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Abstract. Theoretical results from an engineering study concerning the application of evaporative cooling systems for small-scale
power generation and ambient thermal comfort are presented in this paper. A first case study considers an analysis on the potential
of a direct evaporative media coupled to an existing gas microturbine cycle. The layout of the thermal system in study, with air
combustion evaporative cooling of the cycle, is presented. The mathematical model adopted for computational simulation was based
in classical principles of mass and energy conservation, for the thermodynamics processes involved. A parametric study of the
effects of the air combustion evaporative cooling about variables as cycle efficiency and output power, is investigated, so the
microturbine performance along the test reference year (TRY) in Brasilia. The second case study is related to the application of an
evaporative cooling system for space conditioning of the Community Center of the University of Brasilia. Initially, constructive,
occupation and orientation aspects are characterized. Next a methodology for cooling load hourly calculation is presented based in
an energy balance applied for each individual element of the canvas elliptic surface peculiar geometry treated by a rendering
numeric process. The determination of the evaporative cooling system was realized based in the maxim thermal load calculated for
a Test Reference Year in Brasilia. The evaporative cooling system simulation consisted in the response of dry bulb temperature and
relative humidify within building during the analysis time. Results obtained for the first case showed that a direct evaporative system
can increase power output and decreases specific fuel consumption in a microturbine based power generation cycle. For the second
case, it was verified that an evaporative cooling system use for thermal comfort in the UnB Community Center is recommendable in
that year periods when dry bulb temperature and relative humidify outside building are higher than internal comfort conditions.
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1. Introduction

Evaporative cooling is a natural process involving air temperature reduction and humidity increase thanks to
simultaneous heat and mass transfer between air and water. Recently evaporative cooling systems have been used in
several engineering applications such as: human thermal comfort in large spaces, industrial humidification, supply air
cooling for gas turbines, poultry livestock buildings etc. Specifically in the field of power generation, previous studies
have shown the advantages of the use of evaporative panels for supply air conditioning in gas turbines (Guimaraes
2000, Bassily 2001), which is mainly based on the fact that, at lower temperatures, air density is higher allowing to
promote a greater mass flow rate introduction to the combustion chamber. This allows increasing annual power
generation in 2 to 4% in hot and dry climates (De Lucia, 1995 and 1997). However, studies applied to small scale
distributed generation, as for instance in microturbine based cycles still rare in the literature.

On the other hand, evaporative cooling applied to ambient conditioning has motivated several studies. Evaporative
cooling has been adopted with success in large spaces air conditioning with high cooling loads, such as in industrial
and commercial application. Such conditions impose economic constraints to the use of conventional air conditioning
systems, making evaporative cooling an adequate choice. Other advantages in evaporative systems use for ambient
comfort are: it has very low energy consumption when compared to conventional conditioning systems; installation and
maintenance costs are lower; evaporative cooling system operation is simpler, installation and integration with existing
conditioning systems can be easily made (Camargo, 2001). Besides, since evaporative cooling systems uses integral
fresh air (no recirculation) problems related with fungus and bacteria will be reduced.

2. Direct Evaporative Cooling Process

There are two schemes of implementation of the evaporative cooling process: direct and indirect. For the direct
scheme, Fig. (la), outside air is cooled and humidified by direct contact with a wet surface (an evaporative panel
generally made in cellulose), or with a water spray. This causes simultaneous water mass transfer (to the air flow,
increasing its water content) and air wet bulb temperature reduction. If heat loss to surroundings are neglected the
process is adiabatic, i.e., some sensible heat is transferred from air but an equal amount of latent heat is transferred to it.
On a psychometric chart, the process follows a constant enthalpy line, Fig. (1b), but, since the difference between
constant wet bulb temperature and constant enthalpy lines are negligible, the direct evaporative cooling process can be
assumed as being a constant wet bulb temperature one.
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Figure 1. Schematic representation of a direct evaporative cooling system (a) and its process representation in the
psychometric chart (b).

