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Present work focuses on frost accretion in a spine-finned inverted-V tube array evaporator. An experimental evaluation was performed using a standard issue, vertical top-mount, 18 cubic feet, 0.5 m3, refrigerator. Evaporator temperature distribution, inner airflow velocity, and relative humidity were measured to account for convective phenomena influencing frost distribution. Frost formation and accretion on the surface of the evaporator were visualized using thermal and microscopic imagery. The images were processed using a machine vision algorithm to measure frost thickness. Complementarily, frost density and vapor mass transfer were computed using available correlations. An estimation function was derived from the compiled data using a semi empirical approach, i.e., direct measurements and thermophysical substance properties. The resulting mathematical expression estimated the frost accretion rate within an error expectancy, RMSE, of 0.1479 and displayed a goodness-of-fit, R-Squared, of 0.9029. Based on these results, semi empirical estimation, is proposed as a viable approach to construct adequate limits for new predictions, vis-à-vis evaporator performance, ultimately reducing appliance energy consumption via implementing more effective control strategies regarding internal defrosting.
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1 INTRODUCTION
Currently, vapour-compression refrigeration remains the most employed heat pumping system worldwide; from domestic to commercial/industrial applications. The utilization of these devices entails a large energy consumption, since cooling is, inherently, a more energy-intensive task than heating. Furthermore, given the intricacies associated with their operation, as well as new service schemes, several additional energy requirements arise, such as i) icemaking; ii) water chiller/heater; iii) intelligent lighting and; iv) defroster, among others. From these sources, automatic defrosting has been acknowledged as the one with the most contribution to energy expenditure, outside the inherent thermal conveyance of the vapour compression cycle; requiring the use of an additional heating element, usually an electrical resistance, to ensure proper performance of the refrigerator.
Heat removal within a confined space, separates the water contained within the air, given the difference in thermophysical properties of both fluids. This humidity ratio is considerably increased given the inherent humidity within the contained products, particularly when applied towards food storage. The resulting amount of water vapour, when coming in contact with inside surfaces, i.e., exposed area of the evaporator, forms a thin layer of ice, since evaporator surface remains at a lower temperature.
As this layer of ice thickens, i.e., frost accretion, thermal resistance increases and air flow is constricted, hindering the thermal performance of the heat exchanger (Song and Dang, 2018). Several factors are involved in frost formation; i) environmental, such as air temperature, relative humidity and speed; as well as ii) design/structural, such as heat exchanger temperature, geometry and operation scheme (Suresh Patil et al., 2017; Badri et al., 2021).
1.1 Frost growth measurement and estimation
Within the reviewed literature, several studies apply advanced techniques to measure frost growth, and/or thickness in domestic refrigerators. Xiao et al. (2009), use a photoelectric sensor to measure frost thickness on a flat-plate finned-tube heat exchanger. They found that these sensors can detect the frost height directly and accurately, thus proposed as suitable options for defrost-control applications. Similarly, Andrade-Ambríz et al. (2022a) use an acoustic dampening technique. Using an active speaker and conventional microphone, they estimate frost accumulation on the surface of a spine-finned evaporator. They devised two reduced-size, smart models, which could be trained quickly, instantly estimating the amount of frost, obtaining an overall accuracy of 94%. Wang et al. (2010) used a digital image processing technique to measure the thickness of growing frost in a fin-and-tube heat exchanger (Lee and Kwon, 2021). The images were taken using a CCD camera, obtaining an uncertainty within ∼0.18 mm.
Alternatively, several low-cost alternatives have been developed. In (Andrade-Ambriz et al., 2022b), an RGB sensor is used, coupled with an intelligent model to process, and classify, visual information of frost accumulation on the surface of an evaporator. It is reported that this implementation is a low-cost scheme, with accuracy reaching as high as 99.75%. Similarly, capacitive sensors (Shen et al., 2018; Shen and Wang, 2019) have been known to be an adequate alternative. In (Shen and Wang, 2019) a technique using these devices was developed and used to detect frost growth in real-time. It was found that the frost porosity, measured by the proposed technique, agrees well with the averaged measurement approach, yielding maximum differences of 3.4%.
