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A B S T R A C T

The performance optimisation of spray cooling heat transfer systems has been identified as a 
significant step in improving process efficiency, and the application of machine learning tools is a 
recent development that has enhanced this. This study aims to maximise the heat transfer coef
ficient for spray cooling at low heat flux levels. The effects of nozzle inclination angle, water 
pressure, and spray height on heat transfer coefficient were studied. Taguchi L27 orthogonal array 
technique was used to perform the experiments. A maximum heat transfer coefficient of 181.4 
kW/m2K was obtained at a nozzle inclination angle of 60◦, spray height of 4 cm, and water 
pressure of 15 psi. Analysis of variance was performed to find the significance of each variable 
and its interactions. The results show that for the maximum heat transfer coefficient (181.4 kW/ 
m2K), the optimum levels of the independent variables were A3H1P3, i.e., the highest level of 
nozzle inclination angle (60◦), the lowest level of spray height (4 cm), and the highest level of 
water pressure (15 psi). The support vector machine outperformed the Random Forest algorithm 
and Multiple Regression analysis regarding prediction accuracy with a maximum error of 0.15 % 
and root mean squared error of 0.01.

1. Introduction

The Industrial Revolution caused a perpetual increase in mechanisation and machinery utilisation. The increase in power density of 
machinery components has led to equipment durability and stability issues due to excessive heating of devices, which mandates 
effective cooling techniques by improving heat dissipation.

Traditional cooling systems employ jet impingement, pool boiling, heat pipe, and forced convection to enhance the heat transfer 
coefficient (HTC) [1–3]. The heat dissipation rate sometimes becomes a barrier to equipment operation and a primary hurdle for the 

* Corresponding author. Department of Electrical and Electronic Engineering, University of Cagliari, Cagliari, Italy.
** Corresponding author. Chemical Engineering section, Faculty of Engineering, Sohar University, Sohar, Oman.

E-mail addresses: santhosh.paramasivam@unica.it (S. Paramasivam), rnatarajan@su.edu.om (N. Rajamohan). 

Contents lists available at ScienceDirect

Case Studies in Thermal Engineering

journal homepage: www.elsevier.com/locate/csite

https://doi.org/10.1016/j.csite.2024.105422
Received 12 April 2024; Received in revised form 28 October 2024; Accepted 3 November 2024  

Case Studies in Thermal Engineering 64 (2024) 105422 

Available online 5 November 2024 
2214-157X/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 



production industries [4,5]. In the past decade, spray cooling, a relatively modern and direct technique, has become prevalent for 
reducing excess heat flux [6,7]. Spray cooling is a promising heat dissipation technique for various applications, including solar panel 
cooling, fuel cells, and electronic devices. It effectively reduces temperatures, enhances thermal comfort, and improves overall system 
performance [8–11]. Unlike traditional heat dissipation technologies, spray cooling has several advantages, such as a higher HTC, a 
greater critical heat flux [12], a low coolant mass flow rate [13], and a more uniform wall temperature [14,15]. Spray cooling can 
efficiently dissipate high heat fluxes, and its performance is influenced by factors like mass flow rate, nozzle diameter, and spray height 
[16,17]. Thus extensive studies on spray cooling HTC have been conducted on parameters such as nozzle type [18–20], spray height 
[21–23], heat transfer surface modification [24–27], spray cooling analysis method [28–30], spray cooling mechanism [31–33], etc.

Cheng et al. [34] examined the effects of spray height and inlet coolant pressure on HTC in spray cooling. Experiments were 
conducted with distilled water in an open-loop testing system. The findings suggested that an increase in inlet fluid pressure and a 
decrease in spray height increases the HTC under a low heat flux range.

Gao et al. [35] investigated the effects of nozzle position on spray cooling performance in a full cone nozzle system. The nozzle 
inclination angle varying from 20 to 40◦ increased HTC from 2.22 to 3.01 W/cm2K. Azzam et al. [36,37] used deionised water as the 
coolant to examine the effects of spray parameters on cooling. The results of 10 mm spray height and inlet water pressure in the range 
of 78.6–183.515 kPa showed that increased pressure increases the atomisation and droplet velocity and hence the enhancement of 
HTC in plane surfaces [38,39]. Hong et al. [40,41] investigated spray cooling heat transfer characteristics with distilled water as a 
cooling medium and concluded that smaller droplet size leads to thicker wall films and higher HTCs in low heat flux conditions. Also, 
the literature reports the effects of spray height, spray incidence and nozzle inclination angles, and water pressure at the inlet on spray 
cooling heat transfer [42,43]. Hocine et al. [44] studied the effect of water spray pressure in the 1–4 bars range on a heated 
beryllium-copper alloy plate between the temperature range of 100–815 ◦C. The results demonstrated that the HTC ranges from 9000 
to 39000 W/m2K, which proved the effectiveness of an increase in spray pressure on enhanced heat transfer performance.

