfer coefficient vs Aw/A for H/de= 17, de=4.22 mm.
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An even larger H/d. was used as shown in figure 17. We can see the variation between
each point at all velocities, but that did not change the fact that highest level of energy transferwas
found to be at the ratio Aw/A; of 50%. We can conclude that the H/d. has no effect on the wet

coverage the gives the maximum value of quir .
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Figure 17: Quir vs Aw/A, for H/de=28 4, de=4.22 mm, 4,= 1.5%.

Figure 18 represents the heat transfer coefficient under the same experiment. As expected

the H/d. at 28.4 gave lower values otheat transfer coefficient compared to H/de at 17.
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Figure 18: Heat transfer coefficient vs Aw/A; for H/de=28 4, de=4.22 mm, A,= 1 .5%.
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Changing the orifice diameter tried to test the effect on the enhancement of heat transfer.
Two new different orifice diameters of de=1/8 inch and 1/4 inch were tested.

Figure 19 represents the power vs the wet area ratios at different two velocities.
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Figure 19: quir vs Aw/A¢for Hide=12.7, de=2.8 mm, A,=1.5%.

Under the same experiment, heat transfer coefficient is shown in figure 20 at two

different velocities. Results show higher heat transfer coefficients at this different diameter plate.
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Figure 20: Heat transfer coefficient vs Aw/A: for H/de= 12.7, de=2.8 mm, 4,= 1.5%.
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The same experiments as shown in figure 17and 18 were conducted at an orifice diameter

of de=1/4 inch as shown in figure 21. Both figures show that the change of the orifice diameters

has no effect on the enhancement due to the change of the wet area ratios to the total area.
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Figure 21: qair vs Aw/A for H/de= 12.7, d:=5.69 mm, 4,= 1.5%.

At different diameter, figure 22 shows higher heat transfer coefficient at d.=5.69mm than other

——\/=5 m/s
——\/=7.5 m/s

diameters.

o

0.2 0.4 0.6 0.8 14 1.2

Au/A: (%)

Figure 22: Heat transfer coefficient vs Aw/A: for H/de= 12.7, de=5.69mm, A,= 1.5%.
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The last technique was used is to change the open area of the orifice plates. Open area of

1% and 3% were used. Figures 23,2425 and 26 show the results respectively.
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Figure 23: qair vs Aw/A. for H/de= 12.7, de=4.22 mm, A,= 1%.

Figure 24 shows the new open area results. There is no improvement was noticed in heat

transfer coefficient.
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Figure 24: Heat transfer coefficient vs Aw/A, for H/de= 12.7, de=4.22 mm, A,= 1%.
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Figure 25: qair vs Aw/Acfor H/de= 12.7, de=4.22 mm, A, = 3%.

Figure 26 shows the heat transfer coefficient variation and it shows better results at open

area= 3% than open area =1%.
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Figure 26: Heat transfer coefficient vs Aw/A; for H/de= 12.7, de=4.22 mm, A,= 3%.




The best results were found to be in the case of 50% wet grooved surface. Graphs below

summarize the results under different conditions of A,, d. and H/d.. Highest heat flux was found

at 3% open area as shown in figure 27.
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Figure 27: quir vs Ao for V=5 m/s, H/de= 12.7, de=4.22mm.

Figure 28 represents qair under different d.. Highest value was found to be in the effective

diameter of 1/8 inch.
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Figure 28: quir vs de for V=35 m/s, H/de= 12.7, As=1.5%.
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Figure 29 shows the qair under different H/d.. Highest q.ir was found to be as shown in

qair (w)

140
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80
60
40
20

figure below at 17.

10

e ——

H/d,

20 25

30

Figure 29: quir vs H/de for V=5 m/s, de=4.22 mm, A= 1.5%.

—@—50% wet

CP values were calculated and best results were found to be at 50% wet coverage areas.