On the other hand, the development of estimation functions is considered a convenient, low-cost alternative to system performance prediction/evaluation. However, despite their ease of implementation, estimation functions do have an inherent degree of uncertainty, or fit deviation, associated with the assumptions made during their construction. Albeit not as precise as the previously reviewed systems/setups, estimation functions help characterize the thermal behaviour of the selected heat exchanger. In this case, by properly determining required defrosting times, overall system performance is increased without hindering the efficiency of the evaporator heat exchange rate. However, in most cases, developed estimation functions pertain exclusively to the studied fin-surface configuration/geometry. Therefore, it is implicitly remarked that frost accretion must to be determined, and evaluated, for every instance.
Published works relate, mostly, to studies conducted in flat-plate surfaces (Léoni et al., 2016), where it has been determined, through model development and experimentally, that surface temperature, frost density and thermal conductivity are fundamental parameters to estimate the rate of frost growth (Hermes, 2012; Negrelli et al., 2016). However, commonly used industrial refrigeration systems tend to favour fin-and-tube surfaces (Aljuwayhel et al., 2008; Knabben et al., 2011; Xue et al., 2017); with domestic applications favouring annular or spiral finned tubes (Senshu and Yasuda, 1990; Kondepudi and O'Neal, 1993; Yan et al., 2003). Furthermore, studies have been published regarding frost formation on heat exchangers with louvered fins (Dogan et al., 2015; Kim et al., 2016), triangular spine and pin fins (Kondepudi and O'Neal, 1988; Kondepudi and O'Neal, 1992) as well as other less frequent fin configurations/geometries (Timmermann et al., 2018; Wu et al., 2016; Kondepudi and O'Neal, 1991).
1.2 Frost in spine-finned heat exchangers
From the conducted literature review, it was found that information concerning spine-shaped extended surfaces is rather scarce, given their particular geometry, as well as the specific applications for which these are mostly employed. Lee et al. (2002) studied heat transfer of a spine-finned inline tube heat exchanger. It was found that when compared, to dry conditions against discrete and continuous flat-plate-finned tubes, spines enhance heat transfer due to higher intensity on convective heat flow.
Additionally, Kempiak and Junge (2014) proposed a pitch offset in spine distribution, which resulted in a 30% increase of convective heat transfer when compared to a traditional spine-fin array. However, this study measures heat transfer and pressure drop, solely, over a single pipe. Therefore, it is not possible to ascertain, accurately, the effect said fin-tube combination has on overall heat exchanger performance in terms of its physical configuration, i.e., tube array.
Complementarily, José Pineda et al. (2017) studied, at dry conditions, heat transfer and pressure drop of a heat exchanger with an inverted-V tube array and spines as extended surfaces. This configuration resulted in heat transfer enhancement, particularly at lower air flow speeds, i.e., < 1 m/s, when compared against heat exchangers with a traditional inline tube array (Lee et al., 2002).
1.3 Aim and scope
This research expands on the data/information presented in (José Pineda et al., 2017). A case study involving a spine-finned inverted-V tube array evaporator is presented. Conducted assessments include:
• The utilization of thermal imagery to determine the homogeneity of frost deposition across the surface of the evaporator and to ascertain its effect on appliance operation.
• The implementation of a machine vision scheme to measure average frost accretion, and its effective thickness, as well as to determine its crystalline structure.
• The construction of an estimation function through a semi empirical approach; using known correlations and mathematical expressions, available in reviewed literature, to estimate frost accretion, based on direct measurement of involved experimental units.
The presented modelling approach is capable of predicting, and evaluating, frost accretion over the surface of the showcased evaporator, thanks to the comprehensive experimental scheme. However, this case study is presented as an integral approach, i.e., efficiency enhancement of the entire appliance. Thus, its reach is limited to this appliance capacity and operation conditions.