Based on the heat-transfer mode on a spray-covered hot surface, spray cooling can be categorised into three regimes: the single- 
phase regime, the two-phase regime, and the critical heat flux (CHF). A comprehensive literature database exists to understand 
heat transfer mechanisms in these various regimes and the effects of coolants, surface characteristics, and nozzle types on high heat 
flux applications. Research on spray cooling heat transfer applications in high and medium heat flux zones is reported [45–47]. On the 
other hand, spray liquid cooling studies in low heat flux zones provide much room for further research. A comprehensive literature 
review on cooling techniques revealed a knowledge gap regarding the precise heat transfer mechanisms in low heat flux zones. This 
research aims to address this deficiency by investigating the influence of spray properties on heat transfer in these regions. Specifically, 
the study will explore the possibility of achieving uniform surface temperatures and predicting heat transfer coefficients for low heat 
flux applications. A computational model is required to predict heat transfer coefficients (HTC) for spray cooling applications in low 
heat flux zones. This research studied heat transfer under single-phase conditions in a low heat flux zone. To bridge this gap, we 
investigated optimal conditions for using a full cone nozzle at various nozzle inclination angles, water pressures, and spray heights. 
Taguchi’s L27 orthogonal array approach was employed to experiment on the effects of three factors at three levels. Data analysis was 
performed for experimental results using Minitab software. Variance (ANOVA) analysis was conducted to determine the significance of 
each independent spray variable and their interactions. Machine learning models, specifically Random Forest and support vector 
machine algorithms, were developed to predict the heat transfer coefficient (HTC) for spray cooling.

2. Experimental design

2.1. Experiment test rig

The experiment test rig depicted in Fig. 1 and photograph in Plate 1 consists of a nozzle, a copper plate, a flow measurement device, 
and a pump. The copper plate (10-inch × 10-inch) is provided with an electrical heating coil and six K-type thermocouples attached 
parallelly, three in each layer beneath the copper plate, 2.5 inches apart. The thermocouples are further coupled with the data 
acquisition system. The nozzle positioning system (NPS) is provided to adjust the inclination angle and orientation of the nozzle. A 
customised Arduino flow meter and a pressure gauge are provided to measure the volumetric flow rate and pressure. A bypass valve is 
provided to adjust the flow rate. A high-speed camera (NIKON D5200) records the spray pattern (Plate 2). The inlet and outlet 

Fig. 1. Schematic diagram of experiment test rig.
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temperatures of the coolant water are measured using digital thermometers. An adjustable stand is used to hold the copper plate firmly 
and to maintain the required spray height.

2.2. Experimentation

The full cone nozzle assembly was attached to the setup, and the required spray height was adjusted using an adjustable stand. The 
nozzle inclination angle was adjusted with the help of the NPS. The copper plate was heated, the pump was switched on, and the 
required water inlet pressure and flow rate were adjusted using a bypass valve. The initial temperature of the working fluid was 
recorded. During the coolant spraying on the hot surface, images were captured, and the droplet size of the water was measured with 
ImageJ software. The time required for the hot surface to cool down to ambient and exit water temperatures was recorded. The 
experimental data obtained were analysed for HTC calculations.

2.3. Design of spray cooling experiments

The Taguchi L27 fractional factorial design matrix was utilised. Three factors and three levels were considered during the design of 
the experiments. The impact of variables such as nozzle inclination angle (30, 45, and 60◦), inlet water pressure (5, 10, and 15 psi), and 
spray height (4, 5, and 6 cm) was investigated on HTC. For the Taguchi L27 fractional factorial design, each variable’s range was 
decided based on the series of tests conducted over a greater range using the one variable at a time method. Table 1 displays the L27 
experimental design matrix that optimised factors affecting the HTC and signal-to-noise (S/N) ratio.

As this work involves maximising HTC, the S/N was chosen as "larger is better". S/N ratio is calculated by [48]. 

