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Abstract. Small evaporative coolers have increasing use in household appliances for thermal comfort due to their low
energy consumption comparing to vapor compression refrigeration systems. Nevertheless, very little data is available to
the consumers from manufacturers regarding the fan performance itself. Thus, the objective is to investigate if the amount
of kinetic energy provided for a low-pressure crossflow fan (CFF) represents a significant contribution in comparison
to the thermal energy available from the psychometric process by the evaporative cooler; and, to identify if maximum
fan performance occurs in the angular speeds operating range and if nominal airflow values provided by the
manufacturer are consistent to experimental results. The methodology considers experimental measurements for ambient
conditions (pressure, temperature, and humidity), fan angular speeds, and airflow velocities at the rotor's inlet and outlet
by Euler's equation. The main findings are: 1) It's not possible to identify maximum performance in the operational
angular speeds; 2) The CFF kinetic energy is negligible in comparison to thermal energy in small evaporative coolers
(EC),; 3) Experimental results for airflow values at the rotor's maximum angular speed is consistent to nominal values
provides by the manufacturer.
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1. INTRODUCTION

Fluid machines have a wide range of engineering applications in household, commercial, and industrial areas. They
can be classified according to the flow direction in the rotor (or impeller): axial — when the flow is parallel to the rotation
axis; centrifugal (or radial) when the flow is perpendicular; mixed when the flow has a direction between radial and axial
to the rotational axis; and tangential when the flow velocity is tangent to the rotor — as hydraulic turbines Pelton and
Michell-Banki, and crossflow (or tangential) fans.

Resembling axial fluid machinery, crossflow fans (also called tubular fans or blowers, shortened as CFF) provide
low static pressure rise (| A4pswaiic) when the flow crosses the rotor once it has an open design that also results in low airflow
rate and, as aftereffect, low efficiency. However, it provides amusing features due to its long-narrow design as space-
saving, 2-D laminar airflow field across the whole length of the rotor exit, simple structure, small size, stable airflow,
high dynamic pressure coefficient (14pamamic), and low noise.

The rotor is a drum-type with multiple forward-curved blades that move air from the inlet to the outlet side without
compressing or paddling the air. Hence, low noise level and quiet operation within linear regions of airflow. It is suitable
for electronics cooling and domestic applications as evaporative cooling equipment. It is also part of other equipment
such as air-conditioning and heating apparatus (in-door split-type), air curtains (Dragomirescub and Ciocénea, 2015), air
purifiers, freezers, and many others.

Either CFD simulations or experimental investigations allow to determine the performance characteristics. As for
similarity laws using Buckingham's theorem for non-dimensional parameters, previous research identified that the rotor
dimensions and fluid viscosity (at blade reference Reynolds numbers lower than 10,000-15,000 range) affect the crossflow
fan s performance curves (Tanaka and Murata, 1995). The casing geometrical characteristics (fan dimensions) also
interfere with performance curves due to the resulting vortex shape (Porter and Markland, 1970). The vortex wall
configuration plays a significant role, as investigated in crossflow fan applications for grain cleaning in agricultural
machines, and its positioning also affects the mass flow rate division in two outlets (Gebrehiwot, Baerdemaeker, and
Baelmans, 2010).
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CFF energy losses and overall performance depend on the eccentric vortex or re-circulating region (completely closed
streamlines). It occurs in the outlet flow due to vortex shedding at the fan blades' trailing edges (Yamafuji, 1975). The
rotor influences the vortex characteristics, as long as casing and volute tongue geometry (Sun et al, 2015). As the tongue’s
size increases, there is noise reduction, on the other hand, a decrease in efficiency (Koo, 1999). The inlet guide vanes
(IVG) design can improve CFF efficiency by reducing the flow separation (re-circulating region) and optimizing the
inside flow field (through-flow). Also, the eccentric vortex region has little mass transfer with the through-flow region,
i.e., inflow and outflow regions (Sun et al, 2015).

