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Lecture Contents

¢ Part I: Overview of Hybrid Methods and Recent Applications




Part 1 - Hybrid Approach
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Motivation

¢ Develop improved lumped-differential
formulations 1n heat and fluid flow.

¢ Advance a hybrid numerical-analytical
solution methodology for PDE’s.

¢ Exploit new concepts on algorithm
implementation, based on mixed symbolic-
numerical computation.

¢ Construct new algorithms for inverse problem
analysis based on such hybrid paths.




Hybrid Tools

¢ The Coupled Integral Equations Approach
(Improved Formulations) - CIEA

¢ The Generalized Integral Transform Technique
(Hybrid Methods) - GITT

¢ The Mathematica System (Mixed Computations)

+ Inverse Problems (Identification & Design)



The Generalized Integral
Transform Technique - GITT

¢ Choose the associated eigenvalue problem.
¢ Develop the integral transform pair.
¢ Integral transform the original PDE.

¢+ Numerically (or analytically) solve the resulting
coupled ODE system for the transformed
potentials.

¢ Recall the analytical inversion formula to
reconstruct the hybrid solution of the desired
potential.
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Classes of Problems

(Linear and Nonlinear)

¢ Diffusion

¢ Convection-Diffusion

+ Eigenvalue Problems

¢ Boundary Layer Equations

+ Navier-Stokes Equations
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Advantages - GITT

¢ Time-consuming numerical task 1s always in
one single independent variable (ODES).

¢ Reasonably simple computational
implementation (subroutines libraries).

¢ Handles irregular domains directly.

+ Automatic global error control.

¢ Mild increase in computational cost for
increasing number of space variables.
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Total Transformation

PARABOLIC & PAR?BOLIC-HYPERBOLIC:
ﬁ
1 D-3 D PDE System of ODE’s (IVP)
DIVPAG/IMSL, NDSolve

ELLIPTIC:

-

2 D- 3 D PDE System of ODE’s (BVP)
DBVPFD/IMSL



Partial Transformation

PARABOLIC & PARABOLIC-HYPERBOLIC:

2 D- 3 D PDE / 1D — System of PDE’s
= (DMOLCH/IMSL, NDSolve)

ELLIPTIC:

3 D PDE f 2D — System of PDE’s



Convergence of Integral Transtorms
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Acceleration Techniques

Filtering
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Application In Strategic Areas

Space: Thermomechanical design of recoverable orbital platforms

Nuclear: Optimization of ultracentrifuges for uranimum enrichment &
Analysis of nuclear fuel with high burnup

Environmental: Dispersion of waste from electricity generation
within the paths soil-water-atmosphere & Environmental Impact
Assessment from Mining and Milling Industries.

Natural Gas: Rapid refueling of vehicular natural gas tanks &
Adsorption storage in virtual gasodutes.

Petroleum: Simulation of tracers injection in petroleum reservoirs &
Analysis of Pipe-in-pipe designs for ultra-deep petroleum exploration.

Nanotechnology: Fabrication, charactherization and convection
behavior of nanofluids.
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UNIT Project

I. Compilation and organization of
available codes and developments

II. UNIT Code (Unified Integral
Transforms) design and construction

III. Hybrid solutions for engineering
problems with multiphysics




UNIT Project

Hybrid solutions for engineering problems with multiphysics

e Environmental Modeling: Fluid Flow, Mass Transfer, Heat Transfer,
Solid Mechanics, Biochemistry, Risk Analysis.

e Micro-Electro-Mechanical Systems (MEMS): Fluid Flow,
Electrodynamics, Mass Transfer, Heat Transfer, Biochemistry.

e Nano-structured Materials (Solids and Fluids): Fluid Flow, Heat
Transfer, Mass Transfer, Solid Mechanics, Electromagnetism.

e Emerging Energy Sources (Natural Gas, Hydrogen, Solar and Nuclear
Energy): Fluid Flow, Thermochemistry, Heat Transfer, Mass Transfer,
Particle Transport.

e Bioengineering Modeling (Biofluids, Bioheat, and Tissue Engineering):
Fluid Flow, Biochemistry, Heat Transfer, Mass Transfer, Biology, Solid
Mechanics.