S
N
= − 10 log

(
1
n
∑n

i=1

1
R2

i

)

(1) 

Here n represents the number of repetitions, and Ri is the response (HTC) for the ith experiment.

2.4. Statistical analysis

Minitab 18 software was used to conduct the statistical analysis. ANOVA was used to analyse the Taguchi design’s outcomes, and F- 
values were acquired for the created ANOVA test. Then, the significant factors were identified at a 95 % confidence level using these F- 
values and the corresponding P- value.

Table 1 
Taguchi L27 experimental design and results for spray cooling.

Run Nozzle inclination angle (deg) Spray height (cm) Inlet water pressure (psi) HTC (kW/m2K) S/N ratio (dB)

1 30 4 5 92.48 39.32
2 30 4 10 103.39 40.29
3 30 4 15 120.88 41.65
4 30 5 5 84.28 38.51
5 30 5 10 95.75 39.62
6 30 5 15 115.11 41.22
7 30 6 5 68.82 36.75
8 30 6 10 83.12 38.39
9 30 6 15 101.95 40.17
10 45 4 5 127.74 42.13
11 45 4 10 143.84 43.16
12 45 4 15 162.48 44.22
13 45 5 5 109.04 40.75
14 45 5 10 125.05 41.94
15 45 5 15 135.54 42.64
16 45 6 5 86.73 38.76
17 45 6 10 106.55 40.55
18 45 6 15 124.36 41.89
19 60 4 5 137.35 42.76
20 60 4 10 154.11 43.76
21 60 4 15 181.37 45.17
22 60 5 5 118.67 41.49
23 60 5 10 134.94 42.60
24 60 5 15 155.56 43.84
25 60 6 5 95.96 39.64
26 60 6 10 128.66 42.19
27 60 6 15 142.27 43.06
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3. Results and discussions

3.1. Optimisation

The experiments were carried out following the L27 Taguchi design (Table 1) to estimate the HTC. The HTC values range from 68.82 
to 181.38 kW/m2K. In order to investigate the effects of individual factors, the average response of individual factors (nozzle incli
nation angle, spray height, water pressure) on HTC value at various levels derived from the Taguchi L27 design was analysed and 
discussed.

3.2. Water inlet pressure

The HTC increased as the inlet water pressure increased (Fig. 2). This increase in the HTC with an increase in inlet water pressure is 
attributed to the rise in the impingement density [49]. As inlet water pressure increases, the volumetric flow rate, droplet impact 
velocity, and number of droplets in the spray also increase [50,51]. At higher impact velocities of a droplet, convective heat transfer 
becomes strong between the droplet and solid surface; thus, higher heat transfer performance is achieved [52]. In addition to this, an 
increase in water pressure results in a decrease in droplet size [53]. As droplet size decreases, wall film thickness increases, enhancing 
convection heat transfer, an influential phenomenon in low heat flux. So, better heat transfer efficiencies were observed with a 
decrease in droplet size as inlet water pressure increases [54]. Also, when the inlet pressure is increased, the exclusion of bubbles from 
the liquid film and the heat transfer mechanism is accelerated [55]. The impact of incoming water pressure on the HTC in spray cooling 
for different situations was also reported by Refs. [56–59].

3.3. Spray height

The HTC decreased as spray height increased (Fig. 3). For greater heights, droplets cover the entire heating surface, whereas, for 
shorter heights, spray covers only a tiny portion of the heating surface. The heating surface is beneath the dense spray region during the 
short spray height (4 cm). This increase in HTC at smaller heights is due to the inability of fluid to drain away immediately.

Fig. 2. Effect of water pressure on HTC.

Fig. 3. Effect of spray height on HTC.
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Additionally, hitting droplets and incoming droplets from the nozzle combine to form a thin liquid layer that flows outward, 
covering the whole heating surface. Therefore, cooling of the hot surface is achieved uniformly and effectively [55]. In the case of 
larger heights, at the centre of the heating plate, a hollow region appears and expands, resulting in decreased droplet momentum and 
weak liquid film formation. Therefore, at greater spray heights, surface temperature heterogeneity and poor heat transfer performance 
were observed [55,60]. Tian et al. [61] determined an optimum spray height of 4.31 cm using R404A as a coolant. There is no 
consensus in the literature on the optimal nozzle-to-surface distance as researchers use a variety of coolants and different experimental 
conditions. Various researchers have worked on optimising HTC’s spray height using different coolants. However, due to the different 
experimental conditions, the most suitable nozzle-to-surface distances obtained from each experiment are incomparable [62].

