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HIGHLIGHTS ABSTRACT

e The tubular solar absorber is placed
perpendicularly to the direction of airflow.

o Pulsating flow increases the thermal
performance by up to 15.2%

o Thermal performance is directly proportional
to the pulsating frequency.

The present work studied the influence of pulsating flow as an active method on
the thermal performance of a double-pass solar air heater with a tubular solar
absorber. A ball valve has been used as a pulse generator mounted at the
downstream flow of the solar air heater. The experiments were under indoor
conditions with a constant heat flux of 1000 W/m?, and different air mass flow
rates ranged from 0.01 to 0.03 kg/s. Moreover, the study covered three pulsation
frequencies varied from 1 to 3 Hz. Based on the experimental outcomes, it can be

ARTICLE INFO observed that the heat transfer rate is enhanced by applying the pulsating flow,

where it was found that the outlet temperature in the case of applying the
Handling editor: Jalal M. Jalil pulsating flow rises by about 25.6 - 27% as compared with the steady flow case.

Moreover, pulsating flow offers a higher effective thermal performance by about
Keywords: 15.2% at the maximum air mass flow rate compared with the steady flow. In
Solar collectors addition, the findings pointed out that varying the pulsation frequency from 1 to
Pulsating flow 3 Hz produces an enhancement in heat transfer rate and in solar heater effective
Counter-flow efficiency, where it was found that when changing the frequency from 1 to 3, the
Pulsating frequency increment of effective efficiency ranged from 3.8 to 6.9% depending on the air
Tubular absorber mass flow value.

1. Introduction

Solar energy is an unlimited source of clean energy [1], and it contributes to reducing pollution levels, as harvesting and
converting solar energy into other energy types do not result in any kind of pollutants [2]. Solar energy can be converted
directly into electric energy by using photovoltaic systems [3] or into thermal energy by using different systems such as solar
collectors [4], solar towers [5], etc. Solar air heaters are considered the simplest among all solar systems because of their low
cost, ease of construction, and low maintenance [6]. Solar air heaters are commonly used in different applications, for instance,
heating buildings in cold zones, pre-heating the air in industrial applications, egg incubation, drying crops, fruits, medical
herbs, etc. [7].However, solar air heaters suffer from some drawbacks that affect their thermal performance, namely, energy
loss, low convective heat transfer coefficient between the working fluid and the solar radiation absorbing surface, and inability
to meet the load requirements sometimes due to the intermittent nature of the solar radiation source [8].

Many researchers adopted different techniques to cope with the cons of solar air heaters. For example, some researchers
focused on solving the intermittency problem either by integrating the solar air heaters with different designs of thermal energy
storage systems [9 and 10] or by using hybrid techniques involving utilizing fins with PCM [11 and 12] or nanotechnology
with PCM [13 and 14].

Other researchers focused on reducing energy losses by mixing nanoparticles with black paint to improve the absorptivity
of solar radiation [15] or by using different insulation materials [16].

On the other hand, many researchers focused on improving the convective heat transfer coefficient by adopting two
different techniques namely: passive and active techniques.

176
http://doi.org/10.30684/¢tj.2022.135475.1274
Received 24 August 2022; Accepted 03 October 2022; Available online 17 October 2022
2412-0758/University of Technology-Iraq, Baghdad, Iraq
This is an open access article under the CC BY 4.0 license http:/creativecommons.org/licenses/by/4.0



https://etj.uotechnology.edu.iq/
http://doi.org/10.30684/etj.2022.135475.1274
http://creativecommons.org/licenses/by/4.0
mailto:me.19.28@grad.uotechnology.edu.iq.
https://orcid.org/0000-0003-2172-7316
https://orcid.org/0000-0002-1430-6970

Nassr F. Hussein et al. Engineering and Technology Journal 41(01) (2023) 176-184

Passive techniques involve creating roughness [17], inserting turbulators like winglets [18], dimples [19], fins [20], etc., or
replacing conventional absorber plates with new types such as corrugated absorbers [21] triangular absorbers [22], etc.

