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Convection Heat Transfer — Introduction

e Convection heat transfer between a fluid and a surface with
different temperatures requires simultaneously the following
mechanisms:

o energy transfer by bulk (macroscopic) fluid motion over the surface

(advection); and
o energy transfer by microscopic random motion of fluid molecules

(conduction).
e Convection heat transfer occurs along a fluid region over a surface
(thermal boundary layer) where temperature gradients exist.

Problem of convection heat transfer

Determination of local or average convection heat transfer coefficients
hy or h, respectively. This is performed by determining (experimentally
or theoretically) local or average Nusselt (Nuy, Nu) correlations suitable
for a broad range of conditions. The theoretical fashion requires the
solution of the appropriate form of the boundary layer equations.A
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Velocity and Thermal Boundary Layers — Convective

Momentum and Heat Transfer (1/2)

External flow configuration
Parallel flow over an isothermal flat plate (Too > Ts

)
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Velocity and Thermal Boundary Layers — Convective
Momentum and Heat Transfer (2/2)

e The velocity boundary layer starts growing from the beginning of the
plate (x = 0) — no slip condition;

e The transition to the turbulent boundary layer occurs when small
disturbances (perturbations) are no longer damped by viscous forces and
are amplified;

o A critical (transition) Reynolds number (Re, ) is defined based on
the flow configuration, surface geometry, free stream turbulence level
and on surface roughness.

e The thermal boundary layer develops from the position above the plate
where the surface temperature (Tg) differs from the free stream
temperature (T,) — not necessarily from the plate's leading edge
(x=0).

® The temperature at the surface of the plate may differ of the free stream
value as a consequence of an imposed surface temperature or an imposed
surface heat flux.
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Boundary Layer (BL) Governing Equations

Governing equations in Cartesian coordinates for the fluid and heat flow in the BLs

1. Continuity Equation — Overall Conservation of Mass
Ou  Ov
4+ 220
Ox + Jy

_—

2. x-Momentum Equation — Conservation of Momentum

ou ou 1 dpeo d%u
Uu—+v— = —f——l—(ll—i—&M)a—y2

ox dy  p dx
———————————————————————————————————————

3. Thermal Energy Equation — Conservation of Energy

oT 8T T  v4em (0u)®
U—+v— =(a+e —
Ox + dy (a+en) Jy? + Cp oy
® V = (u,v) where u = f (x,y) and Assumptions: (1) steady-state conds.; (2) 2D
v — f()’( y). ’ flow; (3) incomp. flow; (4) constant-property
’ fluid; (5) negligible body forces; (6) no thermal
® T=~F(xy) energy generation; (7) 92u/9y? >> 9%2u/0x?;

(8) 92T /0y? >> 8%T/0x2; and (9)

® ¢ and ey — Eddy diffusivities for
dp/dx = dpoo /dx

momentum and heat, respectively.

Computational Laboratory Ill: Forced Convection over a Flat Plate - 5 of 40



BL Equations and Boundary Conditions — Parallel Flow
with Constant u,, and T, over an Isothermal Flat Plate

Simplifying assumptions:
° "'Z—j" =0 = since usc = Cnt

2
° (%) ~ 0 = for low-speed flows
Yy

1. Continuity Equation

@ + @ =0

ox Oy
———————

2. Momentum Equation

u@—kv@ =(v+e )@
Ox oy M y?
—————————————
3. Energy Equation

Boundary Conditions (BCs)

® Continuity and
Momentum Equations

1. u(0,y) = s
2. u(x,0)=0
3. v(x,0)=0

4. u(x,00) = Uso

® Energy Equation
1. T(0,y)=Tx
2. T(x,0)=Ts
3. T(x,00) =T
X — any x position along
the plate (x > 0)
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Boundary Layers Parameters — Parallel Flow with
Constant u,, and T, over an Isothermal Flat Plate

e For a fluid with constant properties (p, p, ¢p, kf) the velocity field, v is
evaluated exclusively with the overall continuity and momentum
equations (uncoupled from the energy equation);

® The temperature along the thermal boundary layer is evaluated with the
solution for v through the energy equation.

