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An investigation on machine learning—based prediction of thermal radiation

blocking performance for water mist of swirl nozzle

Jun Seok Kang

Division of Architectural and Fire Protection Engineering,

The Graduate School, Pukyong National University

Abstract

In this study, the machine learning—based prediction of thermal radiation
blocking performance of water mist was investigated using six types of
swirl nozzles. The water mist characteristics of swirl nozzles were
measured under the water flow rate conditions of 200~800 g/min. Overall,
the water supply pressures were 271~1132 kPa, the droplet sizes were
42~291 um, and droplet velocities were 0.57~2.84 m/s. Additionally, the
spray widths were 131~587 mm and the maximum spray widths were
observed at the vertical distance of 400~800 mm from the nozzle exit.
Then, the thermal radiation blocking experiments were conducted under
different conditions of heat source and nozzle position. Overall, the thermal
radiation blocking rates were measured to be 2.5~28.3%. Finally, based on
the present experiment data with the previous ones (the total number of
data is 656), the prediction performance of seven kinds of machine
learning models (k—-nearest neighbor, linear regression, support vector
regression, artificial neural network, decision tree, random forest, gradient
boosting) for the thermal radiation blocking rate were examined. The mean
percentage error (MPE) of machine learning models ranged from —4.2% to
-1.1% and the artificial neural network showed the lowest bias with MPE
of =1.1%. The mean absolute percentage error (MAPE) of machine learning
models ranged from 10.3% to 15.8% and the gradient boosting showed the
best prediction performance with MAPE of 10.3%. The standard deviation
of MAPE for the cross-validation of machine learning models ranged from

0.86% to 1.98% and the artificial neural network showed the lowest value

_Vi_



of 0.86%. Moreover, the effects of various parameters on the thermal
radiation blocking rate were evaluated by the analysis of the
SHAP(SHapley Additive exPlanation) values. In the parameters (droplet
size, water flow rate, spray width, droplet velocity, heater surface area,
heater surface temperature, distance from nozzle axis to heat flux sensor,
distance from nozzle axis to heater surface) tested in this study, it was
found that the droplet size was evaluated to be the most significant impact

on the thermal radiation blocking rate.

- vii -
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Table 2.1 Summary of Swirl Nozzle Specification

Orifice Diameter

Swirl Chamber

Swirl Nozzle (mm) Diameter () Number of Slot | Slot Width (mm)
Type 1 0.42
1.1 3.45 2
Type 2 0.58
Type A 0.65 3.20 0.59
Type B 0.85 3.22 0.63
4
Type C 1.00 4.14 0.71
Type D 0.96 4.04 0.87
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Figure 2.3 Schematic of thermal radiation blocking experiment.
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Figure 2.4 Example of experimental data for thermal radiation blocking of Type C
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Table 2.2 Experimental Condition of Thermal Radiation Blocking Performance

Nozzle

Water Flow rate

Vertical Distance from

Nozzle-to-Sensor
Distance,

Heater Surface Area

Heater Surface

(g/min) Nozzle Exit (mm) Nozzle-to-Heater (cm?) Temperature (°C)
Distance (mm)
Type 1 300, 350, 400, 450 200, 300, 400, 500, 600, 450, 450 S o0
Type 2 400, 450, 500, 550 700, 800, 500 550, 550
Type A 200, 300, 400
Type B 300, 400, 509 200 300, g0, %5008 6B 288’ 388 30 x 25 600, 700
Type C 400, 500, 600 800, 1000 700. 500 ’
Type D 500, 600, 700, 800
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Figure 3.1 Water supply pressure with water flow rate.
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WFR = 300 g/min WFR = 350 g/min WFR = 400 g/min

(a) Type 1

WFR = 400 g/min WFR = 450 g/min @WFR = 500 g/min WFR = 550 g/min

(b) Type 2

WFR = 200 g/min ~ WFR = 300 g/min  WFR = 400 g/min

(c) Type A

Figure 3.2 Visualization of water mist (WFR=water flow rate).
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WFR = 300 g/min  WFR = 400 g/min  WFR = 500 g/min
(d) Type B

WFR = 400 g/min ~ WFR = 500 g/min  WFR = 600 g/min

(e) Type C

WFR = 500 g/min WFR = 600 g/min WFR = 700 g/min WFR = 800 g/min
() Type D

Figure 3.2 Continued.
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Figure 3.4 Variation in droplet size with vertical distance.
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Figure 3.5 Variation in droplet velocity
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Table 3.1 A&F7FA AH

