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Abstract

DEVELOPMENT OF HEAT TRANSFER CORRELATION
AND FLOW REGIME MAP FOR HEATED HORIZONTAL
PIPE USING SUPPORT VECTOR MACHINES

by Cheong Chan Wa

Thesis Supervisor: Prof. Tam Lap Mou
Master of Science in Electromechanical Engineering

In the field of thermal engineering and commercial HVAC applications, heat
exchanger is one of the most important equipment. For practical design of heat
exchanger, it is important to study the heat transfer characteristics of pipe flow such
as the identification of the flow regime and the prediction of the heat transfer
performance. In recent years, Ghajar and his co-workers (1994, 1995 and 2006)
successfully developed heat transfer correlations and flow regime maps for horizontal
circular pipes under uniform wall heat flux boundary condition and three different
inlet configurations (re-entrant, square-edged, bell-mouth). The heat transfer
correlations and the boundary lines of the flow regime map were developed based on
the traditional method such as least-squares method with specified functional form.
Recently, Support Vector Machines (SVM) were widely successfully applied for
regression problem and classification problem (Chen et al., 2006, Vong et al., 2006,
Trafalis et al., 2005). Therefore, the SVM method is proposed for development of
heat transfer correlation and flow regime maps for heated horizontal pipe. The results
show that the new flow regime map can classify the forced and mixed convection
experimental data of Ghajar and Tam (1994) into different flow regimes with good
accuracy, and the new heat transfer correlation can predicted majority of the
transitional forced and mixed convection experimental data of Ghajar and Tam (1994)
within 5% deviation.



TABLE OF CONTENTS

LIST OF FIGURES ...ttt e e e e e e e e e e e e aa e aees
LIST OF TABLES ... ..ttt ettt e e e e e e e e e e e e e e e e a e 6
NOMENCLATURE ...ttt ettt e e e e e e e e e e e e e e e e e e e s s aaabreeeeees 8
LIST OF ABBREVIATIONS ... ..ottt ettt e e e e e e e e e e e e e e e e 9
CHAPTER 1: INTRODUCTION .....uuiiiiiiiiiiii st e et s e et e e e et e e eann e e eaan s 11
1. 1LItErature REVIEW........ccoiiiiiiiiiiiiuunnns e e s s e e e e e e e e e e e eeeeeeeeesbasaaaaa e s s e e e e aeaaaaas 12
1.1.1 heat transfer DENAVIOr ......... ..t 12
1.1.2 fOW reQIMe MAP ...evvruvrvnnrreesiarareemmmmnnestheeeieeeeeaaaeaeeeeeesssssssaannssnersnnnees 15
1.1.3 heat transfer performance prediction of ttersdata.......................... 25
1.1.4 support vector machine appliCation ..........cccccccvveeeeiiininiiiiiiiiiiinnee, 28
1.20bjective............... B L . A e, 29
CHAPTER 2: EXPERIMENTAL DATASET .....cooiiiiiieeee it 31
CHAPTER 3: THE UNIFIED FLOW REGIME MAP ...t 34
3.1 The SVM for binary classifiCation..........ccccc..uuuvuueiiiiinieeeeeeeeeeeeeeeeeeeeeennnnens 34
3.2 The SVM for multi-class classification .......ccccccccvviiiiiineiiinessiiiiieee 42
3.3 Development of the flow regime map USING SVMu.oooiieiiiiiiiiiiiieeiiiiinaes 43
3.3. 1 fIrSt SVM MOUEI ...ttt ettt e e e e e e e e e eeeeeeneeees 44
3.3.2 second sVM MOdEl. ... 49
3.3.3 the new unified SVM MOdEl............co e 55
CHAPTER 4: THE SVM BASED HEAT TRANSFER CORRELATION............. 61
4.1 The SVM fOr FEQreSSION......ccceiiiiiiiesceeeeee e e e e e e e e e e e e e e e e e e as 61
4.2 Developping heat transfer Correlation using SVM...........ccvvvvviiiiiinieennn. 67
CHAPTER 5: CONCLUSION ..ottt e e anans 72
BIBLIOGRAPHY ..ot e e et e e et e e e a e e aaans 74
APPENDIX A: FUNDAMENTAL GUIDELINE FOR DEVELOPING
FLOW REGIME MAP BY MATLAB INTERFACE TO LIBSVM. ................... 77
APPENDIX B: MATLAB CODE ......coiiiiiiiiiit ettt 80