3.4. Nozzle inclination angle

In spray cooling studies, nozzle inclination angle plays a vital role. Fig. 4 shows that the nozzle inclination angle increases the HTC. 
This work conducted experiments by changing the inclination angle and maintaining a constant spray height. While retaining the 
nozzle inclination angle, one must ensure that the entire surface can get enough cooling medium [63]. The formation of a stagnation 
zone is one of the reasons for a decrease in heat transfer performance. An increase in nozzle inclination angle ensures washing and 
reduction in stagnation zone area, which results in high heat transfer performance. At low inclination angles and higher spray heights, 
spray droplets directly impact a small fraction of the heated area. In addition, liquid spray falls outside the heated area, resulting in the 
wastage of coolant and lowering heat transfer performance. The optimum value of the inclination angle of a nozzle is the one that 
ensures maximum contact region, fully utilised spray liquid, and minimum stagnation zone area [64]. Also, it is observed during 
experimentation that an increase in the inclination angle of the nozzle improves the uniformity of surface temperature distribution, 
resulting in higher HTC values. Similar observations were made by Gao et al. [65] and Yang et al. [66].

3.5. ANOVA and regression analysis

ANOVA is a statistical tool that finds systematic and random factors inside an experimental data set. The influence of the inde
pendent variables on the dependent variable is analysed in a regression study using the ANOVA test. Additionally, this tool divides 
observed variance data into multiple components that are used for the F-test and P-test. The adjusted mean of squares (Adj MS), a 

Fig. 4. Effect of nozzle inclination angle on HTC.

Table 2 
ANOVA analysis for the effects of nozzle inclination angle, inlet water pressure, and spray height on spray cooling heat transfer co-efficient.

Source DFa Seq SSb Contribution (%) Adj SSc Adj MSd F-Value P-Value VIFe

Regression 3 18308.6 95.24 18308.6 6102.86 153.40 0.000 ​
Nozzle inclination angle 1 8154.5 42.42 8154.5 8154.49 204.97 0.000 1.00
Spray height 1 4519.9 23.51 4519.9 4519.86 113.61 0.000 1.00
Inlet water pressure 1 5634.2 29.31 5634.2 5634.22 141.62 0.000 1.00
Error 23 915.0 4.76 915.0 39.78 ​ ​ ​
Total 26 19223.6 100 ​ ​ ​ ​ ​

a Degree of freedom.
b Sequential sum of squares.
c Adjusted sum of squares.
d Adjusted mean of squares, and.
e Variance inflation factor.
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Table 3 
Taguchi Analysis for ranks of nozzle inclination angle, inlet water pressure, and spray height.

Level Nozzle inclination angle (A) Spray height (H) Inlet water pressure (P)

1 96.20 135.96 102.34
2 124.59 119.33 119.49
3 138.77 104.27 137.73
Delta 42.57 31.69 35.38
Rank 1 3 2

Fig. 5. Main effects plot for means of Spray Cooling process parameters on HTC.

Fig. 6. Interaction plots for coefficient of heat transfer.
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sequential sum of squares (Seq SS), an adjusted sum of squares (Adj SS), and degrees of freedom (DF) terms represent measures of 
variation for different model components and the amount of information in an experimental data set. The ANOVA analysis in Table 2
indicates the effect of factors: nozzle inclination angle, inlet water pressure, and spray height. A high F-test value (204.97) suggests that 
not all group means are equal and that the variability between group means is greater than the variability of the group observations. 
Each factor’s statistical significance is assessed using a P-value (<0.05) with a 95 % degree of confidence and the percentage 
contribution taken from the Seq SS column.

The relative relevance of the spray variables is determined using an ANOVA. It can be deduced that the HTC was significantly 
influenced by the nozzle inclination angle followed by inlet water pressure and spray height. The percentage contribution of nozzle 
inclination angle, inlet water pressure, and spray height on HTC was 42.42 %, 29.31 % and 23.51 %, respectively, with a percentage 
error of 4.76. The variance inflation factor (VIF) of 1 for all the factors suggests no multicollinearity between the independent variables 
and, hence, no influence on each other in determining the HTC. Table 3 represents the response table for the means and rank of each 
independent variable. The delta values in Table 3 represent the range between the maximum and minimum heat transfer coefficients 
for each parameter. These delta values are compared to determine the ranks. The highest delta value (42.57) corresponds to the nozzle 
inclination angle, assigned Rank 1. The delta values for inlet pressure and spray height are 35.38 and 31.69, respectively, leading to 
Rank 2 and Rank 3 being assigned to these parameters.

