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[bookmark: _Toc231161853]1.  Introduction
Heat exchangers are basic engineering equipment that are used to exchange thermal energy between two or more fluids of varying temperatures. They find extensive use in power production, chemical processing, heating ventilation, and cooling in vehicles. It is important to understand how they would perform under different operating conditions to design the systems effectively (Incropera et al., 2007). This laboratory report is a report of two experiments that were performed using the TecQuipment TD1007 water-to-air heat exchanger in the parallel flow mode. Experiment 1 explores the performance of heat transfer with the mass flow rate of water changed (with the air flow held constant). Experiment 2 looks at the influence of changing the rate of air flow on a constant low rate of water flow. The heater tank was set to 60 o C in both experiments. The major performance indices considered include: heat released by the water circuit, heat uptake by the air circuit, efficiencies of water and air temperature, the Log Mean Temperature Difference (LMTD) and the total heat transfer coefficient (U).
[bookmark: _Toc231161854]2.  Theoretical Background
[bookmark: _Toc231161855]2.1 Energy Balance
For the water circuit, the heat emitted is:
Q_w  =  ṁ_w · Cp_w · ΔT_w          [W]
where ṁ_w is the water mass flow rate (kg/s), Cp_w is the specific heat capacity of water at the average water temperature (J/kg·K), and ΔT_w = T_W1 – T_W2 is the temperature drop across the exchanger.
For the air circuit, the heat absorbed is:
Q_a  =  ṁ_a · Cp_a · ΔT_a          [W]
where ṁ_a is the air mass flow rate (kg/s), Cp_a = 1005 J/kg·K (assumed constant), and ΔT_a = T_A2 – T_A1.
[bookmark: _Toc231161856]2.2 Air Mass Flow Rate via Orifice Plate
The air mass flow rate is determined from the measured pressure drop across an orifice plate using:
ṁ_a  =  C_d · A_o · √(2 · ρ_a · ΔP_o)          [kg/s]
where C_d = 0.62 is the orifice discharge coefficient, A_o = π/4 · d² is the orifice cross-sectional area (m²), ρ_a is the air density at ambient conditions (kg/m³), and ΔP_o is the orifice pressure drop (Pa). Air density is calculated from the ideal gas law: ρ_a = P_amb / (R_air · T_avg_air), with R_air = 287 J/kg·K.
[bookmark: _Toc231161857]2.3 Fluid Properties
Water density and specific heat capacity vary with temperature. The following approximations are used, valid for the temperature range 30–70°C (Cengel and Ghajar, 2014):
ρ_w  ≈  1008.52 – 0.3476 · T_w_avg          [kg/m³]
Cp_w  ≈  4182 – 3.05 · (T_w_avg – 20) + 0.005 · (T_w_avg – 20)²          [J/kg·K]
[bookmark: _Toc231161858]2.4 Temperature Efficiency
The temperature efficiency (or effectiveness) for each fluid stream is defined as the ratio of the actual temperature change to the maximum possible temperature difference (Shah and Sekulic, 2003):
η_w  =  ΔT_w / (T_W1 – T_A1)  ×  100 %
η_a  =  ΔT_a / (T_W1 – T_A1)  ×  100 %
The mean temperature efficiency is the arithmetic average of η_w and η_a.
[bookmark: _Toc231161859]2.5  LMTD and Overall Heat Transfer Coefficient
For a parallel-flow heat exchanger, the Log Mean Temperature Difference is:
LMTD  =  (ΔT₁ – ΔT₂) / ln(ΔT₁/ΔT₂)
where ΔT₁ = T_W1 – T_A1 (hot end, both streams enter) and ΔT₂ = T_W2 – T_A2 (cold end, both streams exit).
The overall heat transfer coefficient is determined from:
Q  =  U · A · LMTD          ⟹          U  =  Q / (A · LMTD)          [W/m²·K]
The heat transfer area A for the 32-tube exchanger is estimated as A ≈ 0.191 m², based on tube outer diameter of 6.35 mm and approximate tube length of 0.30 m.
[bookmark: _Toc231161860]3.  Apparatus and Experimental Setup
The TecQuipment TD1007 Water-to-Air Heat Exchanger test rig (Figure 1) consists of the following main components:
1. 32-tube heat exchanger unit in a red housing
1. Water heater tank with temperature controller (set to 60°C; marked on panel)
1. Centrifugal fan with a slide valve for controlling air flow
1. Orifice plate with pressure transducer for air flow measurement
1. Hand-operated water supply valve for flow rate control
1. VDAS (Virtual Data Acquisition System) displaying temperatures TA1–TA4 (air) and TW1–TW4 (water), orifice pressure drop, and water volumetric flow rate
TW1-TW4 and FW in L/min are shown on the water system panel. T A1 4 and 0pa are shown on the air system panel in Pa. At the air inlet duct, there is an ambient temperature sensor (T 3 -Amb ). In both experiments the system is tied in parallel flow implying that the hot water and cooler air are fed into the same end of the exchanger.
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Figure 1: Water temperature controller panel set to 60°C (VDAS connected)
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Figure 2: Hand-operated water supply valve used to set water flow rate
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Figure 3: TD1007 heat exchanger rig configured for parallel flow, 60°C heater tank
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Figure 4: Air system VDAS display – showing TA1–TA4 temperatures and orifice ΔP = 208 Pa
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Figure 5: Air inlet duct with ambient temperature sensor label (T3-Amb)
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Figure 6: Full laboratory bench setup showing the complete TD1007 rig
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Figure 7: Water system VDAS display showing TW1–TW4 temperatures and flow rate (1.51 L/min sample reading)
[bookmark: _Toc231161861]4.  Experimental Procedure
[bookmark: _Toc231161862]4.1 Experiment 1 Varying Water Flow Rate
The heat exchanger was adjusted to a parallel flow with the heater adjusted to 60 o C. A fixed air flow condition was taken by adjusting the slide valve to give an orifice pressure drop of 250 Pa (±5 Pa). The pump was turned on and the flow of water was adjusted to 2.25 L/min. VDAS readings were taken after a period of at least five minutes in order to stabilise the temperature. The flow rate of water was then set to 1.75, 1.25, 0.75 and 0.25 L/min at a time with the values recorded at each condition. The flows of water and air were observed and corrected as necessary.
[bookmark: _Toc231161863]4.2 Experiment 2 – Varying Air Flow Rate
As the heater was kept at 60; C with water flow being 0.20 L/min, the orifice pressure drop was adjusted to 250Pa. Following stabilisation, readings were taken. The air flow was further cut in stages to orifice ΔP values of 200, 150, 100, 50 and 25 Pa using the slide valve and measurements recorded at each condition.
[bookmark: _Toc231161864]5.  Results Experiment 1: Varying Water Flow Rate
[bookmark: _Toc231161865]5.1 Measured Values
Table 1 presents the measured temperatures and derived basic quantities for Experiment 1. All temperatures are in °C; the orifice pressure drop was maintained at 250 Pa throughout.
Table 1: Measured values and temperature differences – Experiment 1
	Flow (L/min)
	TW1 (°C)
	TW2 (°C)
	TA1 (°C)
	TA2 (°C)
	TA3 (°C)
	ΔTw (°C)
	ΔTA (°C)
	Avg Tw (°C)
	Avg TA (°C)