UNIT Project

Environmental Modeling:

- Contaminants dispersion in soils: unsaturaded,
heterogeneous or fractured porous media with non-
linear sorption effects and/or chain reactions;

- Flow and dispersion of chemicals in rivers and streams
with groundwater and porous bed interactions;

- Atmospheric flow and pollutants dispersion simulation
with soil deposition modeling;
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Source Term Charactherization:
Source Conditions

(c)

Figuras 8 — Fotografias da fase final de construciio do pond no.2 a) escavaciio

b)preparacao do fundo ¢) compactacio da camada de argila
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Soil Structure
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Radionuclides Chain Dispersion in
Unsaturated/Saturated Porous Media
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Radionuclides Chain Dispersion:
GITT Code validation

21. HC. Lung, P.L. Chambré, T.H. Pigford, and W.W.L. Lee, Transport of Radioactive
Decay Chains in Finite and Semi-Infinite Porous Media, Earch Sciences Division, Law-

rence Berkeley Laboratory, Report LBL.23987, 1987.

CifCei

\ U234, Th230, e Ra226
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Figura 1.b — Comparacio dos campos de concentragio dos trés radionuclideos
(U234, , Ra226) obtidos por GITT (linhas solidas) e por transformada de Laplace,

ref.[21] (simbolos), para um tempo de dispersao de 1000 anos.



Radionuclides Chain Dispersion:
GITT Convergence Analysis

Tabela 1.b — Convergéncia do campo de concentracio do U234 obtido por GITT,
para um tempo de dispersao de 1000 anos (linhas, posicao x [m], colunas, N, ordem de

truncamento) : Caso teste da ref.[21] (U234, Th230, Ra226)

order N

List 50 75 100 125 150

1 0.980879 0.980935 0.980955 0.980962 0.280963

7 0.860367 0.86039 0.860389 0.860366 0.860389

10 0.797314 0.797306 0.797301 0.7973 0.7973

20 0.585814 0.585807 0.535811 0.58581 0.58581

30 0.393687 0.393696 0.393693 0.393694 0.393694

voan 0.240582 0.240578 0.240579 0.240579 0.240579

‘= 50 0.133059 0.133058 0.133057 0.133057 0.133057
~ 60 0.0663583 0.0663609 0.0663615 0.0663618 0.0663619

70 0.0297639 0.0297631 0.0297624 0.0297621 0.0297621

a0 0.0119769 0.0119747 0.0119757 0.0119756 0.0119755

an 0.00431287 0.00431632 0.0043152 0.0043157 0.00431543

100 0.00139205 0.0Q0135003 0.00139092 0.00139085 0.00139068




Results — Different Radionuclides
Migration Behavior

Pb & Ra Concentrations [Bq/m3] along horizontal layer (t=500 to 10.000
years, from green to red, with vertical layer):
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Results — Influence of Transport
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UNIT Project

Micro-Electro-Mechanical Systems

- Roughness effects in heat transfer enhancement in micro-
channels;

- Analysis of electro-osmotic flows with heat transfer;

- Simulation of reactive flow with heat and mass transfer
within microchannels;




Experiments with Microchannels
Experimental Setup
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Experiments with Microchannels
Results — MICROCHANNEL (280 pm)
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Experiments with Microchannels
Results — MICROCHANNEL (280 um)
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Experiments with Microchannels
Roughness — MICROCHANNEL (280 um)
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Experiments with Macrochannels
Roughness Effects — Laminar Flow

Friction factor increase

Heat transfer enhancement

200 700 1200 1700 2200 .
Re Figure 1- Tubes tested

Figure 8- Heat transfer enhancement
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Streamfunction Formulation
Navier-Stokes Equations

2D steady-state

oy 83w+ Iy | dy( oy +83;// _ 1 84w+2 o'y +84w
dy | 0x° oxdy” | ox|ox’dy 9y’ | Rel| ox ox’dy>  ay”
y y2 (X)
u = é’_@// V= - % > X
dy dx
yi (x)

September 07

General irregular geometry and coordinates system for channel flow.
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Primitive Variables Formulation
Navier-Stokes Equations

U (X,Y) +8V(X,Y) _

0, X>0, 0<Y«<l
0X oY

2 2
OUXY) L OUKX.Y) 9P 1 [a U 90U

- x: ' or?