1.1 Objectives

Small evaporative coolers have increasing use in household appliances for thermal comfort due to their low energy
consumption compared to vapor compression refrigeration systems, many equipped with CFF. Nevertheless, very little
data are available to the consumers from manufacturers regarding the fan performance itself, usually only nominal flow
rate and not even indicating if that corresponds to equipment operation with or without the water pump working. Thus,
main objectives are: 1) To investigate if the amount of kinetic energy provided for a CFF is relevant compared to thermal
energy from the psychometric process; 2) To identify if maximum fan performance occurs in the angular speeds operating
range; 3) If nominal airflow values provided by the manufacturer are consistent with experimental results.

2. METHODOLOGY

The CFF investigated is a component in an evaporative cooler (EC) for residential use (Manufacturer: Ventisol,
CLM-01). The EC indicates nominal flow rate and electrical power as 350 m3/h and 75 W (127 V e 60 Hz). The rotor is
drum-type and has 35 blades equally divided into four blocks. It operates at three angular speeds (850, 960, and 1020
RPM). The EC’s CFF main dimensions are shown in Table 1.

Table 1. EC’s CFF dimensions

Dimension Value (mm)
Height (h) 0.248
External diameter (D.) 0.115
Internal diameter (D) 0.094
Blades width (1) 0.011
Inlet width (L) 0.155
Outlet width (L,) 0.082

In correlation to the experimental results obtained, the velocity triangles proposed for the CFF model were analyzed
based on the areas and blade angles shown in Figure 1.
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Figure 1. EC carcass dimensions (a), outlet area measuring positions (b) and blade angles — intel and outlet (c)

2.1 Measuring instruments and laboratory ambient conditions
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During the tests the following were measured: (1) Temperature, relative humidity, and pressure at the inlet and outlet
via Arduino sensor; (2) Flow speed before and after air passage through the rotor via vane anemometer; (3) Voltage and
electric current via multi-meter; (4) Rotor angular speed, via tachometer. The specifications conform to Table 2.

Table 2. Instrumentation data and information

Measurement Model Range Resolution Accuracy
-40 to -85 °C; 0.01°C; +1 C°;
(1) BME 280 (Bosch) 3000 to 11000 Pa; 0.18 Pa; +100 Pa;
0 to 100% 0.008% +3%
2) 416 (Testo) 0.6 to 40 m/s 0.1 m/s +2m/s + 1.5%
. + V) .
3) VA-750 (Instrutherm) 11 v 11%%% X’ 1V; 100 mA ﬁlo/f’ ((r;’/)\’)
(4) TD — 813 (Instrutherm) 0.5 t0 999.9 RPM 0.1 RPM +0.05% + 1 digit

Since it was not possible to have control over ambient conditions at the test site, and with the tests lasting three days,
the ambient conditions (Table 3) could have some impact on the results obtained, but as they didn’t vary much, it wasn’t
considered on this first analysis.

Table 3. Laboratory mean ambient conditions registered during tests.

UR (%) D Temperature (K) Pressure-Barometric (Pa)
54.52 £3.00 293.9+1.0 96885 + 100
53.40 £ 3.00 2922 +1.0 96665 + 100
61.26 +3.00 297.7+1.0 96126 + 100

(1) Air Relative Humidity

2.2 Experimental procedure

During the test, for each position of Figure 1b (see positions 1 up to 8), the air velocity was measured 5 (five) times.
This procedure happened for all 3 (three) rotor angular speeds. Since each selected point had a different — but almost
constant value (due to the velocity profile of the EC’s outlet), the chosen uncertainty — for the mean velocity, was the
higher among those velocities calculated for all the positions in each rotor angular speed. The data acquisition for each
measurement lasted 60 seconds, using the mean function of the anemometer. Plus, we measured the air relative humidity
(inlet and outlet) and total equipment mass, to calculate the water consumption.