Non-etheless, based on the data here presented, this modelling approach is proposed, as a relatively accurate alternative to construct, and implement, efficient control strategies which would enhance the performance of domestic refrigeration systems, via characterization of effective worktime as a function of defrosting cycles.
2 MATERIALS AND METHODS
2.1 Case study
To effectively characterize frost accretion under nominal operation conditions, a standard issue, vertical top-mount, 18 cubic feet, 0.5 m3, refrigerator is employed. The experimental setup was designed around the structural limitation of the appliance, and to avoid changing its physical configuration. Overall, the appliance uses R134a as working fluid, a 280 W compressor and a copper capillary tube as expansion device. The condenser is a forced convection wire-on-tube heat exchanger. The evaporator, shown in Figure 1A, is comprised of an aluminium pipe bent to form 2 rows of 6 sections, in an inverted-V pattern in air flow direction, as seen in Figures 1B, C. The evaporator body has aluminium spines rolled over its surface acting as fins. The configuration and dimensions of these surfaces are seen in Figure 2. Analogically, based on their geometric shape, the spine fins are considered small-scale flat plates, with a design pitch of 7 fins per inch. Primary geometric features of the complete evaporator assembly, are presented in Table 1.
[image: Figure 1]FIGURE 1 | Spine-finned, inverted-V evaporator (José Pineda et al., 2017). (A) Frontal view (serpentine bundle); (B) side view (inverted-V tube array); (C) evaporator dimensions.
[image: Figure 2]FIGURE 2 | Spine fins configuration. (A) Isometric view and fin distribution; (B) side view and fin spacing; (C) rolled out contact surface and fin dimensions.
TABLE 1 | Primary dimensions of the evaporator.
[image: Table 1]It is worth noting that, after being fitted over the evaporator surface, fin arrangement results in a random pattern, as seen in Figure 1A, which is attributed to the involved manufacturing process; the mechanical action of rolling/bonding the fin strip shown in Figure 2C.
To visualize frost formation and accretion, a 520 mm × 250 mm rectangular cut-out was made on the backside of the refrigerator. This cut-out was covered with two 6 mm thick silicate glass panels. The air between the glass panels was removed with a vacuum pump to: i) reduce external heat infiltration and; ii) avoid windowpane frost; mitigating visualization nuisances. Additionally, two more 110 mm × 140 mm cut-outs were performed inside the refrigerator. These were covered with 3 mm thick clear acrylic, to visualize frost formation on the sides of the evaporator. Described modifications are shown in Figures 3B, C, respectively.
[image: Figure 3]FIGURE 3 | Modifications to the experimental setup. (A) Top-mount refrigerator; (B) backside cut-out; (C) inside cut-outs.
2.2 Instrumentation
To determine the operation temperatures corresponding to maximum frost accretion, thermal imagery was employed. A FLUKE-TiR3FT thermal camera was utilized; adjusting its temperature range between −30°C and 100°C. The imagery was captured at a 1 m from visualization cut-out/window, without the glass panel and whilst the refrigerator was working; from compressor start to moments before auto defrost. To ascertain the type of frost and analyse its local accretion rate over the surface of the fins, a 2 MP STEREN digital microscope was utilized for image augmentation/enhancement, specifically, a magnification interval of 50–500X.
Operation cycles were determined indirectly, by measuring compressor power consumption, utilizing a ELNET LT powermeter, with a power factor ± 1 and a range of 0 V–550 V and 45 Hz–65 Hz.
Additional temperature measurements were performed at the surface of the inner and outer facing rows of the evaporator, with type T thermocouples, with a precision of ± 0.1°C and calibrated within a range of −30°C and 40°C. These were fitted on both fin and pipe surfaces; distributed as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Instrumentation schematic.
To measure the relative humidity, two CAREL DPDC210000 hygrometers were used. Air flow speed was measured using a DWYER 641-LED-NIST hot wire anemometer, positioned at evaporator inlet. Temperature data acquisition was performed using a Pacific Instruments PI 600DAS scanner, whilst the remaining factors were compiled with a National Instruments card and a LabVIEW interface. All data was recorded in ten-second intervals during refrigerator nominal worktime.