	2.25
	61.6
	55.4
	23.9
	29.3
	23.9
	6.2
	5.4
	58.5
	26.6

	1.75
	61.3
	54.5
	24.1
	29.4
	23.4
	6.8
	5.3
	57.9
	26.75

	1.25
	60.5
	51.8
	24.1
	29.0
	23.3
	8.7
	4.9
	56.15
	26.55

	0.75
	60.2
	47.7
	23.9
	28.4
	23.3
	12.5
	4.5
	53.95
	26.15

	0.25
	59.9
	35.1
	23.8
	26.8
	23.2
	24.8
	3.0
	47.5
	25.3


[bookmark: _Toc231161866]5.2 Calculated Results
Table 2 shows the mass flow rates, heat transfer rates, temperature efficiencies, LMTD, and total heat transfer coefficient U at each water flow rate. The values are computed using Excel and in the spreadsheet which is attached.
Table 2: Calculated performance parameters – Experiment 1
	Flow (L/min)
	ṁw (kg/s)
	ṁA (kg/s)
	Q_emit (W)
	Q_abs (W)
	η_w (%)
	η_A (%)
	LMTD (°C)
	U (W/m²K)

	2.25
	0.0380
	0.0285
	9.81
	1.55
	16.6
	14.5
	28.9
	1.78

	1.75
	0.0295
	0.0285
	8.37
	1.52
	18.2
	14.2
	27.5
	1.59

	1.25
	0.0211
	0.0285
	7.68
	1.41
	23.3
	13.1
	24.3
	1.65

	0.75
	0.0127
	0.0285
	6.59
	1.30
	33.5
	12.1
	21.8
	1.58

	0.25
	0.00424
	0.0285
	4.38
	0.87
	66.5
	8.0
	14.0
	1.64
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[bookmark: _Toc231161868]6.  Results Experiment 2: Varying Air Flow Rate
[bookmark: _Toc231161869]6.1 Measured Values
Table 3 presents the measured temperatures for Experiment 2. The water flow was fixed at 0.20 L/min throughout; the orifice pressure drop was varied from 250 Pa down to 25 Pa.
Table 3: Measured values and temperature differences Experiment 2
	ΔP_air (Pa)
	TW1 (°C)
	TW2 (°C)
	TA1 (°C)
	TA2 (°C)
	TA3 (°C)
	ΔTw (°C)
	ΔTA (°C)
	Avg Tw (°C)
	Avg TA (°C)