From Table 3 and Fig. 5 it is observed that the optimum levels of independent variables for maximum HTC are, A3H1P3 i.e., the 

Fig. 7. Comparison of the Regression predicted values vs. the experimental values.

Fig. 8. Normal probability plot of residuals.
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highest level of nozzle inclination angle (A), the lowest level of spray height (H), and the highest level of inlet water pressure (P).
For three independent variables against one dependent variable, interaction plots were obtained. Fig. 6 represents the interaction 

plots between nozzle inclination angle, water pressure, and spray height on HTC. The plot shows that the HTC decreases when spraying 
height increases. Also, when the water pressure and nozzle inclination angle increase, the HTC increases, but the rate of increase of the 
HTC with respect to the nozzle inclination angle is greater than that of water pressure. The growth rate in the HTC from 30 to 45◦ angle 
is higher than that of 45–60◦ angle.

The regression equation for HTC is: 

HTC=33.4 + 5.072*A − 14.6*H + 0.54*P − 0.2393*A*H + 0.0387*A*P + 0.165*H*P − 0.03160*A2 + 0.79*H2 + 0.0217*P2

(2) 

where, Nozzle Inclination angle = A, Spray height = H, Inlet water pressure = P.
Here coefficients of A (nozzle inclination angle) and P (water pressure) are positive, indicating that the HTC increases with an 

increase in nozzle inclination angle and water pressure. In contrast, the coefficient of H (spray height) is negative, which indicates a 
decrease in HTC with the increase in spray height. The predictions as per Eq (2) are compared with the experimental values of HTC in 

Fig. 9. Distribution of residuals.

Fig. 10. Histogram of the residuals.
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Fig. 7.
Fig. 8 depicts the normal probability plot of residuals as a percentage. Here the residuals of 24 observations lie closer to the 

Gaussian continuous normal plot, which suggests the minimum variance associated with the corresponding observations. The other 
three observations can be termed as outliers, bringing the regression coefficient down.

Fig. 9 shows the distribution of residuals for the 27 experimental observations. The residuals are scattered in the domain space 
without following any general trend, meaning the variance is minimal and uniformly distributed about the population’s mean.

The histogram of the residuals is shown in Fig. 10. According to which the data fit a normal distribution curve, the skewness of the 
data is the least.

Fig. 11 shows the distribution of residuals vs. observations. There is no definite trend for the distribution of independent residuals, 
which indicates that the independent variables are not correlated, as seen from the VIF values (Table 2).

The contour plots are shown in Fig. 12. It is observed that with an increase in inclination angle and a decrease in spray height, the 
HTC increased (Fig. 12(a)). The HTC increased with inlet water pressure and inclination angle (Fig. 12(b)). Further, the HTC increased 
with an increase in inlet water pressure and a decrease in spray height (Fig. 12(c)).

The Pareto chart is shown in Fig. 13. All the independent variables are significant as they have crossed the critical value stand
ardised effect line of 2.07. The standardised effect is nothing but a T value of T statistics, which is calculated for a degree of freedom of 
26 (Table 2) and a significance level of 0.05. According to the Pareto chart, the greater the standardised effect, the more influence the 
intended variable should have on the performance indicator. Hence, the nozzle inclination angle has a higher effect, followed by water 
pressure and spray height.

3.6. S/N ratio in response

The S/N ratio ensures the presence of more helpful information than unwanted data when we select "larger is better". Table 4
summarises the response to current experimentation. This indicates that the nozzle inclination angle significantly impacts the HTC 
(Rank 1), followed by inlet water pressure (Rank 2). Spray height (Rank 3) was observed to have the most negligible effect among the 
three independent variables under study.