Uncertainty analysis was conducted employing the methodology proposed by Coleman and Steel (Coleman and Steele, 2009) and employing a 95% confidence interval. Computation resulted in the following values: i) ± 9% for air flow speed; ii) ± 8% for air flow pressure drop and; iii) ± 5% for heat flow yielded by the extended surface. The high uncertainty associated to air flow speed, is ascribed to a lower number of measurements; however, since all remain below 10% these values are considered acceptable for the presented procedure.
2.3 Experimental procedure
The refrigeration system was initially tested, in continuous operation, during 15 power cycles or, approximately, 24 h–27 h, determined from the characteristic behaviour based on electric consumption fluctuation. This preliminary assessment was conducted to ascertain the inherent defrosting routine and further experimental work was limited to operation between the end of one defrosting cycle and the beginning of the next.
Treatments were performed within a semi-controlled enclosure, with an average relative humidity of 50% ± 1% and temperature of 22°C ± 0.5°C. When operating without stored product, collected frost mass amounted to quantities below 10 g of water. Therefore, to foster significative frost formation, inside the refrigerator were stored 15 receptacles, of various sizes, containing 8 L of water. After several defrosting cycles, water mass was collected, amounting, on average, to 0.172 kg, with a maximum difference between treatments of 0.004 kg. This procedure revealed the cycle stability, as well as the consistency of the devised procedure.
2.4 Frost modelling
To determine the rate at which frost grows on the surface of an evaporator, reviewed literature presented several expressions to calculate its change in thickness, [image: image] as a function of its density, [image: image] water mass transfer/moisture content, [image: image] and time after deposition, [image: image].
For the presented work, Eq. 1a, proposed by Aljuwayhel (Aljuwayhel et al., 2007), was used as starting point to measure frost growth. The author considered frost growth as a continuous process; hence, this work accounts for relative humidity only during the time, both, compressor and evaporator fan are on. To compute water vapor mass flow, (Malhammar, 1988; Aljuwayhel et al., 2007), make use of a mass balance, Eq. 1b, and to estimate frost density, this work makes use of the semi-empirical correlation presented by Hermes et al. (2014), Eq. 1c.
Albeit, originally derived for flat fins/extended surfaces, these equations are used to estimate frost growth over the evaporator. This approach stems from the geometrical disposition of the spine fins evaporator which, analogically, could be considered as small-scale flat extended surfaces with a particularly high aspect ratio.
[image: image]
[image: image]
[image: image]
[image: image]
Where [image: image], is a modification of the Jakob Number, [image: image], as shown in Eq. 1d, proposed by Hermes et al. (2014). This modification arose when including the thermodynamic properties of the air, the fin plate surface and the relative humidity to increase the goodness-of-fit for their proposed correlation to determine frost density as a function of time.
3 RESULTS AND DISCUSSION
3.1 Refrigeration system characterization
Figure 5 shows the characterization of the refrigeration system, during continuous operation, in terms of relative humidity. This approach allows to single out, both, ON/OFF cycles, as well as, the automatic defrost routine. The figure shows that defrosting ensued after 357 min and 1,426 min, i.e., ∼6 h and ∼24 h, respectively. Furthermore, within this time-lapse, the refrigerator presented 15 ON/OFF cycles, with the average relative humidity ranging between 42% and 84%. This data was used to construct an adequate threshold for treatment duration and image capture intervals, to ascertain the representativeness of the measurements in terms of the relative humidity variation during continuous operation.
[image: Figure 5]FIGURE 5 | Refrigeration system characterization.
3.2 Frost visualization
Regions where frost formation and accretion reach the maximum, can be observed in Figure 6. The presented thermal imagery displays the temperature distribution, associated with the thickening of said ice layer. Figure 6A shows the evaporator surface, moments after the first defrosting cycle, whilst, Figure 6B shows the evaporator surface after ∼18 h of continuous operation, just before the second defrosting cycle.