CIEVRCE

AT =
= 54 29

Table 3.1 Summary of Spray Characteristics of Swirl Nozzles

Swirl Nozzle xst:lrlresu(pgg Sprzg/n I:?}\;idth Dro;():leri1 )Size Droplch/ \stlocity
Type_1 395~888 212~536 43~144 0.57~1.84
Type 2 304~585 230~587 60~181 0.82~1.79
Type A 274~1132 157~440 62~291 0.57~2.37
Type B 317~917 191~576 42~193 0.77~2.34
Type C 361~834 194~551 57~212 0.73~2.34
Type D 302~787 134~552 69~243 1.14~2.84
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Figure 3.6 Effects of heater surface temperature and area on variation in heat

flux with horizontal distance from heater surface under no water mist
condition.
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Figure 3.9 Variation in thermal radiation blocking rate with vertical distance for
Type B.
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Figure 3.10 Variation in thermal radiation blocking rate with vertical distance for
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Figure 3.11 Variation in thermal radiation blocking rate with vertical distance for
Type D.
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Table 3.2 Summary of Thermal Radiation Blocking Rate

Swirl Nozzle

Thermal Radiation Blocking Rate (%)

Type 1 14.1~28.3
Type 2 12.6~24.2
Type A 2.5~19.6
Type B 8.5~24.0
Type C 8.3~245
Type D 5.0~20.8
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m
(mass flow rate)

D (droplet size)
Nozzle
V (droplet velocity)

(heater surface area)

A W (spray width)
Ly -5 o Sensor
(nozzle-to-heat
Heater T d's“{'m_a)t (thermal radiation
(heater surface ' blocking rate)
temperature) v

Figure 4.1 Parameters impacting thermal radiation blocking rate by water mist.
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B oAM= k-HEF o] %(k-nearest neighbor, KNN), A& 3|9
(linear regression, LR), A X E W¥E 3|7 (support vector regression,
SVR), <& A7 (artificial neural network, ANN), <9JAFZAA Y&
(decision tree, DT), #¥ ¥ #2E(random forest, RF), LA E
2®(gradient boosting, GB)¥ 22 77} 7] A|gtE EES o] &5to] n
w-o] AERAL Abdso] W A5 F3eTh

KNNE& £d dolg& Agdste AvoR o538 ¢34 =n7t 4a®
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o] Zpol7t Zrol AR ol F2) k7ol HIolE S o FFkel B S
d&& £PVe LRE 948 W AFE) Ad 4¢L 58 d=S
TP, oy H2AFHE Sl AAFY =3 exE H23s)
= AS45e e 24P%0. SVRE LR} #4138 FejE b0, 74

3 (kernel function)S E¢Jste] A8 #BAZS F5CVsh, ANNS 7}

2 B8 wAo e #gE FAPEY. 2 Al g DTE
CART(classification and regression tree)o|™, MSE(mean squared
error)7} Ha7b H=E dolHE 2709 7HAE Fa E7|sts AA e vt
Bato] =g #3%0%. RFY GB: 2% DTS 7[woez 3 mdo]
M, RF= &7]0 &2 dHolget WS dol= AE3 oy 7§e] DT
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Ll
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=3
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Table 4.1 Summary of Experimental Data for Training Machine Learning Model

Condition m (g/min) W (mm) D (um) V (m/s) A (ecm?) T (°C) L (mm) Ly (mm) £ (%)
Type 1 300~450 | 212~536 43~144 | 0.57~1.84 500 700 450 450 14.1~28.3
Type 2 400~550 | 230~587 60~181 | 0.82~1.79 500 700 550 550 12.6~24.2
Type A 200~400 | 157~436 62~291 | 0.57~2.37 750 600~700 | 500~700 | 500~700 | 2.5~19.6
Type B 300~500 | 191~576 42~193 | 0.77~2.34 750 600~700 | 500~700 | 500~700 | 8.5~24.0
Type C 400~600 | 194~551 57~212 | 0.73~2.34 750 600~700 | 500~700 | 500~700 | 8.3~24.5
Type D 500~800 | 134~552 69~243 | 1.14~2.84 750 600~700 | 500~700 | 500~700 | 5.0~20.8
Park et al. (2022)"® | 300~500 | 281~588 63~240 | 0.82~1.27 500 700 325 325 9.9~24.3
Ka‘(lzgozag)?mue 200~350 | 173~419 | 49~242 | 0.60~1.84 250 700 450~650 | 350~550 | 12.4~30.1
Total 200~800 | 134~588 42~291 | 0.57~2.84 | 250~750 | 600~700 | 325~700 | 325~700 | 2.5~30.1
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Table 4.2 Distribution of Experimental Data in 5-folds