, X>0, O0<Y«<l
0X oY 0X Re )

BZP(X,Y)+82P(X,Y):2 oU oV 9V U
0X * oY ? 0X oY 90X 9Y

} X>0, 0O0<Y«<l
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Mixed Formulation
Navier-Stokes and Energy Equations

auF+8V:O where, u(x,y)=u.(x,y)+u_(y)
ox dy
d°up 0?up  d%up  d%u, d2v 92v  9%v
Ug XDy + U, 3x0y +v 52 + Vv a2 _uF&)x_z_uooax_z_Vaxay
4 dug +83up_a3v_ 33v
Re| 9x29y o9y ox3 0Jxdy?
oT dT dT 4 (3°T 9°T
uF—+uoo—+V = +
ox ~ox dy Relogx? 9y2
dﬁl(X)

(e )= T ED vy =-> F(y)

1=1

dx

T(x,y)= ) GiT(x)
=1
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S.F. x P.V. x Mixed Formulations
Regular Channel

Table 1 — Covalidation of centerline velocity along channel length, U(X,0), between the
primitive variables [27] and the streamfunction [18] formulations. Relative error control 10-4.

Re Formulation x = (0.2083 x = 3.3333 x =7.5000
300 50\ /32)

300 Streamfunction 1052/ 1.337 1.444
300 Mixed 1.052 1.337 1.4

600

600 Streamfunction 1.036 1.242 1.347
600 Mixed 1.036 1.242 1.347
1200
1200 Streamfunction 1.024 1.170 1.250
1200 Mixed 1.024 1.170 1.250
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Streamfunction Formulation
[rregular Wavy Channel

.

Re=100 Alfa=0.3

Presente Trabalho
Wang e Cheng (2002)
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Streamfunction Formulation
[rregular Wavy Channel
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Convergence Behavior of the Streamfunction at y = 0.5 for Re = 100 and o= 0.2.

Streamfunction Formulation

N
X
6 10 14 18 30
3.5 0.6757 0.6761 0.6762 0.6763 0.6763
3.5 0.7197 0.7268 0.7275 0.7276 0.7276
7.5 0.7341 0.7394 0.7401 0.7401 0.7401
9.5 0.7408 0.7457 0.7463 0.7463 0.7463
11.5 0.7445 0.7493 0.7498 0.7499 0.7499
15 0.7167 0.7204 0.7211 0.7212 0.7212
20 0.7147 0.7157 0.7159 0.7159 0.7159
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Streamfunction Formulation

Rough Micro-Channel Simulation: Streamfunction
aty=0.5for Re =100, 0=5% and o =21
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Streamfunction Formulation

Rough Micro-Channel Simulation: Streamfunction
aty=0.5for Re =100, 0=5% and o =21

N x=0 x=3 x=9 x =15 x =18
6 68750 71648 .69453 66659 .69096
10 68750 71677 .69537 66710 .69107
14 68750 71681 .69568 66733 69112
18 68750 71681 .69570 66736 .69114
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UNIT Project

Nano-structured Materials (Solids and Fluids):

- Modeling, characterization and simulation of nanofluids
for energy, petroleum and natural gas sectors;

- Thermal and structural modeling and characterization of
nano-structured composites for aerospace thermal
protection systems;