B L. SCA .M e s 80



B2. SVMTIAINPIeICE.M c.ooiiiiiieeei e 81
2 3 e [0 Ao o] 1 o U 82
o7 o 0 g F= U= od 1] o O o PP 83
B5. UnifyMap_Trim_with_DeSCale.m ............uuueeummiiiiiiiiiiiiiae e 84

B6. INterpOlatioN.M .......ccoiiiiieeeeeeee e 85

APPENDIX C: THE BOUNDARY LINES CURVE FITTING DATA
POINTS OF THE RECOMMENDED SVM UNIFIED FLOW REGIME
MAP (FIGURE 25) ...ttt 90



Number

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

LIST OF FIGURES

Page
Heat transfer in the transition region at x/D =192 (solid symbols
designate the start and end of the transition region for each inlet), taken
from Ghajar and Tam (L1994) ........oooiiiiiiiiiii e 13
Effect of secondary flow on heat transfer coefficient for different inlets
and flow regimes, taken from Tam and Ghajar (2006)..............ccceevveeeeeeee. 15
Free, forced, and mixed convection regirfegsflow in horizontal
circular tubes for 18 < Pr D/x < 1 and uniform wall temperature
boundary condition, taken from Aung (1987) .......ccccoeeeeeiiiiiiiiiieeeiiiiiiiiinas 16
Free, forced, and mixed convection regirffesflow in horizontal
circular tubes for 18 < Pr D/x < 1 and uniform wall temperature
boundary condition, taken from Aung (1987) ....cccoeeeiiiiiiieiiiieeieeeeeeiiiiiiennns 17
Comparison of Metais and Eckert's (196é)wfregime map with
experimental data (Ghajar and Tam, 1994) for uniform wall heat flux
boundary condition and three different inlet configurations, taken from
Ghajar and, Tamm=<{1E85) .. 4@ . L. e, 18

Figure 6: The boundary between forced and mixed convection, taken from Ghajar

Figure 7:

and Tam (1995..... [HEg. ... wdrre oo X s s ceeeeerrrrr e e s s s e e s snnnrrreees 20
The flow regime map for forced and mixed convection flow in
horizontal circular tubes with three different inlet configurations and
uniform wall heat flux boundary condition, taken from Ghajar and
TAM (L995). .. a e e e e 20

Figure 8. Comparison of flow regime map of Ghajar and Tam (1995) with the

Figure 9:

experimental data (Ghajar and Tam, 1994; Tam, 1995) for uniform
wall heat flux boundary condition and three different inlet

[o0] 011 To U] =1 (o] o 1S TSP 23
Comparisons between experimental Nussahbers and predicted
Nusselt nuMbers using EqQ. (1.2). ...uuoooiiiiieeeeeeeeeeeeeiiii e 27



Figure 10:
Figure 11:

Schematic diagram of experimental SetUp.........ccceeeeeeeeeivieeeeee 31

Schematic of the three different inlatfagurations...............cccccccceeeeeennn. 32

Figure12:Schematic diagram shows the separating hyperplanes between the

Figurel3:

two-class training data, taken from Schdolkopf and Smola (2002)............. 35
The ‘kernelizing’ process shows that the nonlinear input data (the input
domain, R) is transformed to a higher-dimensional feature space R

and finally the nonlinear separating hyperplane is constructed in the

input space, taken from Scholkopf and Smola (2002).............cccevvvvvvvvnnnens 41

Figurel4:SVM flow regime map developed by the first SVM model and

Figure 15:

Figure 16:

Figure17:

Figure18:

Figure19:

re-entrant iNlet data. ii......uieiueiiee e 46
SVM flow regime map developed by the first SVM model and
square-edged inlet data. ...c....cvirnniic 46
SVM flow regime map developed by the first SVM model and
belEmouth inlet Hata it laiuiii. ... e 47
Comparison of SVM flow regime map developed by the first SVM
model with experimental data (Ghajar and Tam, 1994; Tam, 1995) for
uniform wall heat flux boundary condition and re-entrant inlet................ 48
Comparison of SVM flow regime map developed by the first SVM
model with experimental data (Ghajar and Tam, 1994; Tam, 1995) for
uniform wall heat flux boundary condition and square-edged inlet. ......... 48
Comparison of SVM flow regime map developed by the first SVM
model with experimental data (Ghajar and Tam, 1994; Tam, 1995) for

uniform wall heat flux boundary condition and bell-mouth inlet............... 49

Figure20: Unified SVM flow regime map developed by SVM with RBF kernel

(1= 20 AN C = 1000). ......veeeeeeeeeeeeeeseeeseeessesseeseeseeeeeeseseeseeseeesesesee. 50

Figure21:Unified SVM flow regime map developed by the second SVM model

Figure 22:

with all three inlet data and RBF kerngt(15 and C = 1000)................. 52
Comparison of unified SVM flow regime ndgwveloped by the second
SVM model with re-entrant inlet experimental data (Ghajar and Tam,

1994; Tam, 1995) for uniform wall heat flux boundary condition............. 53



Figure 23: Comparison of unified SVM flow regime map developed by the second
SVM model with square-edged inlet experimental data (Ghajar and
Tam, 1994; Tam, 1995) for uniform wall heat flux boundary condition...54
Figure 24: Comparison of unified SVM flow regime mdgwveloped by the second
SVM model with bell-mouth inlet experimental data (Ghajar and Tam,
1994; Tam, 1995) for uniform wall heat flux boundary condition............. 54
Figure 25: Unified SVM flow regime map developed the third SVM model
with all three inlet data, simple polynomial kernel (C = 1000 and d = 1)
and RBF kernel (C = 1000 and 125F. ......uuceoiiiieeeeeeeeeeeeeeeeeeeeeeiiin s 55
Figure 26: Comparison of unified SVM flow regime mdgveloped by the third
SVM model with re-entrant inlet experimental data (Ghajar and Tam,
1994; Tam, 1995) for uniform wall heat flux boundary condition............ 56
Figure27: Comparison of unified SVM flow regime map developed by the third
SVM model with re-entrant inlet experimental data (Ghajar and Tam,
1994; Tam, 1995) for uniform wall heat flux boundary condition. ........... 57
Figure 28: Comparison of unified SVM flow regime mdgveloped by the third
SVM model with re-entrant inlet experimental data (Ghajar and Tam,
1994; Tam, 1995) for uniform wall heat flux boundary condition............. 57
Figure29: Schematic diagram represents the constrained optimization problem,
Egs. (4.6)-(4.9). (Taken from Scholkopf et al., 2000). .......ccoevvivivvrennnnnnnnn. 63
Figure30: For nonlinear problem, input data are transformed to a higher

dimensional feature space by the mappipg. (Taken from Suykens,

12201 ) TP PPRRP 65
Figure 31: Determination of desired values of thestants, C ang, of the SVM
10700 = PP PPPRPPPPPRR 68

Figure32: Comparison between experimental Nusselt numbers and those predicted
by the proposed SVM-based transition region heat transfer correlation. ..71



LIST OF TABLES

Number Page
Tablel: Classification of the experimental data by using the transition Reynolds

number limits and the heat transfer coefficient ratigéy 0.8 or <

(030 IR PRPRRPPPPRRR 24
Table2: Constants for EQ. (1.2) ..uuuueuuuiiiieiieeee et e e e e eeeeeennneees 25
Table3: Percent deviations between the experimental data and predictions of Eq.