	250
	58.0
	35.3
	23.9
	26.8
	23.1
	22.7
	2.9
	46.65
	25.35

	200
	57.8
	35.3
	23.8
	26.8
	23.0
	22.5
	3.0
	46.55
	25.3

	150
	57.9
	35.9
	24.0
	27.0
	23.1
	22.0
	3.0
	46.9
	25.5

	100
	58.0
	36.7
	24.0
	27.4
	23.0
	21.3
	3.4
	47.35
	25.7

	50
	58.2
	38.3
	24.3
	28.4
	23.0
	19.9
	4.1
	48.25
	26.35

	25
	58.7
	40.2
	24.8
	29.6
	23.2
	18.5
	4.8
	49.45
	27.2


[bookmark: _Toc231161870]6.2 Calculated Results
Table 4 presents the calculated performance parameters for Experiment 2. As air flow decreases, the air residence time in the exchanger increases, leading to larger air temperature rises despite lower mass flow rates.
Table 4: Calculated performance parameters – Experiment 2
	ΔP_air (Pa)
	ṁw (kg/s)
	ṁA (kg/s)
	Q_emit (W)
	Q_abs (W)
	η_w (%)
	η_A (%)
	LMTD (°C)
	U (W/m²K)

	250
	0.00334
	0.0285
	3.13
	0.83
	66.0
	8.4
	13.5
	1.21

	200
	0.00334
	0.0255
	3.10
	0.77
	65.6
	8.7
	13.4
	1.21

	150
	0.00334
	0.0220
	3.03
	0.67
	64.1
	8.7
	13.6
	1.17

	100
	0.00334
	0.0180
	2.94
	0.62
	62.0
	9.9
	13.6
	1.13

	50
	0.00334
	0.0127
	2.75
	0.53
	58.0
	11.9
	14.0
	1.03

	25
	0.00334
	0.00900
	2.55
	0.44
	53.8
	13.9
	14.3
	0.93


[bookmark: _Toc231161871]7.  Discussion
[bookmark: _Toc231161872]7.1 Effect of Water Flow Rate on Heat Exchanger Performance
Experiment 1 shows that there is a positive correlation between water mass flow rate and the total heat transfer. The more water is added, the higher the Q emit rises with the increase in the water flow, which is 0.25 L/min to 2.25 L/min. This is in line with the equation of energy balance Q w = 0 m w Cp w 0 T w: as the temperature decrease 0 T w falls as the flow rises, the rise of 0 m w prevails and the net heat output rises (Incropera et al., 2007).
The efficiency of water temperature (ηw) reduces considerably by a factor of approximately 66 per cent at 0.25 L/min, to approximately 17 per cent at 2.25 L/min. This is indicative of the fact that at large flow rates the water flows through the exchanger too quickly to be cooled significantly, and thus the ΔT w is small compared to the maximum possible temperature difference. On the other hand, when the flow rates are low, the water is almost at maximum cooling hence high efficiency but low absolute heat output.
Also air-side efficiency (η A ) reduces a little with a rise in water flow because the rise in TA2 with higher water flow rates is relatively small. This LMTD rises with water flow (between about 14 C and about 29 C) due to the higher average temperature difference that is sustained across the exchanger.
Total heat transfer coefficient U varies comparatively modestly with water flow (about 1.61.8 W/m 2 K), which indicates that the major thermal resistance is on the air side which is expected given the low thermal conductivity of air, in comparison with water (Bergman and Lavine, 2017). The minor rise in U with an increase in water flows can be explained by the improvement of the convective resistance reduction on the water side.
[bookmark: _Toc231161873]7.2 Effect of Air Flow Rate on Heat Exchanger Performance
In Experiment 2, the air flow was altered significantly (between 250 Pa and 25 Pa) and the water flow was kept constant (0.20 L/min). The heat being emitted by the water (Q emit) decreases with a decrease in air flow - between about 3.1 W at 250 Pa and 2.6 W at 25 Pa - due to the lowered overall U value due to the lower air-side convective coefficient.
The temperature increase of the air (ΔTA) grows counterintuitively with air flow: at 250 Pa 29 °C = 5.7°C = -2.9 o C, compared to 25 Pa = 4.8 o C. It is so because lesser quantity of air is heated with a lengthier residence time. Air efficiency (η A) rises thus with a reduction in air flow, with the lowest being about 14 percent. The water efficiency is relatively constant at 54-66 per cent as there is no change in the water flow; the reduction in lower air flows is associated with the decreasing heat extraction rate.
The LMTD is relatively constant (~13 14 C) through the range of air flows with both terminal temperature differences varying by small amounts. The total U coefficient reduces to about 1.2 W/m2K at 250Pa, to about 0.9 W/m2K at 25Pa, which proves the existence of the fact that an increase in air flow rate enhances the convective heat transfer coefficient on the air side and thus the leading air side thermal resistance is reduced (Shah and Sekulic, 2003).
[bookmark: _Toc231161874]7.3 Comparison and Theoretical Confirmation