An important parameter in the characterization of evaporative cooling equipment is related to its effectiveness &,,
which is defined as the ratio between actual (7,-T,,) and theoretical (7,-T},) air temperature decrease across the
evaporative media, as given by the following equation,
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which allow to calculate outside air a temperature (7) from a direct evaporative system like that from Fig. (1a), by,
Ts:Tex_gd'(Tex_Tbu) 2

In ideal theoretical conditions, air temperature drop (7,,-T},) refers to an ideal condition were air outside dry bulb

temperature (7,,) equals its entering wet bulb temperature (73,) at panel inlet conditions.
Once the air inlet velocity and evaporative panel thickness are specified, it is possible to obtain the nominal

effectiveness of the panel from performance curves such as those shown at Fig.(2).
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Figure 2. Characteristic curves for effectiveness (a) and air pressure drop (b) in a commercial evaporative panel for
different panel thickness and air velocities (From Munters™).

Since a constant wet bulb temperature process is assumed, air thermodynamic state is determined, while air mass
flow rate (71, ) trough the panel will depend on the thermal load as given by,
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where 7, is the dry bulb temperature of air in the zone and, ¢, is the specific heat or wet air with Q, atente A0d Qsen sivel

being the sensible and latent heat transfer rates from the ambient, respect. In ambient air conditioning values from 3,9
up to 5 °C are considered acceptable for the temperature difference between air in the space and air delivered at the
cooling panel outlet (Watt, 1984). At his turn, air pressure at the panel outlet (p,) is given by,

Ps = Pex _Ap (4)

onde p,, ¢ a pressdo do ar na entrada ¢ Ap ¢ a perda de carga no painel. Como se assume uma temperatura de bulbo
umido do ar constante no processo de resfriamento evaporativo, o estado do ar na saida esta totalmente caracterizado.

For the absolute humidity in the conditioned space (#,), we verify that it depends on the air conditions delivered to
the space as well as the latent load. A good estimation on this is given by (Joudi et al., 2000),

VV,. _ Ws + Qlatente (5)
mg, hlv

where W is the air absolute humidity at the evaporative panel outlet and #,, is the latent heat of vaporization for water
assumed constant and equal to 2454 kJ/kg.

3. Case Studies - Description and Methodology
3.1 Case 1 - Air Evaporative Cooling for Microturbine Based Power Cycle

Gas microturbines are compact power generation devices, similar to conventional gas turbines which are being
considered more and more as an alternative solution for electric power distributed generation.

In this first case study a theoretical analysis is carried out on the feasibility application of evaporative direct contact
panels for air conditioning at microturbine compressor supply. For such a purpose an actual microturbine designed,
built and presently under experimental testing at the Departamento de Engenharia Mecanica/ UnB was considered. The
experimental apparatus consists on a centrifugal turbo-compressor unit and a combustion chamber designed to
stoichiometric burning of an amount of 24% do inlet air (Santos, 2002). The analysis has considered a single operation
point for the power cycle, using methane (CH,4) fuel. On the basis of experimental data carried out previously in the
microturbina test bench (Santos, 2002), a constant fuel mass flow rate of 0.0043kg/s was taken using a pressure ratio of
1,6 and an isentropic efficiency of 75% and 85% for the compressor and microturbine, respect.

Since the panel should be mounted at the compressor inlet, its selection is based on the air velocity at supply
conditions. For operation according to ISO Standard conditions of local air temperature and relative humidity of 295.15
K and 60% respect., the inlet velocity was calculated as being about 0,780 m/s (155 ft/min). For such velocity, if a
evaporative panel of 12 inches of thickness is choose, the characteristic curves of Fig. (2) allow to obtain a nominal
effectiveness of 95 % and a pressure drop of 40Pa for the selected evaporative panel.

Figure (3) shows a schematic view of the system in study and a representation of the whole thermodynamics
process. Basically the system consists on a classical Brayton open cycle with a evaporative cooling panel mounted at
the compressor air supply, which is hereafter identified by EGMTC cycle. For purpose of comparisons, we will also
consider the classical Brayton open cycle without the evaporative cooling panel (hereafter identified by GMTC cycle).
During the EGMTC cycle, ambient air is cooled and humidified before it enters the compressor (C) at point 1, where air
temperature will be closer the ambient wet bulb temperature. At compressor exhaust (point 2) air is supplied to the
combustion chamber (CC), where fuel and air are mixed and burned resulting in combustion products at point 3 which
are finally expanded in a gas microturbine (GMT).
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Figura 3. Microturbine based open Brayton cycle with evaporative air cooling at compressor inlet. (a) Schematic view
of the system. (b) Temperature-entropy representation for the cycle.