The decision to acquire only five measurements for each position in the outlet came after experimentation using 10
measures of the outlet flow velocity for 850 RPM, for every point. The results showed that the mean and the standard
deviation were the same for 5 or 10 measurements.

2.3 Mathematical formulation (or Theoretical model — Velocity triangle) and Velocity acquisition

The mathematical formulation of the velocity triangles is based on the generic triangle shown in Figure 2. The analysis
was carried out using valid trigonometric relations. C represents the absolute velocity, W is the relative velocity, and U is
the rotor's tangential velocity on the analysis point. As will be discussed further, C is responsible for the flow rate, and
C. is a measure of energy in the flow. Since W is the relative velocity, its components represent the same, but are all
relative to the rotor’s movement.

Figure 2. Generic velocity triangle

Air density can be estimated (Balbinot and Brusamarello, 2010) with Eq. (1a), where parameters must be in 7z (K)
and pioca (Pa). The number 287.1 on Eq. (1b) is from the ideal gas constant.
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Diab
= la
RTair ( )
uPian) \* u(r)\*
u(p) — plab + plab (1b)
287 1T, 287.1Tazir

Piap: Barometric pressure, in absolute values [Pa];
pair: Air density [kg m3];

R: Ideal gases constant, air [287.1 J (kmol K)'];
Tair: Temperature [K];

From Eq. (1) and (2), the air density mean value and uncertainty is 1.136 = 0.004 kg/m?, a reference value that
eventually could be considered in fan characteristic curves. Standard air density is ~1.200 kg/m* (NTP — Normal
Temperature and Pressure conditions at sea level) or 5.33% difference from the result obtained in tests; thus, the results
presented in this work are not corrected for volumetric flow.

The velocities measured in the outlet had its type B uncertainty estimated, associating the repeatability and
instrument uncertainty (Albertazzi et al., 2018, Neto, 2012). For the 850 RPM angular speed, due to the limitation of the
instrument's resolution to read the low air velocities, we decided to use the maximum speed values (within the 60 seconds
test). Following Henn (2006), the component of the fluid velocity related to volumetric flow is the vertical component of
C, or C,,, which is the value measured via anemometer.

The uncertainty associated with repeatability is the sample standard deviation. A probability of 95.45% (20) was
considered, having a degree of freedom v =15 — 1 (4); and t = 2.869 (Student’s Coefficient). Hence, the outlet velocity
uncertainty can be defined by Eq. (2), noting that this is the uncertainty for just one point, and as settled before, the mean
uncertainty was chosen as the maximum value for a given point, since there was a high variation of magnitude point to
point, and the objective was not to take this variation into account, but the measurement uncertainty. In Eq. 2 u(a)
represents the instrument uncertainty (anemometer).

uma=ﬁnﬁ+w@f )

The volumetric airflow through the fan is according to Eq. (3), relating the mean velocity to the area over which the
air flows.

V= Cm,vo 3)

V: Volumetric flow [m?/s];
Ci,0: Mean outlet meridional velocity at the outlet [m/s];
Ao: Outlet area [m?].

Power exchange and global efficiency
The specific energy exchanged between the rotor and fluid is defined by Henn (2006), considering there are no

guideline blades before the rotor, so C,; is approximately zero (because a angle at inlet is approximately 90°). Therefore,
we can simplify the original expression to Eq. (4)

Yfluid = Uo Cu,o (4)
Ymia: Specific energy exchanged between rotor and fluid [J/kg];
C..0: Absolut tangential velocity at the outlet [m/s];
U,: Rotor tangential velocity at the outlet [m/s].

The power transferred from the blades to the fluid is defined by Eq. (5):

Privia = MYfiq (%)

Pjuia: Power exchanged between rotor and fluid [W];
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m: Mass flow rate [kg/s].
The electric power demanded by the evaporative cooler (EC) is given by Eq. (6).
P, =VI (6)
P.: Electric power of the EC [W];
V: Electric voltage of the equipment [V];
I: Electric current measured during its operation [A].
Finally, calculation of the overall and hydraulic efficiency are performed by Eq. (7) and Eq. (8), where Yigew

represents a situation where all mass entering the equipment is being effectively delivered in the outlet, this consideration
will be discussed later.