Both experiments affirm the basic heat exchanger theory. In Experiment 1, the traditional finding that the effectiveness of heat exchangers increases with decreasing fluid flow rates due to the inverse relationship between the Number of Transfer Units (NTU) and capacity rate is evident in the increased η w at low rates of water flow. In Experiment 2, the tendency of the increasing U with the increasing air flow is consistent with the theoretical prediction that the air-side convective coefficient h a is approximately proportional to 0.6 m a 0.6 when the flow in a turbulent duct.
The balance of energy (Q emit vs Q absorb) indicates that in both experiments Q emit is always bigger than Q absorb. The deficit (usually 5080% of Qemit) is an indication of a large amount of lost heat to the environment, both of which are caused by thermal radiation and natural convection through uninsulated surfaces of the water pipes and heat exchanger housing. This is where a typical source of discrepancy occurs in open-loop laboratory heat exchanger rigs (Cengel and Ghajar, 2014).
[bookmark: _Toc231161875]7.4  Sources of Error and Experimental Discrepancies
Several sources of experimental uncertainty were identified:
1. Thermal non-equilibrium: At the lowest flow rates (0.25 L/min water, 25 Pa air), the five-minute stabilisation time might not be sufficient since the thermal time constants are longer. There was drift in VDAS readings.
1. Flow measurement precision: Water flow meter: The tolerance of the water flow meter is ±0.01 L/min; the measurement of the orifice is based on steady fully-developed flow and constant C d of 0.62, which is not necessarily valid at very low Reynolds numbers ( ΔP = 25 Pa).
1. Ambient temperature difference: The ambient temperature (T3) of both experiments was between 23.0 and 23.9 o C which created slight differences in air density and efficiency calculations.
1. Uncertainty in heat exchanger area: The length and outer diameter of the tube employed (0.30 m, 6.35 mm) are approximate; any error in this would cause proportional error in U values.
1. Calibration of temperature sensor: The green- connector thermocouples (VDAS) are factory-calibrated, but some small offset errors can be present. The display resolution of VDAS is ±0.1 C.
[bookmark: _Toc231161876]7.5 Potential Improvements
Performance improvements to the heat exchanger and test methodology could include:
1. Adding insulation to external pipework to reduce heat losses and improve energy balance closure.
1. Increasing the stabilisation time to 10 minutes especially under low flow conditions.
1. To maintain T_W1 at a constant temperature of 60 o C at all flow rates, use a larger capacity heater.
1. Using a counter-flow design, which would, in theory, be more effective than parallel flow given the same flow rates (Incropera et al., 2007).
1. Increasing the amount of data at intermediate water and air flow rates to enhance the resolution of the graph and trend analysis.
[bookmark: _Toc231161877]8.  Experimental Conclusions
This laboratory experiment has been able to illustrate the most important thermodynamic characteristics and performance features of a water to air parallel flow heat exchanger under two different conditions that vary.
Experiment 1 demonstrated that the high rate of mass flow of water in the exchanger raises the overall heat output of the exchanger but decreases the temperature efficiency of the water. The total heat transfer coefficient (U) was slightly improved at greater water flows, which substantiates the idea that the most influential factor is the convective resistance. As the amount of water flow increased, so did the LMTD, which supports the fact that there was more driving force to heat transfer.
Experiment 2 showed that the overall heat transfer coefficient rises substantially with augmented air flow rate between about 0.93 to 1.21 W/m²K as a result of enhanced convection on the air side. Both the LMTD and the heat absorbed by the air rise with increased air flows, which validates the theoretical forecast that the air-side resistance dominates the total U value.
The two sets of results are generally in agreement with known heat exchanger theory (Shah and Sekulic, 2003; Incropera et al., 2007). Major discrepancies, most notably, the energy balance deficit (Q emit >> Q abs) is due to uninsulated surface heat loss, and not measurement error. The next thing to do in future is to work towards better insulation and long stabilisation to enhance the accuracy of measurements.
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