Active techniques involve modulating the flow rate of the working fluid. For example, pulsating flow can be considered an
active technique to enhance the convective heat transfer coefficient. The flow in this method is characterized by fluctuations in
both the pressure and the mass flow rate. It remarkably influences the heat transfer process since the pulsation weakens the
thermal resistance by altering the boundary layer thickness [23]. Pulsating flows can be generated either by reciprocating
pumps [24] or by steady flow pumps with the help of pulsating generating instruments such as ball valves [25], butterfly valves
[26], etc.

Utilizing pulsating flow in solar collectors was investigated by some investigators [27]. However, to the authors’
knowledge, no attempt has been made to apply the pulsating flow in solar air heaters. Thus, the present work aims to
investigate the thermal performance of a new design of a counter-flow double-pass solar air heater under both steady and
pulsating flow conditions.

2. Experimental Setup

The experimental setup shown schematically in Figure 1 involves three main parts: a test section, pulsating airflow system,
and a supply airflow system.
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Figure 1: Schematic diagram of the experimental setup

The test section consists of a counter-flow double-pass solar air heater and an artificial solar simulator. The main
components of the solar air heater are a wooden frame manufactured from a plywood sheet of 18 mm thickness, a glass cover
of 4 mm thickness, upper and lower channels, a solar absorber, and a galvanized plate of 1 mm thickness. As shown in Figure
2, the solar absorber consists of 42 tubular capsules placed perpendicularly to the airflow direction. In addition, the upper face
of the solar absorber was painted with black mat paint (Rust-oleum with absorptivity of 92%) to increase its absorptivity to
solar radiation.

All dimensions, specifications, and materials used in the solar air heater are mentioned in Table 1. An artificial solar
simulator comprising halogen bulbs and variac transformation has provided an artificial solar heat flux of 1000 W/m?,
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Pulsating airflow system, as shown in Figure 3, consists of a wooden frame, a ball valve with the potential to rotate 360
degrees for generating pulsating flow, a DC motor to rotate the ball valve, an AC adaptor, an Arduino-Uno board with the aid
of (PWM) DC motor speed controller to control the rotation speed of the DC motor to achieve the required pulsating
frequency.

Table 1: Dimensions, specifications, and materials of the solar air heater

Configurations Details
Total length 1260 mm
Total width 340 mm
Total height 80.9 mm
Effective length 1200 mm
Effective width 300 mm
Height of upper & lower channels 32.15 mm
Material type of capsules Copper
Effective capsule Length 300 mm
Outer Diameter 28.6 mm
Inner Diameter 26.7 mm
Thickness 0.9 mm
Number of capsules 42
Insulation thickness (Polyurethane foam) 50 mm

Wooden frame
Ball valve Racie

AC adaptor

Figure 2: Solar absorber configuration Figure 3: Pulsating airflow system

Pulsating flow was generated by rotating the ball valve, and for each revolution, the airflow was released and stopped
twice. Thus the flow was assumed to be sinusoidal, as shown in Figure 4. The valve's rotation could be adjusted to rotate at
specific rotation speeds to give different frequencies measured by the tachometer. Three frequency values of 1, 2, and 3 Hz
were covered in all experiments. The air supply system involved an electric air blower with a manual valve that was placed on
the pumping side of the blower to control the air mass flow rate value, a flexible hose, and an orifice meter with U-tube
manometer to measure the air mass flow rate. The study covered five values of air mass flow rates ranging from 0.01 to 0.03
kg/s with an increment of 0.005 kg/s. To measure the temperature distributions, twenty-four thermocouples (type- K) have
been placed in specified locations within the collector, as shown in Figure 5. Moreover, two thermocouples were installed at
both the inlet and outlet of the solar heater to measure the air temperature rise. To measure the pressure difference through the
solar air heater, an inclined manometer was connected to two holes located at the inlet and outlet of the solar air heater.
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Figure 5: Locations of measuring points

3. Experimental Procedure and Data Analysis

3.1 Experimental Procedure

Firstly, and before each experiment, it must be ensured that all thermocouples reading is equal to 25°C, which is the room
temperature. Then, the pulsating airflow system is switched on, and the rotation speed of the DC motor is adjusted to achieve
the required frequency. After that, the electric air blower is switched on, and the manual valve adjusts the airflow to get the
required air mass flow rate. Then, the artificial solar simulator is switched on and regulated at the desired heat flux. The system
is left running until reaching a steady state after one hour, and during this time, all thermocouples' readings are measured every
5 minutes. Finally, when the steady state is achieved, the pressure drops across the solar air heater, and all temperature
distributions are recorded. The above procedure is repeated for the steady flow case, except that the pulsating airflow system is
switched off.