Psy s

n, = ;f”’d x 100 (7)
ele
Yer

M = % % 100 (8)

ideal

Since the equipment is focused on reducing the air temperature, another two coefficients need to be analyzed, the
effectiveness (Eq. 9) and EER — Energy Efficiency Ratio, Eq. (10) (Effatnejad e Salehian, 2009):

_TBS ~TBS, .
¢ = TBs, - TBU, ©)

TBS;: Dry bulb temperature at the inlet [°C]
TBS,: Dry bulb temperature at the outlet [°C]
TBU;: Wet bulb temperature at the inlet [°C]

EER = Qary air (10)
F,

Where ery air 18 defined as:

ery air = mdry air Cp (Ti - Tout) (1 1)

The C, was taken as the value obtained for 300K (since the C,, vary very little given our temperature range). Also, Mgy gir
was calculated subtracting the water content in the outlet air (using absolute humidity), from the calculated total mass
flow, as:

, . 1
mdry air — 4 (1 - WO (UA)0> (12)

VE,: Specific Volume at the outlet [m3/kg];
UA,: Absolute Humidity at the outlet [Kgyapor/Kgair]

In order to classify the equipment, the specific speed; non-dimensional number (Henn, 2009) was also calculated,
following Eq. (13):

1
V2
Y2
n: Angular speed [rps].

For the inlet position, the velocity triangles considered that the inlet angle (o) is equal to 90° since there are no
guideline blades before the rotor's inlet. To acquire all necessary data, the following iterative process was carried out:
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Enter the measured U;

Guess C;

Calculate W; = (U; + C;)%?

Calculate the estimated 8’ = cos™(U; / W;)

If the estimated f’ # S (measured = 33°), guess another C;

SNk Wb~

For the outlet position, the same idea applies. Since the measured velocity in the outlet was used to calculate the
volumetric flow, it is considered the absolute meridional velocity (Cm,0), and using the rotor’s tangential velocity (U,) and
the angle of the blades on the outlet (), we’re able to calculate the missing data, following the script:

Enter the measured U, and C,,

Guess C,

Calculate C,,, = (C,> — C,))*?

Calculate W,,, = U, + C,0

Calculate the estimated 8" = tan™'(Wyo/ Ci.)

If the estimated f’ # f (measured = 33°), guess another C,

SRR

This proposed methodology and its convergence criteria, provides the real outlet velocity triangles for the inlet and
outlet. Another possibility would be to assume that the flow machine is an ideal fan; in that case, the volumetric flow
would be constant, since mass is conserved, and there are no substantial density changes during the cooling process. Eq.
(14) represents the idea behind it. That way, the measured C,,, is not used in the calculation, but the calculated Cp, .
Since airflow is constant through the machine, its volumetric efficiency is 100%, without any leakage in its casing.

, AiCpy

mo A
[

(14)

3. PROTOTYPE MODEL

The model was extrapolated from 300 to 1400 RPM (300 RPM step) on the following properties: volumetric flow,
consumed electric power, and specific energy. The model predictions could be compared with the experimental data
obtained from 850 and 1020 RPM. This extrapolation was performed applying the similarity analysis, as proposed by
Henn (2006). To execute the calculations, a point must be chosen, so the other points (rotor angular speeds) will be

extrapolated based on this first given data. The select point was the second angular speed (960 RPM). The relations
between the model and the prototypes (indicated by ), are shown in Eq. 15 to 17.

o n'
1% —V(g> (15)

n"\*
v = (-) (16)
n
n'\*
P/ =P, (Z) 7
4. RESULTS AND DISCUSSION

Table 4 summarizes the measured rotor angular speeds, in RPM and outlet airflow velocity.