[image: Figure 6]FIGURE 6 | Thermal imagery of the heat exchanger. (A) After initial defrost cycle; (B) before second defrost cycle.
As seen in Figure 6A, operation temperatures range between −25°C and 3.9°C, whilst, in Figure 6B, minimum temperature increases to −20°C, and overall temperature difference, i.e., cooling effect, decreases, reaching a maximum temperature of −7.3°C; an 8.4°C reduction. This disadvantageous operation condition is attributed to the thickness of the frost adhered to the surface of the evaporator; acting as an additional thermal resistance, thus hindering convective heat transfer. This observation can be corroborated by the information in Figure 6B, in which lowest temperatures correspond to the extreme side of the top rows of the serpentine bundle, where frost accretion is higher, given non-homogeneous frost distribution.
To determine frost thickness, microscopic imagery was captured from the moment it begins to form over the surface of the fins, until it reaches its maximum value, i.e., before subsequent defrosting cycle. To measure said thickness, digital image processing was used. Based on the contrast ratio displayed in captured imagery, a previously developed computational implementation (De León-Ruiz et al., 2022) was employed. The processing array was slightly modified to accommodate, the reference length and pixel saturation, both specific to this case. The employed machine vision scheme is based on image convolution and density-based spatial clustering; identifying and measuring radial length of each frost-fin cluster; feature seen in Figure 7A.
[image: Figure 7]FIGURE 7 | Microscopic imagery of frost accretion. (A) Sample measurement of a random cluster; (B) frost structure visualization.
This procedure was replicated 16 times, after the 18 h between defrosting cycles, over randomly selected fins along the zone with highest frost accretion. Sample size, i.e., replication, was determined based on the inherent limitations of the visualization technique (De León-Ruiz et al., 2022), requiring a minimum of 14 images to achieve, within a 95% confidence interval, an extended measurement uncertainty, [image: image] below 20%.
Average thickness, radially, was 3.55 mm with a statistical tolerance of 0.789 mm and an average range, across replications, of 2.21 mm. Maximum overall thickness, for all tests, was 5.004 mm, which, albeit an outlier, is deemed the upper bound threshold for operation limit construction. This entails that, for this setup, and although non-homogeneously and uncommon, frost thickness can reach a maximum of 0.005 m, which would implicitly determine, both, maximum power or worktime, required by the resistive heater, rendering this as a potential critical operation condition.
Considering uniform mass deposition over the evaporator, and spine fins equivalent to small-scale flat plates with a width of 2.5 mm (José Pineda et al., 2017), from the previously measured frost thickness, the computed effective frost accretion amounts, on average, to 1.37 mm. Complementarily, frost structure was determined from the captured images and considering the temperature range obtained from the thermal imagery, i.e., −10°C and −20°C. The resulting formation corresponds to a dendritic structure, as found by Fletcher map (Fletcher, 2009) and seen in Figure 7B.
3.3 Effective frost accretion rate estimation
From temperature and relative humidity measurements, and through Eqs 1a–1c, frost thickness can be estimated. This parameter is shown for both pipe rows of the heat exchanger, Figures 7A, B respectively, and displayed data is arranged according to thermocouple distribution outlined in Figure 4. Computed values were verified against the observations performed through the visualization window/cut-out, shown in Figure 3A. An average adjustment variation of 16% was found, deemed relatively representative, considering the limitations associated to the employed methodology. The relatively low variability obtained, ascertains the applicability of expressions in Eqs 1a, 1b, 1c, 1d, vis-a-vis spine fins. Thus, despite the high aspect ratio, it is corroborated that geometrical disposition does exert a particularly strong effect on frost accretion.