3.2 Data Analysis

The effective thermal performance of solar air heaters is assessed depending on the following formulas [28]:

_ Quseful—P

Neffective = Q—m (1)

Where: #epecive:  Effective efficiency, Qusei: Useful energy gain from solar air heater (W), Oi: Received energy (W), P:
Power required for pumping the airflow.

The power needed for the pulsating motor to pulsate the airflow is subtracted from the numerator of Eq. (1) to get the
effective efficiency in the case of pulsating flow.

Useful and received energies can be represented by the following formulas [29]:

Quseful = Mgir - Cpair (Tair,out - Tair,in) (2)
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Where: mi: Air mass flow rate (kg/s), Cpair: Specific energy of air (J/kg. ‘K), Tairou: Outlet air temperature (°C), Tairin:
Inlet air temperature (°C).

Qin =4c.1 (3)

Where: 4.: Collector area (m?), I: Solar radiation (W/m?).
For pulsating flow, the frequency and the mass flow rate can be calculated as follows [30]:

2N
=% 4)
Where: f: Pulsating frequency (Hz), N: Rotating speed of the ball valve (rpm).
mbulsating (t) = méteady'ABS(Sin(”ft)) (5)

Where: Mpuisating (t): Pulsating air mass flow rate (kg/s), m'siwady: Steady air mass flow rate (kg/s). t: Time (s).

3.3 Uncertainty Analysis

Any experimental work must include an uncertainty analysis to indicate the possible error values in measurement

instruments. The uncertainty values were computed depending on the following formula [31].

1

Wy = [(a_RW1)2 + (aa—fz Wz)z + -+ (aa_:n Wn)zr (6)

6x1

Where: WR: Total uncertainty, (W1, W2, ... Wn): Uncertainty of independent variables, (x1, X2, ..., xn): Independent
variables.
Depending on the previous equation, the uncertainty of thermal efficiency can be written as follows:

1
2

W = (G2 ) + (2w, )+ (twin) + (G T )

aIsolalr

The fractional uncertainty of measurements is in Table 2.
Based on Eq. (7), the uncertainty of the effective efficiency ranges between = 0.07235 to = 0.174697.

Table 2: Fractional uncertainty of experimental measurements

Parameter Fractional uncertainty (:TR Wn)
Mass flow rate +(0.001 to 0.0011)
Solar radiation +(0.00105 to 0.0011)
Temperature difference +(0.00313 to 0.028)
Pressure drop + (1.42e-12 t0 2.33e-9)

4. Results and Discussion

The experiments are carried out under constant indoor laboratory conditions at 1000 W/m?, the inlet temperature of 25°C,
and variable mass flow rate values. The findings of this work show the effect of changing the flow type on the thermal
performance of solar air heaters. Furthermore, the comparison in terms of instantaneous outlet temperature, useful energy, and
instantaneous effective efficiency has been presented in this part.

4.1 Validation of Experimental Outcomes

A validation between experimental outcomes and numerical work has been carried out, as shown in Figure 6. It can be
observed that the deviation between the experimental and numerical results is within the acceptable agreement of 9.6%.

4.2 Outlet air Temperature

The assessment of outlet air temperature at variable mass flow rates for the steady and pulsating flow cases is shown in
Figure 7. The experimental findings indicate that the outlet air temperatures in the case of pulsating flow are higher than those
values achieved in the steady flow case, where the outlet air temperature in the case of steady flow was 48°C and 33.1°C at the
minimum and maximum mass flow rate respectively, and these temperatures increase by about 25.6%, and 27% when applying
the pulsating flow. This enhancement in outlet air temperature and heat transfer rate may be attributed to two reasons. The first
one is increasing turbulence level due to pulsation, where the pulsation leads to increasing both the longitudinal and axial flows
through the channel, improving both the longitudinal and radial mixing [32]. The second reason is introducing the forced
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circulations within the boundary layer due to pulsation. When the turbulent flow is pulsating, forced circulations create within
the fluid due to the periodic pressure variations. These forced circulations promote eddies formation, leading to introducing the
convection inside the boundary layer, thus improving heat transfer. While in the case of steady flow, the convection has no
action on heat transfer in the inner boundary layer, which is at rest with the channel's wall [33]. In addition, it can be observed
that the outlet air temperature increases as the pulsating frequency increases due to the increase in the intensity of the mixing
process as increasing turbulence, enhancing the heat transfer rate [34].
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Figure 6: Validation of experimental outcomes Figure 7: Outlet air temperature