Table 4. Rotor angular speeds and airflow velocity measurements

Position 1 2 3
Rotor: Angular speed (RPM) 844.5 964.6 1019.0
Air: Mean outlet velocity (Cp, ,) = Uncertainty (m/s)  43+033  5.1+038 6.0+0.35

After this step, the script was applied to proceed with the ideal velocity triangle. Figure 3 shows the results of this
process. By the geometry of the outlet triangles, the director system in the outlet of the CFF changes the direction of the
absolute velocity, turning it to go almost in the counter-clockwise direction. One could disregard the fixed outlet beta
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angle to achieve more helpful and physically coherent triangles but with a random beta angle. Since we could not take
measurements at the outlet tip of the blades, the angle achieved by disregarding the measured beta angle would be the
one of the outlet flow outside the equipment, where the data is collected.

It's impossible to calculate this outlet angle since we only know C,,, and U,. The equations system cannot be solved,
and even guessing a C,, there is no parameter of comparison to stop when the calculations have reached the expected
result to W components, as the beta angle served in the proposed methodology.

W =(-9.6,6.2)

U=(5.1,0)

W= (-11.6,7.5)

U=(6.1,0) U=(6.1,0)

(h) (h)

Figure 3. Velocity triangles, inlet, outlet — REAL, and outlet — IDEAL. In order: 850 RPM (a,
b and c); 960 RPM (d, e and f), and 1020 RPM (g, h and 1)

It is noticeable that there are several hydraulic losses in the machine since the final ideal absolute fluid velocity is
much higher than when considering the real outlet measured velocity.

The results of outlet psychometric data are in Table 5. We can observe that the outlet temperature has decreased as
the flow passed through the equipment. Along with the increase in the absolute and relative humidity.

Table 5. Measured and calculated (*) data.

RPM 844.5 964.6 1019
TBS,i (°C) 29.7 29.9 30.0
UR,i (%) 65.2 64.2 64.1
TBU,i (°C)* 24.5 24.5 24.5
UA,i (kg vapor/kg air)*  0.019 0.019 0.019
VE,i (m*/kg air)* 0.932 0.932 0.933
TBS,0 (°C) 27.7 27.8 279
UA,o (kg vapor/kg air)  0.0211  0.0211  0.0213
UR,0 (%)* 83.68 83.19 83.09
TBU,o (°C)* 25.46 25.49 25.57
UA,o (kg vapor/kg air)  0.0211  0.0211  0.0213
VE,o (m%kg ar)* 0.929 0.930 0.930

The performance data is in Table 6. An interesting result is the overall efficiency, with surprisingly low values. It is
the ratio between the energy the fluid receives divided by the amount the machine requires. It is logical to determine the
final flow energy is not as high as it could be. With the ideal approach, the overall efficiency didn’t increase much,
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reaching a maximum of 17%. The maximum overall efficiency apparently does not occur in the operational range, as it
is almost constant in the tested interval.

Another significant remark is that the total kinetic energy provided by the CFF is not relevant compared with the
thermal energy exchanged with the airflow. For the first rotor angular speed, it is equivalent to only 0.42% (0.88% for
the highest velocity) of the thermal energy rate. The total energy rate increases with the mass flow rate, but the
effectiveness remains constant since the temperature change (inlet — outlet) is practically the same for all angular
velocities. Using the classification proposed by Torkaman e Ghassembaglou (2015), for an EER < 26, the analyzed
machine is in the 7G classification, the worst rating. It only corroborates the fact that the overall performance of the CFF
is not close to the ideal.