Nanofluids Project — UFRJ/Petrobras

Nanofluids for Energy Efficiency in the Natural Gas
& Petroleum Sector

- COPPE/UFRJ - Lab. of Transmission & Technology of
Heat

- CENPES - Petrobras Research Center
- INMETRO - National Institute of Metrology

L4 fd
»
(XMSRRERERNRURRHMRRT e
LABORATORIO DE TRANSMISSAQ E TECNOLOGIA DO CALOR

PETROBRAS INMETRO




Concept

The term nanofluid has been created by S. Choi, Argonne
National Lab, USA, to describe the two-phase mixture (solid-
liquid) in which the disperse phase are nanoparticles of metals or
metalic oxides, in general smaller than 100 nm.
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Thermal conductivity ratio (kfkﬂ)

S Lee, U-5. Choi, S. Li, J A Eastman
ASME Journal of Heat Transfer 121, pp. 280-289 (1999)
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Fabrication - Cooperation with DIMAT/INMETRO
Two steps method

Formulation

Nanoparticles: AI1203 e CuO
Base-fluids: Water (miliQ) and Ethilene-glicol
Method: Ultrasonic vibration + Dispersant

Nanoparticles Caratherization and tests Processing

oy

(ultra-sound)




Fabrication - Cooperation with DIMAT/INMETRO
Materials employed

Nanoparticles: Al,O; and CuO

Granulometria  Area superficial

fami) (m2 /g) Pureza Densidade Produtor
3 Nanostructured & Amorphous
v-ALO; 20 -30 180 99.97% 3,97 g/cm Materials Houston, USA
Nanostructured & Amorphous
o-ALO; =2l / 9% 3,97 Materials Houston, USA
CuO 30 — 50 131 99 979% 6.4 Nanostructured & Amorphous

Materials Houston, USA

Especificacoes declaradas pelo proprio fabricante

Base-fluids: Water (mi1liQ) and Ethilene-glicol

Pureza Produtor
H,O Milli-Q 99,99% Milli-Pore
Etileno Glicol 99,5 % VETEC QUfMICA FINA LTDA



Fabrication - Cooperation with DIMAT/INMETRO
Preparation of Nanofluids for Convection Experiment

Powder with dispersant and
spheres (diameter 5 mm)

Ball Milling




Nanofluids in Forced Convection

Zeta Potential and Particle Size Distribution (Al203-water)
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Nanofluids in Forced Convection

Experimental Setup

Tubo de aquecimento instrumentado com 8 termopares ao longo do seu comprimento
com mais dois termoparaes destinados & tomada da temperatura média do fluido, =
=sist Enc:a

instalados imediatamente antes e depois da se¢3o de aguecimento.
i
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Nanofluids in Forced Convection

Problem Formulation — Models

Model 1 - Effective Thermophysical Properties
Model 2 — Thermal Dispersion Effect
Model 3 — Migration of Dispersed Phase
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Nanofluids in Forced Convection

Problem Formulation — Nonlinear Effective Fluid Properties
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Figuras TV.7.10 — Resultados experimentais para o numero de Nusselt médio no

escoamento laminar de nanofluido a 1.20% e dispersante Orotan comparados com

correlagdes: Shah [47], em pontos azuis, e Churchill e Ozoe [62], em pontos vermelhos.
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| Validation of experimental and

theorethical results (GITT )
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Figuras IV.7.11 — Resultados experimentais e tedricos para temperaturas na parede e

nimeros de Nusselt locais e médios para nanofluido a 1.20% e dispersante Orotan.
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Nanofluids in Forced Convection
Heat Transfer Enhancement (nanofluid x water)

Tabela IV.7.20 — Comparacio do coeficiente de transferéncia de calor médio para

escoamento laminar de nanofluido agua-alumina a 1.2% (Re=1616)

e sen e 160TX B 1632

% (m) hm Nano hm Agua Dif.% \;;iiﬁmi\\\‘>Dif.%

0.197 1713.15 1421.61 20.5072 1487 .24 15.1897
0.388 999.175 849.628 17.6014 895.838 11.5353
0.767 932.572 831.318 12.1799 850.530 9.64484
1.185 787.502 721.634 9.12761 737.006 6.8515
1.625 659.169 649.042 6.18230 662.112 4.08646
1.983 648.306 615.296 5.36492 629.51 2.98582
2.393 615.041 583.651 5.37832 597.478 2.93965

