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Abstract

:

This paper describes the results of experimental studies on heat transfer in a shell and tube heat exchanger during the phase changes of the HFE 7000 refrigerant. The studies were performed using a mixture of water and a microencapsulated phase change material as a coolant. HFE 7000 refrigerant condenses on the external surface of the copper tube, while a mixture of water and phase change materials flows through the channels as coolant. Currently, there is a lack of research describing cooling using phase change materials in heat exchangers. There are a number of publications describing the heat exchange in heat exchangers during phase changes under air or water cooling. Therefore, the research hypothesis was adopted that the use of mixed water and microencapsulated material as a heat transfer fluid would increase the heat capacity and contribute to the enhancement of the heat exchange in the heat exchanger. This will enable an increase in the total heat transfer coefficient and the heat efficiency of the exchanger. Experimental studies describe the process of heat transfer intensification in the above conditions by using the phase transformation of the cooling medium melting. The test results were compared with the results of an experiment in which pure water was used as the reference liquid. The research was carried out in a wide range of refrigerant and coolant parameters: ṁr = 0.0014–0.0015 kg·s−1, ṁc = 0.014–0.016 kg·s−1, refrigerant saturation temperature Ts = 55–60 °C, coolant temperature at the inlet Tcin = 20–32 °C, and heat flux density q = 7000–7450 W·m−1. The obtained results confirmed the research hypothesis. There was an average of a 13% increase in the coolant heat transfer coefficient, and the peak increase in αc was over 24%. The average value of the heat transfer coefficient k increased by 5%, and the highest increases in the value of k were noted at Tin = 27 °C and amounted to 9% in relation to the reference liquid.






Keywords:


heat exchanger; microencapsulation; phase change materials; refrigerant; heat transfer coefficient












1. Introduction


The rapid development of energy technologies requires searching for new solutions to the high intensity of heat and mass transfer. There are high expectations in this regard in the computer industry, electronics, medicine, and space technology. Bearing the above in mind, numerous studies have been carried out to improve the design of energy machines and devices, and new energy carriers are being sought. The aim is to miniaturize devices, including heat exchangers. Many solutions have been proposed, for example, the so-called compact heat exchangers, where one cubic meter can fit hundreds or even thousands of square meters of heat exchange surface. This causes a large increase in the heat transfer flux. In terms of working media (heat transfer fluids), attempts are being made to effectively use fluids in the form of slurries with MPCM (microencapsulated phase change material). The authors of this study combined these two directions of searching for new solutions and conducted research on a small heat exchanger in the form of a shell and tube condenser cooled with a PCM mixture.




2. The Current State of Knowledge


The use of microencapsulated phase change materials’ slurry as a heat transfer fluid is increasing and leading to an efficiency increase in energy usage. For this purpose, numerous studies have been carried out on the use of phase change materials. Many studies have described the use of PCM in solar systems as the filling in heat exchangers, i.e., [1]. Moghaddam and Ganji [2] analyzed the flow direction, nanoparticles, and multiple PCM implementation during flow in a vertical triplex-tube heat exchanger loaded with PCM. Three different PCM concentrations were evaluated. A 10% to 18.5% performance improvement was found in comparison to non-PCM cases. A dual-PCM configuration was implemented by Mozafari and Cheng [3] to improve the energy storage capability in a triplex-tube heat exchanger. Numerical data were verified with experimental data published in [4]. By using Al2O3, over 20% increases in storage improvement were achieved. A thermal conductivity enhancement of a triplex-tube heat exchanger was performed in [5]. The addition of nanoparticles to the PCM decreased the melting duration by over 53% against the pure PCM. A plate heat exchanger with a zigzag configuration loaded with PCM was investigated by Talebizadehsardari [6]. The addition of the phase change material to a radiant heat exchanger was experimentally investigated by Garg et al. [7]. A 3D metal-printed heat exchanger’s heat flux characteristics were presented in [8]. Dardir et al. [9] studied a PCM-to-air heat exchanger numerically and experimentally. Good data agreement was found. Santos et al. [10] presented the thermal performance of a PCM-to-air heat exchanger. The addition of two additional PCM panels into the commercial heat exchanger expanded the unit’s operating time. A multipass finned tube heat exchanger was examined by Passaro et al. [11]. A small tubular heat exchanger loaded with nanoemulsion was analyzed by Liu et al. [12]. The experimental data showed that the phase change materials’ nanoemulsion had high static stability and a very high energy-releasing efficiency. Static and dynamic load conditions were implemented to examine the PCM-to-air heat exchanger [13]. The mathematical modeling was verified by experimental data. The comparison showed good agreement. The mean deviation was below 8%. A cross-flow shell and tube heat exchanger with PCM was examined numerically and experimentally for energy savings in HVAC installations [14], as well as in [15,16]. Phase change materials were added into a breathing air-cooling heat exchanger for firefighting use [17]. A longer optimal heating time was obtained by using a composite PCM addition. The performance of a finned tube heat exchanger with PCM was analyzed by Herbinger and Groulx [18]. Pakalka et al. [19] investigated experimentally the effect of PCM addition on the performance of copper heat exchangers. A graphite/paraffin-loaded heat exchanger’s characteristics were presented by Wu et al. [20]. It was found that the exergy destruction factor was the difference between the PCM and flowing water temperatures. Recently, several review papers on PCM-loaded heat exchangers have been published. A comprehensive review on PCM-to-air heat exchangers’ application was presented by Dardir et al. [21]. A review of PCM-based heat exchangers’ capability for TES systems was conducted in [22]. It was found that the increase in HTF inlet temperature and mass flux resulted in a higher melting rate and energy stored. Sadeghi et al. [23] investigated multiple layers of PCM inside a tube heat exchanger in different operating conditions. The authors stated that the energy savings reached more than 40%. Various arrangements and multiple PCMs were analyzed for an energy storage performance increase by Elsanusi and Nsofor [24]. It was noted that the addition of multiple PCMs resulted in a 25% increase in storage capacity. A multi-PCM tube heat exchanger was experimentally investigated by Gorzin et al. [25]. The addition of cuprum nanoparticles into the PCM led to a shorter solidification process. The use of PCM-filled heat exchangers in refrigeration units was presented in [26]. A 9.58% increase in the refrigerator’s performance coefficient was found. A modified webbed tube heat exchanger was investigated by Mudhafar et al. [27]. The solidification time was accelerated by 41%. Other types of heat exchangers were analyzed in [28,29,30,31]. There have also been studies published on the microencapsulated phase-change materials’ heat transfer characteristics during flow [32]. The heat transfer characteristics of microencapsulated phase change slurry were presented in detail in [33,34]. The heat and flow research data were presented by Liu et al. [35]. It was found that the MPCM slurry heat transfer coefficient was about two times higher than that of the water/ethanol mixture.