The main effects plots for the signal-to-noise (S/N) ratio were employed to visualise the relationship between the spray factors and 
the output response, namely, the heat transfer coefficient. The output of the main effects plots illustrates how parameters such as 
nozzle inclination angle, inlet water pressure, and spray height influence the S/N ratio. The S/N ratio was utilised to evaluate the 
robustness of a data set by comparing its mean value, representing the desired effect, to its standard deviation, representing the 
unwanted effect. The S/N ratio was used to determine the optimal value of an operating parameter. Error charts are valuable for 
assessing the average percentage error and interpreting its significance. If the value is sufficiently low and falls within the acceptable 
range, further analysis can be conducted with ease. The main effects plot of the S/N ratio (Fig. 14) indicates that nozzle inclination at 
60◦ has the most significant impact on the S/N ratio, followed by 15 psi pressure. A spray Height of 4 cm results in most S/N ratios 
compared to 5 and 6 cm. On average, spray height had a negligible effect compared to the remaining two independent spray variables.

In current spray cooling experimentation, obtaining a maximum HTC was desirable, which ensures enhanced heat transfer per
formance. Here, optimum conditions were found as nozzle inclination angle, 60◦, inlet water pressure, 15 psi, and spray height, 4 cm, 
to get the maximum value of HTC, 181.4 kW/m2K.

Fig. 11. Residuals vs. observations.
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Three outliers bring the regression coefficient down based on the normal probability plot of residuals (Fig. 8). This indicates the 
scope for further improvement in HTC’s prediction. This has motivated us to develop the computational model for HTC’s prediction. 
Hence, machine learning models, namely, the Random Forest and support vector machines algorithms, were used in the present study.

3.7. Random forest method

Random forest, an ensemble technique, is the most preferred Machine Learning method for solving classification and regression 
problems [67]. The Random Forest model comprises the decision trees that operate on small subsets of a primary data set. The random 
forest method does not rely on a single decision tree; instead, it takes the average of all the decision trees to get an enhanced accuracy 
[68,69]. The selection of a more significant number of trees in the Random Forest model avoids the problem of overfitting and also 
improves the accuracy [70]. In the Random Forest method, not necessarily all the decision trees are highly accurate, but the averaging 
of prediction of all the decision trees makes it highly accurate [71]. It is the most popular method since the training time involved is 
much less and maintains good accuracy even though much data is missing.

Random Forest randomly selects data points from the training dataset and constructs a decision tree for each selected point. The 

Fig. 12. Contour plots (a) effect of nozzle inclination angle and spray height (b) effect of nozzle inclination angle and water pressure, and (c) effect 
of spray height and water pressure on HTC.
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number of trees to be built is a specified parameter. For each new data point, all trees predict an output. The final output is the average 
of these predictions from all decision trees. The experimental data of Taguchi’s L27 array was used to build the random forest model. 
The Random Forest model is implemented in Python Jupyter Notebook [72]. The number of decision trees employed in this work was 
400, and the results for the corresponding model are given, as shown in Fig. 15.

Fig. 13. Pareto chart.

Table 4 
Response Table based on S/N Ratio.

Level Nozzle inclination angle (A) Spray height (H) Inlet water pressure (P)

1 39.55 42.49 40.01
2 41.78 41.40 41.39
3 42.72 40.16 42.65
Delta 3.17 2.34 2.64
Rank 1 3 2

Fig. 14. Main effect plot for signal to noise ratio.
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It is quite evident from Fig. 15 that the RFM values of the HTC are in good agreement with the corresponding experimental values. 
The maximum and average errors in the RFM predicted HTC values are 6.14 % and 2.48 %, respectively.

From Fig. 16, the RFM HTC contours for different cases do not match the experimental contours, though the average and maximum 
prediction errors are within an acceptable error of 6.14 %. This mismatch of contours of RFM and experimental models led to using one 
more machine learning model named the Support vector machine.

The percentage contribution of the spray cooling process parameters on the heat transfer coefficient, as predicted by the Random 
Forest algorithm, is shown in Fig. 17. According to the figure, the percentage contributions of the nozzle inclination angle, spray 
height, and inlet water pressure are 44.76 %, 25.15 %, and 30.08 %, respectively. The percentage contribution values predicted by the 
Random Forest method are in fair agreement with the ANOVA values presented in Table 2.

3.8. Support vector regression

Support Vector Regression is the most used supervised machine learning method for classification and regression problems. This 
technique handles the aspect of nonlinearity pretty well [73]. The support vector uses the straight-line hyperplane to fit the data. The 
main concept behind the support vector regression is to locate the position of a hyperplane in a high dimensional domain that classifies 
data points distinctly [74]. The data points nearest to the hyperplane on either side are called support. These vectors decide the 
orientation and position of hyperplanes. The SVR model uses Kernel’s mathematical functions to convert the input data to a required 
form. The most used kernel mathematical functions are Linear, Polynomial, Non-linear, sigmoid and Radial basis functions. The 
Support vector model also uses the boundary lines at a distance epsilon from the hyperplanes to develop a margin on the data space 
[75]. SVR aims to find the best-fit line with the maximum count of data points.