Tabela IV.7.21 — Comparagdo do coeficiente de transferéncia de calor médio para

escoamento laminar de nanofluido agua-alumina a 1.2% (Re=1515)

R

Wom kS m T w3

) hm Nano hm Agua Dif.% hm Agua Dif.% Dif.Int
7 1648.594 1371.62 20.2187 1417.06 16.3638 :

8 S68.117 844.6599% TT. 6108 844,093 14.6531 14

7 S08.912 811.431 12.0135 824.781 10.2005 11.

5 T68.321 T09.533 6.28557 T14.152 7.58517 7.96

5 667.215 ©638.641 4.47417 641.299 4.04117 4.

3 629.054 ele.274 3.75738 607.335 2.57622 3.6

3 595.456 573.98¢ 3.74046 574.693 3.61283 3.6



Nanofluids in Forced Convection
Heat Transfer Enhancement (nanofluid x water)
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Figura IV.7.9 — Intensificagao térmica obtida com o nanofluido agua-alumina a 1.20% de
fracdo volumétrica com dispersante Orotan em comparacdo com agua (plotada para dois

nimeros de Reynolds abaixo e acima do valor referente ao nanofluido).
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Separation of Variables
Heat Conduction in a slab




Problem Formulation
Separation of Variables

oT ?
(x’t):aaT(x’t), O<x<L, t>0

ot ox”
T(x,0)=T0, 0<x<L
oT (x,t
T(0,t)=0, t>0 (%,0) =0, t>0
a'x x=L

Separation of

Variables —— T'(x,1)= W(X)F(t)



Problem Formulation
Separation of Variables

W) ar(t ) _ (X)

+(ay(x)I())

1 dr(@) _ 1 a2w(x) i
al'(t) ot w(x) ox”

/N

1 ar@) _ 7 L Sy _ e

al'(t) ot w(x) ox’

@ @ W (x) :@cos(,ux) +@sin(,ux)

(1) :@Exp(—a Ut)
?

Qﬁ Initial Condition

Qa? ?
Boundary Condition



Problem Formulation

Separation of Variables

W(x)=C, cos(ux)+C, sin(Ux)

Boundary Conditions :

bcl: w(x=0)=0

Y (x)
0x

bc? : =0

x=L

and
L,() =(ClExp(-a pi” 1)

?
@ Initial Condition

- ;=0 and C,=1
2i—-1)
L :O -
—  cos(ulL) —> 7 T

W, (x) = sin(i,x)

N\

) [(X,7)= i%(x)r,- (1)



Separation of Variables

Orthogonality Property

T(x,t)= i y.()L'.(1) = i sin( U, x) Cl.Exp(—Ot,ui2 1)

Orthogonality | Lo I
i('x AX dx:é:Nl Ni: ' dx =—
Property : -([W W) J _([ v 5

, &
[wo___ax  TEO=TO D

r > L
JWi(x)T(x, 0)dx = ch = CiNi Ci — LT()J‘ Wi(x) dx
0 =l 0 N,



Separation of Variables

Eigenfunction Expansion

T(x,t)= i%sin(ﬂix) Exp(-au’t)y .. f=T0 j W (x)dx

[

T(x,HEY AW, (x) =~ A@)=-LExp(-au’s
i=1 i
t Eigenfunction

Expansion

Z ||



Formal Solution

(General Problem Formulation)

Nonlinear convection-diffusion (M potentials)

. ETk(x.r} | .
wk(x.r. '}}} + 11(:-::.1*.?JE Y Tk{x. )= "F.kk (X.1. T‘]. W Tk{x. ) —

-

§ %
—dk{l.r.i'}}fk{l.IHPk (LI.TE}. xeV.t>0 kil=12.. . M

Initial and Boundary conditions

Tk{x.ﬂ) = fk(ﬂ‘ Xl
51}{(:{.1‘)