The results of the authors’ own research showed that the heat transfer in exchangers during the condensation of refrigerants was characterized by an increase in efficiency in relation to single-phase systems [36]. It is also known that the use of mixtures of MPCM and water as a coolant has a positive effect on the intensity of heat transfer in heating/cooling (thermal) devices. The literature review shows that the literature still lacks an analysis of the use of MPCM as a coolant that receives the condensation heat of refrigerants. This study aims to investigate the effect of adding MPCM slurry as a coolant in two-phase systems using low-pressure environmentally friendly refrigerants.



2.1. The Test Facility


The main component of the measuring section was a small-sized shell and tube heat exchanger (Figure 1) that was fed with HFE 7000 refrigerant, which condensed on the outer surface of the tube bundle. A heat transfer fluid that absorbed the heat of condensation flowed inside the tubes. The study aimed at a steady-state thermal heat exchanger performance with two cooling media: water and slurry (water with MPCM). A product called MICRONAL® 5428X (Moraine, OH, USA) was used to prepare the cooling medium [37]. The slurry content was 10% original product; so, the share of PCM microcapsules was 4.3% by mass. Distilled and demineralized water was used as the second coolant under the same process parameter conditions. The heat exchanger consisted of seven minichannels with an external diameter de = 6 mm and internal diameter di = 4 mm; the internal diameter of the shell was Di = 30 mm, with an overall length L = 200 mm.



The coolant medium (Figure 2) was forced by a centrifugal pump (7) through the heat exchanger (1). Then, the working medium flowed through the external heat exchanger connected to the chiller. The cooling fluid was passed through a Coriolis mass flow meter with the measuring accuracy of this device ±0.15% of the measured value. To ensure even distribution of the coolant mass flow rate through the cooling channel, the mass fluxes’ pressure drop along the length of each channel was measured. Here, the discrepancies between the results did not exceed ± 2%. K-type thermocouples were used for both fluids’ temperature measurements. The data were collected with a data recorder.



The refrigerant circuit consisted of a refrigerant tank with the heater (10), mass flow meter (2), and two pressure sensors. The refrigerant flow was caused by the heater’s work and occurred in a gravitational manner.



The measurement uncertainty of the equipment used is listed in Table 1.



The physical and chemical properties of the HFE 7000 refrigerant are presented in [36], while the properties of the MPCM slurry, i.e., viscosity, density, heat conductivity, specific heat, and heat of fusion, as well as the procedure for their determination have been presented in a number of previous studies [38,39,40,41,42].