Table 4 lists the CP values under different conditions. CP values showed 40% to 50%

improvement as compared to | 1].

CP values 100% wet 70% wet 50% wet 30% wet Dry
coverage coverage coverage coverage

V=5 m/s, 3210 3538 4184 3846 561

H/de=12.7,

de=4.22 mm

V=7.5m/s, 1091 1116 1318 1188 160

H/de=12.7,

de=4.22 mm

V=5 m/s, 2998 3136 3374 3338 396

H/de=17,

de=4.22 mm

V=5 m/s, 2583 2803 3529 3038 411

H/de=12.7,

de=2.8 mm

Table 4: CP values under dry and wet conditions
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Conclusions:

A new approach to cooling with hybrid jet impingement has been suggested and developed
as an option for thermoelectric power plant steam condensers. The jets cooled a grooved surface
with the grooves containing water at a constant temperature. The analogy for mass transfer offered
detailed predictions for the simultaneous heat and mass transfer process. Large magnitudes of heat
flux were observed using hybrid jet impingement cooling at low jet speeds and flow rates. The
highest values of heat transfer coefficient were found at a wet coverage of Aw/A: =30%. The
highest total energy transfer was at a wet coverage of Aw/A; = 50%. CP values from the wet case
showed 100% improvement as compared to CP values for rectangular channels in [1]. CP > 4000
was observed in this study. The proposed approach allows water to be used efficiently since the
energy of evaporation is absorbed from the steam and is not used to cool air as in conventional
evaporative cooling. The cooling of the hybrid jet impingement is not restricted by the temperature
of the wet bulb as is the case with the cooling towers, the spray cooling and the mist cooling. The
results encourage the use of hybrid jet impingement in thermoelectric power plant condensers and
other related fields, such as air conditioning and refrigeration. Some disadvantages of the system

still need to be addressed; such as fouling of the surfaces over time.
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Nomenclatures:

A=area (m?)

A= total area (m?)
Au= wet area (m?)
R = resistance (ohm)

a: voltage (volts)
o =5.6703 10°® (W/m?K*) - The Stefan-Boltzmann Constant

ifg= latent heat of vaporization of water is (J/kg)

T= temperature (k)

h,,,= mass transfer coefficient (&;/s)
C= concentration of the water (kg/m?)
h= heat transfer coefficient (w/m?k)
Dug wass diffusivity coefficient (m?/s)
K= thermal conductivity (W.m™' K"

a = thermal diffusion (m?/s)

P¢ = fan power (w)

g= heat transfer (w)

Qair =ﬁ;al heat transfer (w)

V= air volume flow rate (m?/s)

V= velocity (m/s)

A, = test plate projected surface area (mm)

v = kinematic viscosity of air (m?/s)

Non-dimensional:

A,= open area percentage (%)

Cp= coefficient of performance

C4 = discharge coefficient =0.000026
£= enﬁssiv% coefficient

Le= Lewis number

N= number of jets
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N,=nusselt number
n f = fan efficiency

Re= Reynolds number
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Subscripts:

Cond = conduction
Conv = convection
Evap = evaporation

Rad = radiation
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Appendix:
Some comparation between two different plates for the dry case:
Starting with the orifice plate which has diameter of 3/16 inch and open area

15%.
1/H/de= 5.4 cm, Ts=42.8

Velocity Rectangular Triangular Grooves
Grooves
V=5 Ave h=53.15 , aveNu=8.S5 | Aveh=475 , ave Nu=76
V=75 Aveh=715 , aveNu=ll | Ave h=559 , ave Nu=85
V=10 Aveh=924 , aveNu=l48 | Aveh=719 , aveNu=Ill5
V=20 Aveh=1453 |, ave Nu=232 | Ave h=122 , ave Nu=195
H/de=7.18
Velocity Rectangular Triangular Grooves
Grooves
V=3 Ave h=4525 ,ave Nu=725 | Ave h=4097 , ave Nu=6.56
V=75 Aveh=76 , aveNu=12.18 | Ave h=568 , ave Nu=9.1

Second, the orifice plate which has diameter of 1/8 inch and open area 1.5%.