L E L
ak(xir.i}}fk(x.a‘j + ,{i’k(l. [‘T})kk (X.1. Tg}
=g¢;(x.r.i'}}. XS
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Formal Solution

(Eigenfunction Expansion)

Proposed eigenfunction expansion

T,fr (x.7)

Eigenvalue Problem

Vi, (VY . (x)+( ,u;jn'k ()~ d, ()W} (x)=0.xEV

Oy {0

-

ap (X)) (X)) + B (X)k, ()
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Formal Solution

(Transform-Inverse pair)

Orthogonality Property

J“} [I}yxk:i(x)yf”(x)m' = ‘Sr__;st:r

r

1
4, (0 =— [, Xw, , (OT, (x. )y
_ /i (X)
%.f (1) = wk;wr

K0

N, = Jn‘k (X)l,[fir. (X)dv

I

Integral Transform Pair

I.(x.0)=> v, (X7, inverse
i=1

T..()= J”l— (X, (X)T, (X.1)dv, transform
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Formal Solution
(Explicit System)

Transient term coefficient

¥
H.k (x.1. I}}

Wy (x)

':{: r =W r — W - -1 r
H-k[l__r.l}}—ﬁkfl} _ch{l)Ck {1-!-1})

Explicit PDE System

ETk(x.r)
H { | ———— — f = 7 |
11;{(1) = Hk(x.f.f}}. t>0.Lk=12,...M

| 0T, (x.1) _
a (I)Tk (x.1)+ ,{i‘k (X}kk (.\'}T = ;zﬁk (x. I‘TI)' xes

where,
]
HA' (x.rj_:?] = CA' (x. Ll‘}][?.kk{x.r. I}}‘FTk{x.r) where,
&% %
—d, (x.t.T)T (x,1) —u(x.t,.T,). VT, (X,1) + B (X.1,T})] b (.1.T) = ¢ (.11 + [ (X) — o (X1, T)]T; (%.8)

OT, (x.1)

-

+ B, ()k, (x) — B (x.1. T )k, (x.2.T;)]
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Formal Solution

(Transformed System)

Integral Transtormation f W, (x)—dv
4

Transtormed ODE System

dT_.(t
i 5 F

Ty ; (1)
dt

a i * '] i .
—ij wkj{x)(.“ﬁ_(x.r,fﬂ?.kk (x. L]‘})T’Tkﬁx. Hdv+

. ¥ %
IJf v, (DC (TP, (x.4.T)) ~d) (x.1.T)T; (x.1)

—u(x.f7, ‘T; ).?Tk (x,1)]dv
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Formal Solution

(Nonhomogeneous Conditions)

/ dT, (1)
Nonhomogeneous BC S '?;; :I'/[’ y'}kj(x}[f‘k(x._r.TI)—1]?’.&;(::,?.?})‘?%(3;.r'}d1'+

- ok N
j_;L w;(‘i()()?.kk(X.f.]})?]}({x.f)m

A N 5 *
;‘L WF(J'(X)(',{*(X‘I‘]:’)[PI( (x.r,fj}—(fk(x.r.]"f,jfk(x._r}

—u(x.1, ]’;, ).VE}( (x.1)]dv

2nd Green’s Formula _
Ty ;)

dt

- ri’ i ,([C, (x.1.T;) - 1]v.a—; (x.1.T)VT, (x.0)dv+

* -
E['T;( (x, I)V.Frk (x.1. Tf W Y (x)dv+

T, (x,1) c i,-;’;( ; (x)

; k;({x,f.%)[wkj(x}T—Tk(x,r') n lds +

. * *
ri' U ;(OC (L TIP, (. 1.T) =d, (x,1.T)T, (x.1)
—u(x.1, ]‘} )AY TF( (x,1)]dv
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Formal Solution

(Transformed System)

Transformed System

Transformed 1nitial conditions

I

September 07 LTTC - EE/COPPE/UFR]J

t=0.k=12....M.i=1.2...