Table 6. Performance data of the equipment

RPM 844.5 964.6 1019
€ 39% 39% 39%
Viumid air (m3/h) 318 374 436
Myater (kg/h) 0.708 0.837 1.083
Mpumia air (kg/h) 342 402 469
mdry air (kg/h) 335 394 459
Viary air (m*/h) 311 366 426
ery air (kW) 0.1897 0.2343 0.2731
P (kW) 0.0127 0.0254 0.0381
EER 14.94 9.22 7.17
Yia (J/kg) 8.1 11.9 18.6
Pfiuia (W) 0.8 1.3 2.4
N 6% 5% 6%
N 35% 40% 55%

The volumetric airflow informed by the manufacturer is 350 m*/h; so, the values calculated by the three rotor angular
speeds seem acceptable in comparison to that. The power consumption of the machine is 75 W, following the datasheet,
and it was not achieved during the tests, the maximum measured electrical power was 38.1 W, for the maximum air flow
velocity.

Figure 4 shows the extrapolation for several rotor angular speeds (the apostrophe represents the model). It is possible
to infer that for velocities below 1000 RPM, the model is accurate, but in comparison with the results obtained for 1020
RPM, it’s clearly not following the same pattern. A plausible interpretation, is that the model cannot compute the
interference of the losses correctly, not being able to predict the behavior of the CFF at higher speeds, where it has a
higher hydraulic efficiency; that could also be related to higher or lower hydraulic losses.

If we set the base value for the model as the data obtained to 1020 RPM, we would see a different tendency, as it has
a higher hydraulic efficiency and would also predict the lower rotor angular speeds to have higher property values.
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Figure 4. Prototype extrapolation analysis in comparison with real data

Following, nqA values are in Figure 5. The results obtained for the specific speed (ng4) can be compared to those
shown by Henn (2006), labeling the fluid machine as similar to centrifugal fans with an outlet blade angle of 90° (ng4 =
50) but different from these machines, the crossflow fan static pressure rise is said to be negligible (4psiaic = 0). For
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centrifugal fans and turbocompressors, the ngA is between 20 and 330. On the other hand, for axial fans or
turbocompressors, it would be between 330 and 1800. Therefore, the crossflow fan category would be closer to that
attributed to the centrifugal fluid machines. It makes sense, given the geometry of the equipment.
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Figure 5. Specific speed (ng-A)

From the displayed analysis, a new concern arises. Contrasting to an air-conditioner or a common fan, the
evaporative coolers cannot be evaluated only based on the air's temperature decrease or the energy given to the fluid. A
more concise analysis should consider both of them to fully evaluate the intrinsic characteristics of the EC. The authors
propose a new adimensional coefficient called COPgc (COP Evaporative Cooler). It can be defined by Eq. 18.

Dary air + Priui
COPEC — ery al.;; l fluid (18)
ele

Even though, as presented, the energy given to the fluid is irrelevant compared to the thermal energys, it is a particular
case for this equipment and cannot be generalized since it can represent a notable portion. Figure 6 shows the results. For
standardization, extensive research should be developed, adopting the guidelines established in this work so one could
compare several machines based on their COPkc.
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Figure 6. COPgc achieved for each angular speed
5. CONCLUSION

In the main findings in this work, it’s not possible to identify maximum performance in the operational angular
speeds, since #,q remains almost constant. Also, the CFF kinetic energy is negligible in comparison to thermal energy in
small evaporative coolers (EC).

Using similarity analysis, we could achieve reliable results for rotations lower than the used for the model, but the
differences when extrapolating for higher rotations was considerable high, when compared to measured data. In
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experimental results for airflow values at the maximum rotor angular speed are consistent with nominal values provided
by the manufacturer. The machine has poor energy efficiency and many sources for hydraulic losses, which should be
improved to achieve higher levels of energy efficiency. Since it lacks a standard method of classification, we advise to
take a closer look at this kind of equipment.

The CFF ngA characteristics are similar to those associated with centrifugal fans and compressors, due to the low
ngA values obtained and the similarity of the machine rotor and casing. A new adimensional aroused, COPgc, allows the
evaluation of different ECs, based on both the energy the air receives from the blades and the air temperature reduction,
the authors encourage the use of this new coefficient to evaluate several different ECs, establishing the equipment classes
based on their efficiency (as already exists for other kinds of household equipment with the PROCEL seal.
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