The relation between the dependent and independent parameters in SVR is approximated by Eq. (3) [76]. 

B= f(C) = W x∅(C) + D (3) 

B = dependent parameter, C = independent parameter, W = Weight matrix, D = model constant, ∅(C) = high-dimensional 
continuum.

The minimisation of a regularised function by SVR is done as per the following equations,
Minimise: 

S(f)= γ
1
P
∑q=Q

q=1

(
δj + δj

*)+
1
2
W2 (4) 

Model Constraints: 
⎧
⎪⎪⎨

⎪⎪⎩

Bj − wx∅
(
Cj
)
− D ≤

(
δ + δj

)

wx∅
(
Cj
)
+ D − Bi ≤ δ + δ*

j

δj, δj ≥ 0
(5) 

By employing the Lagrangian multipliers (αj,α*
j ) and the kernel function K

(
B,Bj

)
, the solution for the above optimisation equation is 

given as,

Fig. 15. Comparison plot of experimental and RFM values of HTC.
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Maximise 

−
1
2
∑q=Q

q=1
1
∑L=m

L=1

(
αj − α*

j

)(
αk − α*

k
)
K
(
Bj,Bk

)
− ε
∑j=m

j=1

(
αj − α*

j

)
+
∑j=m

j=1
Aj

(
αj − α*

j

)
(6) 

Model Constraints: 
⎧
⎪⎨

⎪⎩

∑q=Q

q=1

(
αj − α*

j

)
= 0

αj,α*
j ε(0, γ)

(7) 

The above mentioned optimisation problem, after solving, yields the SVR equation as given below 

B= f(C)=
(

αj − α*
j

)
xK
(
B,Bj

)
+ D (8) 

The SVM algorithm is implemented in Python Jupyter Notebook using the following SVR model hyperparameters. (Table 5).

Fig. 16. Contour plots – RFM.
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It is clear from Fig. 18 that the SVR predicted of HTCs closely match those of experimental values. The maximum and average errors 
in the SVR predicted HTC values are 0.15 % and 0.009 %, respectively. The SVR HTC contours for different cases match the exper
imental contours (Fig. 19).

Fig. 17. Feature importance plot.

Table 5 
SVR model hyperparameters.

Penalty parameter (C) 10000

Kernel Radial basis function
Gamma 0.5
Epsilon 0.07

The Experimental data of Taguchi’s L27 array was employed for 
training of the SVR Machine learning model. The comparison between 
the experimental and SVR values of HTC was made, and the results are 
plotted in Fig. 18.

Fig. 18. Comparison plot of experimental and SVR values of HTC.
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4. Conclusions

This study is focused on spray cooling in low heat flux regions through experimental investigations. The impact of spray variables 
on the heat transfer mechanism in spray cooling was discussed. An orthogonal L27 Taguchi array technique was used to design ex
periments. The ANOVA analysis tool indicates the effect of variables such as nozzle inclination angle, inlet water pressure, and spray 
height. This statistical analysis showed that the nozzle inclination angle in spray cooling was the variable most influencing the HTC. 
Results demonstrated that the optimal levels of the independent variables for achieving maximum heat transfer coefficient were 
A3H1P3, corresponding to the highest nozzle inclination angle, the lowest nozzle tip-to-plate height, and the highest water pressure. 
The relative influence of these variables on the heat transfer coefficient (HTC) was determined to be nozzle inclination angle (42.42 %) 
> inlet water pressure (29.31 %) > spray height (23.51 %). A maximum HTC of 181.4 kW/m2K was determined at a nozzle inclination 
angle 60◦, spray height 4 cm, and inlet water pressure of 15 psi. The machine learning models, namely random forest methods and 
support vector machine, yielded the maximum prediction error of 6.14 % and 0.15 %, respectively, against a prediction error of 7.24 % 
for the multiple regression model. Thus, a Support Vector Machine can be successfully utilised to predict the HTC for spray cooling heat 
transfer.

Fig. 19. Contour plots – SVR.
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