Nur;l;)lzr of Type 1 Type 2 Type A Type B Type C Type D I();g;ze;(?zlj Leljiggzazn)%) Total
1 3 3 29 34 20 35 2 6 132 (20%)
2 6 5 23 26 29 33 3 6 131 (20%)
3 7 6 22 22 30 34 3 7 131 (20%)
4 9 8 29 21 23 31 3 7 131 (20%)
5 7 10 23 23 24 35 3 6 131 (20%)
Total 32 32 126 126 126 168 14 32 656 (100%)

_52_



4.4 71 At s 2Edd 2yl e =23 2 AT #Ht

LRE A9gk KNN, SVR, ANN, DT, RF, GBelA&= Zxvuj7/id
(hyper—parameter) 2] HA 3= A A3} 213 222
(cross-validation)®®#} w®o] Xt # A 3H(Bayesian optimization)?¥&
519l on, o]eldt ¥ AS Figure 4.2¢] e SIT),

WAH S 548 EER o] Foxl oF FiZ(outer loop) B 470 E
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b AAS= e el weh 5 10039 BAS dPstal, aF
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+
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Bayesian optimization

Hyper parameter Acquisition function <=— Gaussian process i
Minimize average MSE

tunning l_
[ Fold 2 ][ Fold_3 ][ Fold_4 ][ Fold 5 ]—> MSE T

( Fold_2 J( Fotd_3 |( Fold_4 ]{ Foid_5 ] = MSE Averagei
[ Fold 2 ][ Fold 3 ][ Fold 4 ][ Fold 5 ]—> MSE WeE |
( Fold_2 ][ Foid_3 |( Fold_4 |( Fold_5 | > MSE

————————————————————————————————————————————————————————————————————

i 4-Fold
'Inner loop

r——%

. [Feld,_l }[ Fold_2 ]| Fold_3 |( Fold_4 |( Fold_5 ]—> MPEMAPE
[ Fold_1 ][ Fold_2 ][ Fold_3 ][ Fold_4 ][ Fold_5 ]—> MPE, MAPE
O:t;'ollgop [ Fold_1 ][ Fold 2 ][ Fold 3 ]{ Fold 4 ]{ Fold 5 ]—> MPE, MAPE

[Fold 1 ][ Fold_2 ][ Fold 3] Fold 4] Fold_5 ]—)- MPE, MAPE
[ Fold 1 ][ Fold 2 ][ Fold_3 ][ Fold 4 ][ Fold 5 ]—> MPE, MAPE

[ Train data ][ Validation data ][ Test data ]

Figure 4.2 Procedure of hyper-parameter tuning and model test using Bayesian
optimization and nested cross-validation.
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Table 4.3 Hyper-parameter Tuning Range and Optimal Values for Machine Learning Models

Model Hyper-parameter Range (Optimal Value Used in Outer Fold 1, 2, 3, 4, 5)
k weights distance
KNN 1~30 ‘uniform: 1°, ‘weights: 2’ ‘Manhattan distance: 1°, ‘Euclidean
(5,7,4,7,4) 2,2,2,2,2) distance: 2° (1, 1, 1, 1, 2)
kernel cost y €
SVR ‘linear: 1°, ‘poly: 2°, ‘rbf: 3’ 0.000001~100 0.000001~1.0 0.0001~1.0
(3,3,3,3,3) (84, 81, 78, 74, 78) 1,1,1,1,1) (0.81, 0.07, 0.08, 0.43, 0.51)
number of numperf activation
hidden laver neurons in one dropout rate batch size learning rate function epochs
Y hidden layer "
ANN
0.001~0.1
16~128 16~128 ‘relu: 17, 50~400
Gassy | G2ssias o GORRR 66 166 | (iU | anki 2 00, 400, 400,
T 19, 16) T 16) ' 00’03') ’ (1,1,2,2,2) 311, 400)
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Table 4.3 Continued

Model Hyper-parameter Range (Optimal Value Used in Outer Fold 1, 2, 3, 4, 5)
max_depth min_sample_split min_sample leaf
DT 1~30 2~50 1~50
(30, 13, 28, 18, 13) (14, 13,7, 9, 14) “4,1,1,1,1)
n_estimators max_depth min_sample_split min_sample leaf max_features
RF 50~500 1~20 2~50 1~50 1~9
(500, 500, 167, 401, 500) (13,14, 16, 17, 16) 2,2,2,2,2) 1, 1,1,1,1) (6,4,5,4,4)
n_estimators learning rate max_depth min_sample_split min_sample leaf max_features
GB 50~500 0.01~0.3
1~20 2~50 1~50 1~9
(212, 260, 500, 385, (0.08, 0.02, 0.02,
105) 0.04 0,00 (14,20,20,4,200 | (6,1,2,6,3) (7,1,2,6,3) (8,8,3,4,3)
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Figure 4.4 Comparison of prediction performance of machine learning models.
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Figure 4.5 Beeswarm plot of SHAP value for machine learning models.
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