T, ,(0) = [w, (W7, , (%) £, (X)dv
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Formal Solution
(Filtering)

Filtering solution

Tk{x.r)— {t )Y+ T f{x t)

Filtered problem
GTF{ (x. a.‘}
W (\} —
ot kf(\rTj P(\IT}+‘TE{A(\IT)\_ (x__a:)

- Ck(x.r.i})[‘?.i';{x_r__?}}??; (x.1) —d;{x__r.i'}}i'"; (x.0) ) (5 8T, (5)

. —dk(x.!,{r)ff{ r(x,a‘)—u(x.r,f;).VTkf(:t.r)— o -
—11{1_!__]‘}}_‘~?’Tk(x._a‘}+Pk.f(x.r__1}]].EEV_!}G - ' k o

oTk['c N
I (x.0)=f, (x) = f ()T ¢ /X0, xeV @ (T}, (%.0)+ B (O (x) =¥, r(XL17), X€S
o1, fix 2

kfh I, T;:‘ Gﬁk(\ fj:i'j ap (ﬂka':l t) — ﬁk{‘l)kk(l)
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Filtering solution

Convergence test

September 07

Formal Solution

(Convergence Testing)

T, (x.1) = Tk CHORV D

> 7 (T, 0

l

£ = max

xeV

N _
Tf,k (x;1)+ Z Wki (x)Tk,i (1)
i=1

LTTC - EE/COPPE/UFRJ
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Application

(Convection with Nanofluids)

Convection Equation — Temperature Dependent Properties

p(T)c, (Du(r.T) 67(r.z) 19 { re(ry L i)~
&z ror J
Inlet and Boundary conditions
T(r.0) =T[}' 0<r=n,
oT(r.2) =0 r=10 —E:(T}GT(}"_:I =—q , r=n,,z>0
or ar W
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Application

(Convection with Nanofluids)

Convection Equation — Temperature Dependent Properties

P(T}C (THu(r.T) ET(? 2) Il'f‘:[ k{T}é‘T(; .Z) |

O<r<r, . z>0
or

T(?'_G):TD. 0<r=<mn,
&T(r.z a7 (r,
{ ):{:I li|--=|:| _k(]"} [ :I__g i ?'=?'w._23=-'3
cr or w

Temperature Dependent Velocity Field

-

lc [f,ﬂ(ﬁ@u(; 2) | _dp(@)

or | dz

0<r<np.z>=0

cu(r.z)

=0, r=0 u(r,z)=0,r=rn, z>0
or
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Application

(Convection with Nanofluids)

Dimensionless groups Rel 7T gz BTD
T, uy 1, Uy
-.‘] = L
va®="20 220-R), yo)=FD o = Fo_
) iy ky FaCra
C(0) = Po€p ot g (1) _ HR.Z) T(r,z)-T,
p(T}cP (THu(r.T) q,7,. 'k
Dimensionless problem  ser2) ] { e
RU ,(R)———==C(6)—| Ry(6)— 0<R<1,Z>0
: cR CR
6(R.0)=0, O0<R=1
6E(R:Z]={]__R=D; }f(t?}éﬂ{ﬂz) =1, R=1 Z>0
cR 0.

R
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Application

(Convection with Nanofluids)

Filtering solution

7

22
r =75
with
a(R__z}=E*(R_Z}—§f|§R}
Filtered problem i
86 R.2) 8 86"
RU (R = | Ry(8 P (8 )0<R=<1Z2>0
(R —— (jﬁﬁ’-l ‘f{}@RJrf( ), 0< LZ >
, 2
6 (RO)=——, 0<R<I
NEENY
e y oy | o8
P (@ )=C(® ER;f{fr’)—R‘w— —+R || & o p ..
7 [ oo\ R ]| 00 RZ) _o poo, P RD_ 41 -1[. R=1 Z>0
CR cR (@
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Application

(Convection with Nanofluids)

Eigenvalue problem

f:q[ ‘f‘“;é )] |4 ’Ry(R)=0. 0<R<l
dw?(m:& R0 n’wf(R}z[}_ R—1
dR dR
Eigenquantities
w; (R) =J,(4R) LS EJS (43

September 07 LTTC - EE/COPPE/UFR]J



Application

(Convection with Nanofluids)

Integral Transtorm Pair B
6"* (R.Z)= 'iﬂ W; (R}gj (Z). inverse
i=

?E_;{Z) = j'(l] Ry, {R}ﬁ*{R. Z)dR, transform
Transformed System

a,,——=h(z.8). z>0.i.j1=012...