4.3 Useful Energy

The thermal performance calculations of the solar air heaters mainly depend on the useful energy value extracted from the
solar absorber plate by the airflow. Figure 8 shows the useful energy values for steady and pulsating flow cases at different
mass flow rates. In general, it can be observed that useful energy production increases with rising mass flow rate value due to
increasing the convective heat transfer coefficient [35]. In addition, Figure 8 shows that replacing the steady flow with
pulsating offers a dramatic increment in producing useful energy. This increment may be attributed to the fact that the
pulsating flow forces the thermal boundary-layer thickness to oscillate periodically, leading to making the ratio of the air
residence time over the solar absorber's surface to the heat diffusion time high, allowing more heat to diffuse per unit
volumetric flow. Hence, higher energy can be extracted by the airflow [36]. Furthermore, increasing the pulsating frequency
leads to producing more useful energy. This behavior may be attributed to the fact that when the frequency value rises, the
intensity of the turbulence increases, which leads to the enhancement of the flow mixing process, and thus more heat energy
can be extracted. Conversely, when the pulsating frequency is reduced, the heat transfer deteriorates due to the periodic
deceleration of the flow mixing process near the area adjacent to the wall [34]. The increment in the useful energy when
replacing the steady flow with the pulsating flow is in the range of 1.4-12.7% at the pulsating frequency of 1 Hz, 8.6-20.3% at
the pulsating frequency of 2 Hz, and 12.3-25.2% at the pulsating frequency of 3 Hz.

4.4 Effective Efficiency

Thermal and effective efficiencies are used to indicate future research improvement. The assessment of the effective
thermal performance of the solar air heater under steady and pulsating flow cases at different mass flow rates is shown in
Figure 9. The outcomes revealed that the effective efficiency increases remarkably when applying the pulsating flow. This
behavior can be attributed to that pulsating flow causes appearing a large number of vortices on the wall surface that, in turn,
destroy the boundary layer and improves the turbulence of the main flow throughout increasing both the fluid mixing and the
effect of the heat exchange surface, hence, enhancing the heat transfer rate [37]. Furthermore, the effect of pulsating flow
increases at the large values of the air mass flow rates (i.e., at high Reynolds number values). This result can be attributed to
the fact that the heat transfer rate increases sharply with raising the pulsating flow speed [38]. It is found that the effective
efficiency in the case of steady flow ranged between 64.8 to 68.1%, while in pulsating flow case, the effective efficiency
ranged from 55.9 to 81.7%. Moreover, it can be observed that the effective efficiency in the case of pulsating flow is directly
proportional to the pulsating frequency values, and this is because the heat transfer rate is a function of pulsating frequency
(i.e., the thermal diffusion rate increases with increasing the pulsating frequency) [39]. It was found that when changing the
frequency from 1 to 3, the increment of effective efficiency ranged from 3.8 to 6.9% depending on the air mass flow value.
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5. Conclusion

The outcomes of the present work can be summarized in the following brief points:

1) A remarkable enhancement in heat transfer rate can be achieved when applying the pulsating flow.

2) Increasing the pulsating frequency enhances the heat transfer rate, where the maximum outlet air temperature can be
obtained by applying pulsating flow at 3 Hz.

3) Pulsating flow offers higher useful power than the steady flow with an increment range of 1.4-12.7% at the pulsating
frequency of 1 Hz, 8.6-20.3% at the pulsating frequency of 2 Hz, and 12.3-25% at the pulsating frequency of 3 Hz.

4) Compared with a steady flow, Pulsating flow offers a higher effective thermal performance by about 15.2% at the
maximum air mass flow rate.

5) Depending upon the outcomes of this work, it can be demonstrated the feasibility of using the pulsating flow as an
effective method for enhancing the thermal performance of solar air heaters.
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