Figure 8A, shows that frost accretion is higher at the positions corresponding to thermocouples 1 to 5. This occurrence is attributed to the position of the evaporator fan, which provides an upward air flow through the central section of the heat exchanger. Because of the inverted-V tube configuration of the heat exchanger, the obtained bell-shaped frost distribution has a modified form, as was observed in (Negrelli et al., 2016). For the same reason, at position of thermocouple 5 there is the lower value of frost accretion, since free flow area is almost closed by the fins and frost at the exit section. Therefore, flow decreases its speed, and lower coefficients for heat and mass transfer are achieved (José Pineda et al., 2017). The flow is forced to leave through the nearest open channel, i.e., position of thermocouple 3, hence, the second higher value of frost accretion.
[image: Figure 8]FIGURE 8 | Estimated frost thickness. (A) HX outer facing row; (B) HX inner facing row.
Contrarily, Figure 8B shows that estimated frost accretion rate, associated with thermocouples 6–10, i.e., central section of the inner facing tube row, remains particularly constant and stable, whilst measurements corresponding to thermocouple 6, yield the maximum frost deposition during operation. This behaviour is attributed to: i) the previously mentioned frost distribution; ii) the effect of the inverted-V tube array and; iii) the location of the freezer exhaust grills.
From these figures, maximum frost thickness can be determined for every refrigeration cycle. This data can be grouped, based on the clear lineal tendency it displayed and frost accretion can be determined as a function of worktime.
From the non-homogeneous frost accretion, both, observed and computed, Figures 5, 7 respectively, it was determined that, for the outer facing tube row of the evaporator, its heat transfer capabilities are notoriously stratified, depending on the position where measurement was performed. Therefore, to accurately estimate the degree of frost accretion, three linear correlations are presented, corresponding to each major section, i.e., inferior, central and superior, Eqs 2–4, respectively.
[image: image]
[image: image]
[image: image]
Eq. 2 aims to model the behaviour of the lower section of the evaporator outer facing row, i.e., where frost accretion its higher. This correlation yields a deviation of 12.1% against the data corresponding to thermocouple 3. Eq. 3 pertains to the middle section, associated with thermocouples 2–4, which yield estimations with a deviation of 6.4%. For the remaining superior section, Eq. 4 is constructed based on the data measured by thermocouple 5, where frost accretion is lower, achieving a deviation of 12.07%.
Contrarily, for the inner-facing tube row of the evaporator it is seen that frost accretion is comparatively more uniform. This phenomenon enables the construction of a single expression, Eq. 5, that estimates said parameter, based on the measurements of thermocouples 6–10, with a deviation of 6.79%.
[image: image]
Through Eqs 2–5, maximum frost accretion, during the 15 on/off cycles analysed, is estimated to be 0.00125m, as seen in Figure 7. However, albeit an outlier, maximum frost accretion, measured after the same time step, amounts to 0.0021 m, as shown in Figure 6A. Considering constant operation of the refrigerator, and a consistent frost deposition rate over the fin surface, proposed equations could estimate the time required to reach this critical value over the total surface of the evaporator. This modification to nominal operation scheme, would entail an increase of the ON/OFF cycles before requiring defrosting. Non-etheless, this routine extension should be evaluated, beforehand, to ascertain effective energy consumption based on the ratio between resulting increased uninterrupted operation and associated extended defrosting times.
The applicability of the aforementioned regression functions is limited to the operational thresholds described by the presented case study, i.e., operation/surrounding conditions, appliance capacity and heat exchanger design/configuration. However, these are presented as a mean to ascertain the creation of time-based corelations that are capable of accurately estimating frost growth, in order to develop defrosting devices/schemes based solely on this rate, rather simplifying the implementation of successful control strategies.
3.4 Frost accretion estimation function
From the experimental measurements obtained through the machine vision scheme implemented, as well as through the correlations and mathematical expressions proposed in (Malhammar, 1988; Aljuwayhel et al., 2007; Hermes et al., 2014), an alternative proposal is derived to estimate effective frost accretion through a semi-empirical approach. Estimation function construction focuses on: i) heat exchanger size, capacity and worktime and; ii) surrounding air temperature, moisture content and thermophysical properties. This approach becomes rather convenient, since it uses directly measured quantities, as well as available technical specifications/properties. This particular approach would enable the user/designer to estimate, within expected confidence interval, maximum frost accretion over the evaporator surface. Furthermore, albeit requiring being tailored for every instance, this construction methodology, could provide a foundation to analyse the behaviour of different evaporator configurations. By characterizing the employed extended surface, and measuring operation and surrounding variables, this semi empirical approach could be capable of providing a relatively accurate time-based estimation of frost accretion which could then be refined, by including the particulars of the case study in question.