On the basis of the data described above, a parametric analysis on the effects of evaporative cooling on the Brayton
cycle is carried out. Such analysis takes into account the influence of evaporative cooling on cycle efficiency and net
power generation under different operating conditions for both GMTC and EGMTC cycles. The systems are then
simulated for climatic data for a whole Test Reference Year (TRY) for the city of Brasilia, in order to verify the
feasibility of application of evaporative cooling panels to the proposed microturbina cycle.

3.2 Case 2 — Cooling Load in the Community Center of the University of Brasilia

The Community Center of the Brasilia University (UnB) is a building for large events, like shows conferences, etc.
It basically consists in a large elliptic tent with approximately 40m x 80m, composed by a steel cables frame structure
supporting a synthetic white canvas with 0,88 mm of thickness, which is stretched to obtain a hyperbolic-parabolic
contour shape thanks to six main posts, as shown in Fig. (4). The canvas is built in high strength polyester with a
surface coating in polyvinylidene ruoride (PVDF) resin having a total reflectivity of 70% and a total solar absortivity of
15%. The net area for occupants is about 37m x 74m, which allow accommodating an average of 3000 seated
occupants. However the Community Center presents some thermal overload problems and inadequate ventilation during
periods of full occupation. Because the ambient is fully open (which favors a full air renovation) and because it is
located in Brasilia (which has high temperature difference between dry and wet air temperatures during the whole year),
the use of an evaporative system is strongly recommended. With these considerations in mind, this case study considers
the application of an evaporative cooling system for thermal comfort purposes (25 °C dry bulb temperature 60% relative
humidity) at the Community Center of the (UnB).

Figure 4. UnB Community Center. (a) Internal view of the Center. (b) External partial view of the canvas surface.

From an energy balance for the canvas frame, the hourly cooling load for the whole tent is calculated taking into
account factors like constructive details, occupants and local weather data (based on Test Reference Year for Brasilia).
This case study gives special focus to the canvas roof analysis due to its peculiar geometry and large surface area
exposed to solar irradiation. A direct water spraying evaporative cooling system is then designed on the basis of a peak
cooling load during the period of analysis considered. The design procedure starts from the selections of the spray
nozzles to be used, then, considering an equal height of 8 meters from floor, sprays having an orifice diameter of 0.2
mm with nominal flow rate of 4 liters/h each (Prime Tech™) and producing water drops with a diameter of 10 um were
selected. Next were defined the number of spray nozzles, as well as the size of the pump for the spray network.

4. Case Studies — Model and Simulation
4.1 Case 1 - Air Evaporative Cooling for Microturbine Based Power Cycle

From the parameters considered for the system under study, as well as from TRY weather conditions defined, it was
possible to simulate the microturbine power cycle with evaporative cooling at compressor inlet. The modeling considers
a Brayton open cycle in steady state with negligible changes in kinetic and potential energy. The compressor,
combustion chamber and microturbine are all considered as adiabatic with negligible pressure drops. Air and flue gases
absolute humidity are taken as having the same value and atmospheric pressure is assumed at the microturbine exhaust
port.

With these considerations, the application of a direct evaporative cooling system will reduce compressor supply
temperature (7;) to a value determined from Eq.(2). After adiabatic compression (with a pressure ratio 7, and isentropic
efficeny n.) from pressure p,, air reaches a temperature 7 at the compressor exhaust, calculated by (Cohen et al., 1996),
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where ¥, is the specific heat ratio at constant pressure and constant volume conditions. Compressor exhaust pressure (p,)
is calculated from the inlet pressure (p;) and pressure ratio. It is also assumed that air absolute humidity remains
constant during compression. Once the compressor inlet and outlet conditions are known it is possible to calculate the

compression power ( WC ), from a energy balance for the compressor as follows,
Wc :mar (hZ _hl) o

where /; and &, are the air enthalpies at compressor supply and exhaust respectively.