Velocity Rectangular Triangular Grooves
Grooves
V=3 Ave h=56 ave Nu=59 | Ave h=34.72 , ave Nu=3.71
V=75 Ave h=7724 , ave Nu=8.25 | Ave h=503 , ave Nu=53
V=10 Aveh=068 , ave Nu=10.3 | Ave h=632 , ave Nu=6.7
V=20 Ave h=1594 , ave Nu=17 Ave h=104.1 , ave Nu=l1.1
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Third, the orifice plate which has diameter of 1/4 inch and open area 1.5%.

Velocity

Rectangular
Grooves

Triangular Grooves

Il

Ave h=50.39 , ave Nu=10.89

Ave h=42.17 , ave Nu=9.11

Ave h=73.68 ,ave Nu=1593

Ave h=63.72 , ave Nu=13.77

= ~1tn

Ave h=85.92 _ave Nu=18.57

Ave h=7501 , ave Nu=66.21

<|<|<|<
(N RLNAL

(]
S| S|t

Ave h=15353 ave Nu=33.19

Ave h=1255 , ave Nu=27.13

New experiment was conducted for different open area, 3% and diameter 3/16

inch.
H/de= 5.4 cm, Ts= 42.8.
Velocity Rectangular Triangular Grooves
Grooves
V=3 Ave h=8140 ,ave Nu=1305 | Ave h=51.50 ., ave Nu=8.25

New experiment was conducted for different open area, 1% and diameter 3/16

inch.
H/de= 5.4 cm, Ts=42.8.
Velocity Rectangular Triangular Grooves
Grooves
V=5 Ave h=362 ,ave Nu=538 Ave h=3290 | ave Nu=52

Wet case has been tested under different wet coverage areas.
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Here is some comparison of all different levels of coverage and different conditions such as:

Ts=42.8 °C for all tests. H/d. =12.7, d=3/16 inch and A,= 1.5%

Velocity | 100% wet cov 70% 50% 30%
5m/s Ave h=322 Nu=5.1 | Ave h=47 Nu=7.7 Ave h=729 Nu=11.77 | Ave h=94.9 Nu=15.24
7 m/s Aveh=417 Nu=6.7 | Ave h=57 Nu=9.17 | Ave h=86.8 Nu=1394 | Ave h=111.8Nu=179

H/d. = 17, and the other conditions remain constant.

Velocity | 100% wet cov 70% 50% 30%
S5m/s Ave h=394 Nu=6.33 | Ave h=557 Nu=8.9 | Ave h=76.3 Nu=12.2 | Aveh=1109Nu=178
7 m/s Aveh=443 Nu=7.1 | Ave h=63.2 Nu=10.1 | Ave h=892 Nu=143 | Ave h=125.5Nu=20.1

d= 1/8 inch and the other conditions remain constant as the first test.

Velocity | 100% wet cov 70% 50% 30%
S5m/s Ave h=33.1 Nu=5.3 | Ave h=487 Nu=7.8 | Ave h=793 Nu=12.7 | Aveh=98.9Nu=15.8
7 m/s Aveh=413 Nu=6.6 | Ave h=56.8 Nu=9.1 | Ave h=892 Nu=15.7 | Ave h=125.5Nu=20.5

A.,=1 % and the other conditions remain constant as the first test.

Velocity | 100% wet cov 70% 50% 30%
5m/s Ave h=273 Nu=4.4 | Ave h=407 Nu=6.5 | Ave h=59.1 Nu=9.4 Aveh=80.INu=128
7 m/s Aveh=394 Nu=63 | Ave h=56.3 Nu=9. Ave h=81 Nu=9 Ave h=108.8Nu=17.5
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