2.2. Data Reduction


The entire experiment was conducted in steady-state conditions. For both experiments, one using MPCM water as a coolant and the other using pure water as a reference coolant, the process parameters were the same. The mass flow rate of the HFE 7000 medium was in the range of ṁr = 0.0014–0.0015 kg·s−1, the refrigerant saturation temperature Ts = 55–60 °C, the mass flux density G = 2.8–3.2 kg·m−2 s−1, the HTF mass flow rate ṁc = 0.014–0.016 kg·s−1, the coolant temperature at the inlet Tcin = 20–32 °C, and the heat flux density q = 7000–7450 W·m−1. The distribution of the heat of the fusion of pure water and 10% wt. MPCM slurry is presented in Figure 3.



As can be seen, the heat of fusion of the water (reference liquid) and the MPCM slurry had different curves. The increase in the value of the heat of fusion of the MPCM slurry started at a temperature of around 26–28 °C. In the case of a phase change mixture, the moment (temperature) at which the phase change of the microencapsulated material began is clearly visible on the graph. This is the point at which the contents of the capsules changed from solid to liquid. According to our own experimental data [39], the specific heat of MPCM in a solid state is higher than that of water. The heat flux received by the coolant in the exchanger from the HFE 7000 condensing medium was calculated according to Equation (1):


   Q ˙  =  m ˙  ·  c p  ·  (   T  i n   −  T  o u t    )   



(1)




where Tin is the temperature of the water/slurry at the inlet, and Tout is the temperature at the outlet of the heat exchanger,    c p    is the constant specific heat value of the water/slurry, and     m ˙  c    is the HTF mass flow rate. This concerns the temperature range where the PCM contained in the capsules is in a solid and a liquid state. It was assumed that the heat flux of the slurry when the PCM was in the phase transformation temperature range would be determined in accordance with the Equation (2).


   Q ˙  =  m ˙  ·  (   h  i n   −  h  o u t    )   



(2)




where hin, hout—specific enthalpy of the slurry for the temperature of the slurry at the inlet and outlet of the exchanger, respectively (Figure 3). Accordingly, the following dependence of the heat flux absorbed in the heat exchanger by the coolant on the temperature of the cooling medium at the inlet was obtained (Figure 4).



In earlier studies [36], the value of αc was determined experimentally as the heat transfer coefficient from the side of the condensing medium. In this study, the authors determined the heat transfer coefficient from the side of the MPCM slurry—the heat transfer fluid αexp. It was observed that when the MPCM transition region began, considerably larger heat fluxes were absorbed by the coolant. The phase-change region occurred at Tin = 25.5 °C and continued up to almost 30 °C. At the same time, a significant increase in the value of the heat transfer coefficient αc of the cooling medium (Figure 4), calculated according to Formula (3), was observed.


   α  e x p   =  1   d i  ·  (    π · n · L · Δ t   Q ˙   −  1  2 λ     l n    d e     d i    −  1   α c  ·  d e     )     



(3)




where L—exchanger length, n—number of cooling channels, λ—heat conduction coefficient of the channel wall material (copper), di—internal diameter of the minichannel, de—external diameter of the minichannel, αc—heat transfer coefficient of HFE 7000 [36], and Δt—the difference in temperatures in the exchanger calculated as the difference between the saturation temperature of the refrigerant ts and the average temperature of the cooling medium (water) tf.



It is noted (Figure 5) that the value of the heat transfer coefficient of the slurry when the PCM was in the form of a solid or in the form of a liquid had a mean value 7% higher than that of the water. An increased heat transfer coefficient of MPCM slurry relative to the base liquid itself was also observed and describFed in [33]. When the temperature of the slurry at the entrance to the exchanger reached 24 °C, the PCM began to undergo a phase change. The values of the MPCM slurry’s heat transfer coefficient compared to the reference liquid increased by an average of 13% with a maximum αc = 1123 W·m−2K−1 when the slurry’s inlet temperature was 26 °C. This is an increase in the heat transfer coefficient over that of the water by 24%. It was noticed that when the PCM phase-conversion process was completed, the heat transfer deteriorated. This is due to the fact that the specific heat of the slurry when the PCM is liquid is lower than that of the base liquid, which results in a temporary decrease in the heat flux and HTC. This was observed by the authors and confirmed in the experimental data presented in [39]. The changes in the heat balance of the exchanger caused by the increased reception of the heat flux of the condensing HFE 7000 refrigerant by the coolant with the addition of MPCM led to an increase in the overall heat transfer coefficient k value (Figure 6). The overall heat transfer coefficient k was calculated according to Formula (4).


  k =   Q ˙   π · n · L ·  d  e · Δ t      



(4)







As can be seen, the use of a phase change mixture as a cooling medium in a shell and tube exchanger increased the intensity of heat transfer. The overall heat transfer coefficient values were higher for the MPCM slurry than for the water, regardless of the coolant temperature, i.e., in the entire analyzed temperature range, and amounted to about 105% of the k value recorded for the reference liquid as coolant. However, in the area of the PCM phase change, increases even reached 9%.