Supplementary Appendix S1A shows how the proposed estimation function was derived from: i) an energy balance of cycle heat conveyance and; ii) available equations for frost density and thickness. The resulting expression is given by Eq. 6.
[image: image]
To validate the proposed estimation function, Figure 9 is presented. Estimated frost accretion is compared to observed thickness increase, particularly, measurements from thermocouple 1, shown in Figure 8A, were chosen since it was the highest estimated thickness, based on recorded temperature. As seen in Figure 9, proposed approach can predict, rather accurately, the rate of frost accretion over the surface of the evaporator. It is worth to state that the growth rate presented in Figure 9, is limited to the duration of the performed test, and based on the, already defined, defrosting cycles. This becomes relevant since, if left indefinitely, frost growth rate eventually would decrease; as thickness increases, conduction becomes the dominant resistance, resulting in a sublinear behaviour.
[image: Figure 9]FIGURE 9 | Estimation function output comparison; Eqs 1a, 1b, 1c, 1d subset against Eq. 6 derivation.
Concerning the adjustment of both approaches, the maximum discrepancy between datasets amounts to 15%, increasing as frost accretion increases. This value difference is mainly attributed to the initial assumption that heat transfer remains unhindered despite the frost. This is partially correct, particularly during the first 4 h of operation, ∼240 min. However, as frost accretion increases, heat/mass transfer mechanisms, undoubtedly, are affected. Non-etheless, since datasets deviations remain below the initially designated 20% error margin, with a RMSE of 0.1479 and a R-squared of 0.9029, the derived estimation function can be successfully implemented to construct proper limits for new predictions. This would help establish complementary control strategies for extended operation times before defrosting is required, which would balance energy expenditure between compressor and electric resistance consumption.
CONCLUSION
The presented work develops an alternative for frost accretion estimation, using a semi empirical approach. The presented case study involves testing the derived estimation function, over an inverted-V spine-finned heat exchanger. The resulting estimation function was constructed based on the experimental measurement of average frost thickness across the evaporator surface, through the implementation of a previously devised machine vision scheme. The following conclusions are drawn:
• Frost formation and accretion visualization revealed that despite exhibiting a linear growth rate, fin geometry and heat exchanger tube array exert a significant effect on frost overall distribution; with non-uniform/homogeneous mass deposition zones, mainly attributed to the physical constriction of the inverted-V shape and the higher air flow at the central zone due to fan location.
• An estimation function is constructed using well-established correlations and equations, to compute frost density and water vapour mass transfer from air to evaporator surface. The presented methodology is complemented with observed temperature and relative humidity magnitudes, which helped construct an expression capable of determining frost accretion through direct experimental measurements.
• The resulting estimation function presented a maximum error of 15%, i.e., RMSE of 0.1479 and R-Squared of 0.9029; hence it is deemed an appropriate tool for diagnostics, constructing relatively accurate limits for new estimations. Consequently, the derived estimation function can be implemented, as a reference, to enhance refrigerator operation, vis-à-vis efficient defrosting. By exerting a more precise control strategy over the resistance heater, its ON/OFF cycles can be adjusted accordingly, thus extending operation/work times and offsetting energy expenditure based on effective heat conveyance.
• Given how the experimental approach is implemented, the presented methodology is enhanced by the construction of an estimation function. This procedural array would lead to a particularly solid artificial intelligence implementation. The compiled visual database would enhance postprocessing stages, by inherently recognizing frost physical presence and features. Meanwhile, the derived estimation function would serve as benchmark for the algorithm; estimating frost accretion rate and effective thickness and; feeding goodness-of-fit self-adjustments to maintain its accuracy.
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