(1.2) et X IS A B b, 26

Table 4: The optimum values of C and d for thet 8¥M model with simple

polynanmiéal kerne|igd Aat A AR ERL ... 0 . e, 44
Table 5: Classification accuracy of the first SVMael based on the re-entrant

inIB&training dat@ it iniittiiil A e 45
Table6: Classification accuracy of the first SVM model based on the

square-edged inlet training data..............coooeiiiiiiiiiiiii e 45
Table7: Classification accuracy of the first SVM model based on the bell-mouth

inlet training data........ll......corennn bl e 45
Table 8: Classification accuracy of the second SWidel based on test data

and total data of all three INlets. ... 51
Table 9: Classification accuracy of the third SVMdel based on test data and

total data of all three INIetS............vuveiiiiii e 59

Tablel0: Summary of classification accuracy of different unified flow regime

(0112 101 T PP PPPT 60
Table 11: Accuracy of proposed re-entrant correlation.............cceeeveevvviiiiieeeevceviinn. 70
Table 12: Accuracy of proposed square-edged correlation............ccccceeeeevviiiiiineennnn, 70
Table 13: Accuracy of proposed bell-mouth correlation..............cccccoeiiiiiiiiiiinnenn, 70
Table 14:An example of AlIX/AllTrainX/AllTestX and AllY/AllTrainY/AllTestY

10 gl o] g F= 1A F= T 77

Table 15:An example of AlIX/AllTrainX/AllTestX and AllY/AllTrainY/AllTestY

FOr MUITI-CIASSES. ..o e 78



Table 16:Curve fitting data points of forced and mixed boundary line of Figure

2 TSR 90
Table 17:Curve fitting data points of re-entrant inlet lower bound boundary line

Of FIQUI 25, ..t e e e e e e e e e e e e eeaaeeene 91
Table 18: Curve fitting data points of re-entrant inlet upper bound boundary line

(o) B o U] = PRSP 92
Table 19: Curve fitting data points of square-edged inlet lower bound boundary

[INE Of FIQUIE 25. ... e 93
Table 20: Curve fitting data points of square-edged inlet upper bound boundary

line Of FIgure 25 .. .h. - T B B g tnseeerrnnnnccasriiniiiieeeeeenmmnreeeeesnmsnnns 94

Table 21: Curve fitting data points of bell-mouth inlet lower bound boundary line

Of FigUui 257....... e e i S Il A TR - eragle e e Bhereeeeeessrrnsssseesssssssnnnnrrrennnnnnns 95
Table 22: Curve fitting data points of bell-mouth inlet upper bound boundary line

of Elure 25...... S .............. 0 "¢ e eeeeeeneeen e e e n e rrreneens 96



NOMENCLATURE

b = bias term

Cp = specific heat at constant pressure, kJ/(kg-K)

f(xX) = activation (or transfer) function

g = acceleration of gravity, nf/s

Gr = local bulk Grashof number ($6fD3(Tu-To)/ut’)

h = local heat transfer coefficient, W)

h: = local peripheral heat transfer coefficient at the top of tube, AK)m
h, = local peripheral heat transfer coefficient at the bottom of tube, 34Jm
j = Colburn j-factor (= StPf"

k = thermal conductivity, W/(fK)

Nu = local average or fully developed peripheral Nusselt number (= hD/k)
Pr = local bulk Prandtl number (316 /k)

Ra = local bulk Rayleigh number (= GrPr)

Re = local bulk Reynolds number (¥D/yy,)

St = Stanton number ( = Nu/Re Pr)

Tp = local bulk temperature, °C

Tw = local wall temperature, °C

V = average velocity in the test section, m/s

x = local distance along the test section from the inlet, m

B = coefficient of thermal expansion;K

up = local bulk dynamic viscosity, Pa-s

uw = local wall dynamic viscosity, Pa-s

p = local bulk density, kg/fh



LIST OF ABBREVIATIONS

SVM = support vector machines
SVR = support vector regression
MSE = mean squared error

RBF = radial basis function
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