3. Summary and Conclusions


In order to confirm the research hypothesis, experimental studies were carried out on the heat transfer enhancement during the condensation of the HFE 7000 refrigerant cooled with a microencapsulated phase change material slurry. The experimental data were verified with the data available in the literature. The conducted research included the following results:



	
Development of the experimental characteristics of the shell and tube exchanger in the form of the dependence of the heat output of the exchanger, the heat transfer coefficient αexp, and the overall heat transfer coefficient k on the temperature of the coolant at the inlet to the heat exchanger.



	
The experiment showed that in the temperature range at which the phase change of the MPCM material occurred (25.5–30 °C), there was a clear increase in the intensification of heat exchange and an increase in the heat output of the exchanger.



	
The use of phase change materials as carrier fluid (HTF) in the shell and tube heat exchanger increased the value of the overall heat transfer coefficient k by up to 9% compared to the use of the reference fluid (water).



	
The increase in the coolant heat transfer rate averaged 13%, and the peak increase in αexp was over 24%.



	
The average value of the overall heat transfer coefficient k increased by 5%, and the highest increases in the value of k were observed at Tin = 27 °C of 9% in relation to the reference liquid.
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Nomenclature




	
A

	
area (m2)




	
d

	
diameter (m)




	
G

	
mass flux density (kg·m−2·s−1)




	

	
dimensionless quantity




	
h

	
enthalpy (J·k−1)




	
L

	
length (m)




	
ṁ

	
mass flow rate (kg·h−1)




	
Nu

	
Nusselt number




	
q

	
heat flux density (W·m−2)




	
Q

	
heat flux (W)




	
r

	
heat of condensation/evaporation (J·k−1)




	
Re

	
Reynolds number




	
t

	
temperature (°C)




	
T

	
temperature (K)




	
Index




	
c

	
condensation, coolant




	
exp

	
experiment




	
e

	
external




	
f

	
fluid




	
h

	
hydraulic




	
i

	
internal




	
l

	
liquid




	
th

	
theoretical




	
t

	
total




	
tp

	
two-phase




	
v

	
vapor




	
w

	
wall, water




	
∞

	
free stream




	
Greek symbols




	
α

	
heat transfer coefficient (W·m−2·K−1)




	
Δ

	
difference




	
λ

	
thermal conductivity (W·m−1·K−1)




	
ν

	
kinematic viscosity (m−2 s−1)




	
Acronyms




	
HE

	
heat exchanger




	
HTC

	
heat transfer coefficient




	
HTF

	
heat transfer fluid




	
MPCM

	
microencapsulated phase change material
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Figure 1. General view of the shell and tube heat exchanger. 
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Figure 2. Schematic diagram of the experimental facility: 1—shell and tube heat exchanger; 2—HFE 7000 line Coriolis type mass flow meter; 3—MPCM slurry leveling vessel; 4—spiral coil heat exchanger; 5—MPCM slurry line Coriolis type mass flow meter; 6—pressure sensors; 7—circulation pump; 8—chiller; 9—recording device; 10—HFE 7000 vessel with heater; 11—autotransformer. 






Figure 2. Schematic diagram of the experimental facility: 1—shell and tube heat exchanger; 2—HFE 7000 line Coriolis type mass flow meter; 3—MPCM slurry leveling vessel; 4—spiral coil heat exchanger; 5—MPCM slurry line Coriolis type mass flow meter; 6—pressure sensors; 7—circulation pump; 8—chiller; 9—recording device; 10—HFE 7000 vessel with heater; 11—autotransformer.



[image: Energies 15 05142 g002]







[image: Energies 15 05142 g003 550] 





Figure 3. The dependency of the heat of fusion on the coolant inlet temperature for pure water and an aqueous solution of 10% wt. MPCM in water. 
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Figure 4. The heat flux versus the inlet temperature of the cooling liquid for pure water and an aqueous solution of water and 10% wt. MPCM. 
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Figure 5. The dependence of the heat transfer coefficient αexp on the coolant temperature at the inlet of the heat exchanger’s cooling section. 
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Figure 6. The dependence of the overall heat transfer coefficient k on the coolant temperature at the inlet of the heat exchanger’s cooling section. 
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Table 1. The measuring equipment uncertainty.






Table 1. The measuring equipment uncertainty.





	
Measured Value

	
Device

	
Measuring Range

	
Max. Uncertainty

(of the Measured Value)






	
Mass flow rate

	
Mass flow meters

	
0–450 kg·h−1

	
±0.15%




	
Pressure

	
Piezoresistive sensor

	
0–2500 kPa

	
±0.05%




	
Differential sensor

	
0–50 kPa

	
±0.075%




	
Temperature

	
Thermocouple TP-201K-1B-100

	
−40–+475 °C

	
±0.2 K
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