1
a,; =| RU, (R)y,(R)y,(R)dR
_ 1 1 -
fi === R¢,(R)dR
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Results and Discussion

(Application - Convection with Nanofluids)

Input Data

Convergence behavior

September 07

r, =0.00315m; q, =6891.3 Wm’: L=245m;
u, =0.159m/s: T,=219°C: k,=0.6W/m°C;
o, =1.436x107m*/s: v, =9.584x10"m’ /s

Table 1- Convergence of dimensionless duct wall temperature
at different axial positions. Z (N=10. NI=38 segments).

Z N |2 4 6 8 10 Num. *
0.0013 | 0.1366 | 0.0968 | 0.0936 | 0.0951 | 0.0958 | 0.0838
0.0179 | 0.2629 | 0.2749 | 0.2782 | 0.2783 | 0.2782 | 0.2823
0.0353 | 0.3453 | 0.3633 | 0.3642 | 0.3640 | 0.3639 | 0.3662
0.0699 | 0.4686 | 0.4837 | 0.4836 | 0.4832 | 0.4830 | 0.4848
0.1080 | 0.5762 | 0.5866 | 0.5860 | 0.5855 | 0.5852 | 0.5874
0.1480 | 0.6733 | 0.6800 | 0.6792 | 0.6786 | 0.6782 | 0.6812
0.1807 | 0.7452 | 0.7499 | 0.7490 | 0.7483 | 0.7479 | 0.7516
0.2180 | 0.8229 | 0.8261 | 0.8250 | 0.8242 | 0.8237 | 0.8286
(*¥) NDSolve routine — Method of Lines (linearized velocity field) [31]
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Results and Discussion

(Application - Convection with Nanofluids)

Linear x Nonlinear

(R, Z)

Figure 1- Dimensionless radial temperature distributions for
linear (dashed lines) and nonlinear (solid lines) formulations

and axial positions increasing from blue to red (Z=0.0013.
0.0179, 0.0353, 0.0699, 0.1080, 0.1480, 0.1807, 0.2180).
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Results and Discussion

(Application - Convection with Nanofluids)

Comparisons
with
Experimental
Results

September 07

(a) Temperaturas (parede, média, centro) —

Re=1892

0.5 i 1.5 z i.5 -
(c) Temperaturas (parede, média, centro) —

Re=1722

0.5 1 1.5 z 2.5

(b) Numeros de Nusselt locais (azul) e médios

(vermelho) — Re=1892

Fuexp (x)
40

s
0
25
20 t

\
18 {
i 3 =

.\—;‘—L—__
Py o o

B s - - s -

=, m
0.5 p i 1.5 H 2.5

(d) Numeros de Nusselt locais (azul) e médios

(vermelho) — Re=1722

Figuras IV.6.4 — Resultados experimentais e tedricos para temperaturas na parede e

nimeros de Nusselt locais e médios para dgua com bomba centrifuga.
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Other initiatives
LTTC/COPPE/UFR)

* Mathematica
Technical Center —

PEM/COPPE & Wolfram
Research Inc., USA

MTC is responsible for
basic and advanced
training and consulting
in mixed symbolic-
numerical computation
with the platform
Mathematica.
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A nuestros hermanos argentinos, chilenos y franceses !

“En el presente intento ser 1o mas simple posible,
siendo complejo pero de una manera secreta y modesta,
de una manera no evidente.”

Jorge Luis Borges
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