In the combustion chamber about 76% of the total air flow rate is by-passed and will not take part in the
combustion reaction, while the other 24 % of air flow is introduced in the burning chamber trough its dilution holes.
After the combustion both streams of combustion products and by-passed air are mixed at combustion chamber outlet as
shown at Fig. (5a).
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Figure 5. Modeling for the microturbine cycle combustion chamber. (a) Basic construction of the combustion chamber
(Cohen et al., 1996) and (b) energy flow diagram for the combustion process.

Figure (5b) represents the simplified modeling approach adopted for the analysis of the combustion chamber.
Neglecting heat transfer from the internal chamber surface to the by-passed air stream, the energy and mass balances
allow to obtain the specific enthalpy of flue gases delivered for expansion at the microturbine (4;) as,

hy -m

gas — mar 'h2 + m/ -LHS (3

where 71, is the flue gases mass flow rate resulting from the mixing between combustion products and by-passed air,

while m, and LHS are the fuel (CH4) mass flow rate and low heating value (taken as 49962.1 kJ/kg for methane)

respectively. The thermodynamic state of flue gases at microturbine inlet is then determined and it is now possible to
calculate the temperature at the microturbina exhaust (7)) by means of (Cohen et al., 1996),
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where v, is the constant pressure, constant volume specific heats ratio of the gases at the microturbine exhaust and ;.
represents the isentropic efficiency of the microturbine. Now the gross power generation at the turbine as a result of the
expansion process can be calculated simply by means of,

I/I./t = mgas (h3 _h4) (10

where /; e hy are the specific enthalpies of flue gases at the microturbine inlet and outlet respect.
The net power production from the cycle is then obtained from the difference between compressor power
consumption and turbine gross power production, allowing to define an overall cycle efficiency (1) given by



=, -, )i, - LHS (11)
while it is also possible to obtain the specific fuel consumption (SF'C) by means of,
SFC =, (i, - 77,) (12)

The simulation for the small scale power generation system described was divided in two different stages. First, a
parametric analysis on the effects of evaporative air cooling on the cycle thermal efficiency, net power generation and
specific fuel consumption was done, comparing the GMTC and GMTEC cycles for an ambient temperature ranging
from 10 to 50 °C with an air relative humidity of 5%. Then, in a second stage, another simulation was carried out using
annual weather data from the TRY for Brasilia, as an input for hourly ambient air conditions. Thus the efficiency curves
for thermal efficiency and specific fuel consumption for both cycles for a whole year of operation were compared.

4.2 Case 2 - Cooling Load in the Community Center of the University of Brasilia

In order to simulate the heat exchanges between the UnB Community Center canvas and its surroundings a meshing
of the canvas surface was done by means of a network of small triangular plane elements, as shown at Fig. (6). The
rendering process has result in a non uniform mesh of 1914 triangles as shown in Fig. (6b), where each individual
triangle has its space coordinates defined. A numerical simulation procedure was then applied, based in the calculation
of hourly values of direct, diffuse and total solar irradiation for each isolated triangle in the grid, using equations
available for solar irradiation computation (McQuiston e Spitler, 1992) adjusted for condition at the latitude (15°52’
South) and longitude (47°55) of Brasilia.
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Figura 6. Computer modeling of the UnB Community Center canvas (a), with its triangular elements based mesh
resulting from the numeric rendering process (b).

In order to simplify the canvas heat transfer analysis the following assumptions were made: (1) steady state heat
transfer regime; (2) negligible thermal capacity of the canvas material; (3) outside forced convective conditions on the
canvas approximated by the horizontal flat plate case; (4) free convective conditions bellow the canvas surface are
approximated by the horizontal bottom surface of a hot plate case; (5) radiant heat transfer between each internal
surface element of the canvas and the floor is treated as exchange between a small area object and a large isothermal
surface (6) inside air bellow the canvas is assumed a non-participating media. On the basis of these assumptions Fig. (7)
shows energy flows for a generic canvas surface element.
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Figure 7. Energy balance for an isolated triangular element in the canvas surface.

A simple application of the energy conservation principle to each canvas surface element is them written as follows,

6“{It + oy Isk -E- qconv,o - QConv,i “Yyad = 0 (13)



where « and ay; are the total hemispheric absortivity of the canvas outside surface to solar radiation and sky ambient
radiation spectrum respectively, which are taken as having both a value of 0.15. In this energy balance equation the
ambient irradiation from sky is defined by (Incropera et.al, 1998):

4
Iy =0Ty (14)
while radiation emission from canvas external surface is given by,
_ 4
E=¢oTt (15)

where ¢is the canvas surface emissivity (about 0,1) and o is the Stefan-Boltzmann constant (5.67x10™* W/m> K*)
On the internal side of the canvas, a free convection heat transfer condition is assumed which is associated with a
heat flux given by,

9 conv,o :}_lo ! (Tsu _To) (16)
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where T, and T; are the outside and inside dry bulb air temperatures respectively. On the basis of the TRY weather data
for Brasilia, available data for simulation presents a dry bulb outside temperature between 10 and 35 °C with air
velocities ranging from 0 to 15m/s, which implies in a laminar flow condition outside the canvas surface.

Taking into account assumptions “3” and “4”, and adopting a simplified approach for heat transfer analysis, average

heat transfer coefficients for internal and external convective heat exchanges l?o and }7, are obtained from the following
empirical correlations (Incropera et. al, 1998):

h,=0,664-L" -k, -Re"? pr'/? (Pr>0,6) (18)
and
h; =027-(w/2)™ -k; - Ra}'* (10° <Ra; <10') (19)

where L. and w are the length and width of each triangular surface element of the canvas, respectively, with R,, Pr and
Ra, the Reynolds, Prandtl and Rayleigh numbers.

Heat transfer by radiation between the inferior the canvas surface and the UnB Community Center floor is (with the
assumption “5”) given by (Incropera, 1998),

Grag =60 (T —T}) (20)

where T, is the floor temperature which is assumed as having the same value of the ambient air temperature.
Introducing Eqs.(13-16;19) into Eq. (12), after some manipulation allow to write the following equation,

a-T 4T, +c=0 @1

where coefficients @, b e c are given by: a =20, b = Eo + }7, ec=-al, - (sa(T;}C + T}‘) - }Z)To - }_lel

Equation (21) can be solved in order to obtain the canvas surface temperature at each triangular element on the
surface of the canvas, which is them introduced in Eq. (17), in order to get the internal convective heat flux to air below
the element, ¢ . Repeating this procedure for all canvas triangular elements, allow to integrate for all the canvas surface
of the UnB Community Center, by means of,

QCanvas = .[q” -dA (22)
A

Besides this external thermal load, the internal heat gain due to occupants must also be determined. Sensible and
latent heat for each seated person is taken as 75 and 55 W, respectively, (Ashrae, 1989). Since the UnB Community
Center capacity is for about 3000 seated occupants, the total sensible and latent heat internal heat loads are of 225 and
165 kW respectively. Other internal heat sources are not considered.



A computational application of the above equations, together with the consideration of internal heat gain due to
occupants, allow to simulate the Community Center cooling load, as well as the performance of the evaporative cooling
direct spraying system. The simulations were carried out for TRY data at Brasilia in March, 21 summer day.

5. Case Studies — Results and Discussion
5.1 Case 1 - Air Evaporative Cooling for Microturbine Based Power Cycle

Figures (7a) and (7b) shows changes in thermal efficiency and net power output of the microturbine cycle as a
function of ambient air temperature variation for both the GMTC and EGMTC cycles. As ambient air temperature
increases compressor power consumption will also increase and it can be easily seen that this results in a reduction in
net power output from the cycle as well as thermal efficiency will also decrease. However the cycle without evaporative
air cooling at compressor supply (GMTC) has a greater sensibility to ambient air temperature increase, i.e., net power
production and cycle efficiency losses are higher without air evaporative cooling for the same ambient air temperature
increase. This is due to the fact that as ambient air temperature increase, the difference between dry and wet bulb air
temperatures will also increase resulting in a more efficient evaporative air cooling process. Figure (7a) also shows that
the use of evaporative cooling at the compressor supply can increase net power production from the microturbine cycle
up to 2 %, which allow a reduction in specific fuel consumption about 4.3% for the operating conditions considered.
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Figura 7. Net power output (a) and cycle thermal efficiency (b) as a function of ambient air temperature for GMTC
(without evaporative cooling) and EGMTC (with evaporative cooling).

Figure (8a) shows the thermal efficiency hourly changes for both GMTEC and GMTC cycles during whole year of
operation based in TRY data for Brasilia. It can be seen that the use of an evaporative panel at compressor supply does
not has change significantly the thermal efficiency which was about 7.3 % along the whole year. On the other hand, a
small reduction in fuel specific consumption about 1.5 % can be observed from Fig. (8b).
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Figure 8. Annual change in thermal efficiency (a) and specific fuel consumption (b) for both the GMTEC and GMTC
cycles.



5.2 Case 2 — Cooling Load in the Community Center of the University of Brasilia

Figure (10a) shows the daily changes in direct, diffuse and total irradiation computed for the full canvas surface of
the UnB Community Center after numeric integration for March, 21 of the TRY for Brasilia. As expected, irradiation on
the exterior canvas surface is higher about noon.

According with the previous model presented for heat transfer at each canvas surface element, the average canvas
surface temperature was also calculated for this simulation case and results in a maximum value about 57 °C. Such
condition is related with a maximum heat transfer rate form canvas inferior surface and the floor surface bellow it about
25 kW at 12:00 h. The total cooling load for space conditioning purposes is given by the sum of heat gain from the
canvas and internal load due to occupants and attains for this simulation case study a maximum value about 415 kW.

For the peak cooling load obtained from simulation, a water flow rate to be sprayed in the ambient about 608 kg/h
was calculated by considering the latent enthalpy of water. This requires a spraying network with 150 spray nozzles and
a centrifugal pump of 3.73 kW (5 HP) with a working pressure of 800 PSI. (Prime Tech™).
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Figure 10. Daily change in diffuse, direct and total radiation for the whole canvas surface.

6. Conclusions
6.1 Case 1 — Air Evaporative Cooling for Microturbine Based Power Cycle

Application of an evaporative direct cooling system to air conditioning at compressor supply in a microturbine
power generation cycle has show a significant potential for efficiency improvement and should be further investigated,
particularly with respect to its influences on combustion process and emissions. In the parametric analysis carried out,
the effects of evaporative air conditioning at the inlet of an open Brayton microturbina based cycle has been analyzed. It
was verified that the more ambient conditions are worst the more effective the evaporative cooling system will be in
cycle efficiency improvement. For the operating conditions considered the GMTEC and GMTC cycles has present
similar results but, increase in thermal efficiency was about 2% with fuel savings around 4.5% for the EGMTC case.

In the simulation for annual operation at TRY weather conditions for Brasilia using the same operating data from
the parametric analysis, the thermal efficiencies of both the GMTEC and GMTC cycles has been almost the same. A
possible explanation to this fact is related with the fact that as power consumption at the compressor is reduced thanks
to the evaporative cooling system a similar reduction in microturbine power output will occur, since heat added to
combustion chamber was fixed by a constant fuel flow rate.

6.2 Case 2 — Cooling Load in the Community Center of the University of Brasilia

A cooling load analysis for the canvas surface of a community center was presented with the goal of sizing a direct
spraying system for thermal comfort. An energy balance for individual surface elements obtained from a rendering
technique applied to the canvas was proposed for global cooling load integration.

The resulting sensible and latent gain affecting the global cooling load were computed showing that the sensible
load can represent about 6 % of the total cooling load. On the other hand, the total cooling load calculated of 415 kW
requires about 150 sprays. This number of sprays is almost 50 % small than the existing number which suggests an
inadequate sizing of the present system due to an underestimated cooling load. As a matter of fact some complaints
from occupants with respect to an uncomfortable ambient had been reported. This support a hypothesis that the existing
installation was based in a rough estimation of the peak cooling load. Then the proposed method of cooling load
calculation seems to be adequate for the direct spraying system sizing.

However some improvements in the proposed technique are still necessary. For instance, the influence of the slope
of each individual element on the convective heat transfer bellow the canvas should be considered. Besides, a modeling
of heat and mass transfer from the water drops formed after spraying in the ambient air, might give us a better
evaluation of the required water mass flow rate. These aspects will be better considered in further studies on this theme.
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