Velocity Boundary Layer

u=Ff(x,y, s, p, 1)

Ou
Ts:ua

y=0

Ts = f(X, uoo,p,,u)T

Ts - surface shear stress

T Laminar flow

Thermal Boundary Layer

T=fF (Xv.y’ Uco, TOO, Thpal% Cp, ki")T

oT

Oy

qs = —kr qs = h(Ts = Tx)

y=0
ke oT

Ty o

y=0

h = f (X7 u007 T007 TS:,D7 /J’7 CP7 kf)T
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Normalized BL Equations and BCs — Parallel Flow with
Constant u,, and T, over an Isothermal Flat Plate

* __ X * _ Y
=1 Y =TI
*—L * __ V. « _ T-—Ts
u v = Uo T T Teo—Ts
1. Continuity Equation
ou™  ov* 0
ox* = dy*

———————————
2. Momentum Equation

LOut o Lout ] em 0°u”
= — (1 _

Y o v dy*  Re ( + v ) Oy*?
——————————————————————
3. Energy Equation
U*OT* +V*6T* 1 (1 sj) 2T

ox* dy* ~ Re,Pr a /) Jy*?

Boundary Conditions (BCs)

® Continuity and
Momentum Equations

1. u*(0,y*) =1
2. u*(x*, 0)—0
3. v (x*,0) =

4. u* (x*,oo)—l

® Energy Equation
1. T*(0,y") =1
2. T*(x*,0)=0
3. T*(x*,00) =1
x* — any x* position
along the plate (x* > 0)
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Normalized BL Parameters - Parallel Flow with
Constant u,, and T, over an Isothermal Flat Plate

y*:% ut = 4

Velocity Boundary Layer

" =f(x",y" Re)'

e ()

y*=0

Ts i ou*
%pugo Re. Oy*

Cfx:

B

y*=0
Crx=F(x" Re)

Cr x — local friction coefficient

= TH(x*y*) = T(x"y")=Ts

Too - Ts

Thermal Boundary Layer

T* =f(x",y",Rec, Pr)’

A
= (T) dy”

y*=0
Nu, — hyx e oT
ke Oy* | o

Nuy = f (x*, Rer, Pr)'

Nuy — local Nusselt number

T Laminar flow
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Solution for Boundary Layer Equations

Solution for Laminar Boundary Layer Equations

® Blasius Solution (Similarity Solution) — Blasius, 1908:

o For a parallel flow of constant us and T over an isothermal flat plate
under steady, incompressible, constant-property fluid conditions, and
neglecting viscous dissipation;

o The solution procedure converts the continuity and momentum equations in
a third-order ordinary differential equation with the solution performed by
numerical integration techniques or through power-series expansion.

® Integral method (Approximate Analysis) — von Karman, 1921:

o The procedure assumes approximate expressions for the velocity and thermal
profiles in the integral form of the momentum and energy equations.

® Numerical Methods
—————————————————————————————————

Solution for Turbulent Boundary Layer Equations

® |ntegral methods

® Numerical (differential) methods with closure models (for unknown quantities)
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Parallel Flow over an Isothermal Plate
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Parallel Flow over an Isothermal Plate
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Parallel Flow over an Isothermal Plate

Consider a parallel flow of atmospheric air over an isothermal flat plate with a free
stream velocity and temperature equal to 41.85m.5™" (ue) and 300K (T),
respectively. The plate is 1m (L) long and has a uniform temperature of 400K

(Ts).

Determine the local surface shear stress (7;) and local convection heat transfer
coefficient (h) along the plate.

1. Calculation of the film temperature (mean boundary layer temperature) — T¢
Too +Ts

Tr = — = 350K
2. Evaluation of fluid thermophysical properties at T = 350K and p = 1 atm
Hydrodynamic Properties Thermal Properties
p=0.9950kg.m" ¢ = 1.0090kJ kg~ "K'

1=20820x10"°Nsm™2 Kk =30x10"2W.m *K!
3. Evaluation of Reynolds and Prandtl numbers, Re. and Pr

Re, — Pusol _ 5 108 pr=H% _ .10
p ke
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Parallel Flow over an Isothermal Plate

3. Evaluation of Reynolds and Prandtl numbers, Re, and Pr
Re, = Y=L _ 5y 108 pr="1% _0.70
u

4. Calculation of 75 and h based on local values of C¢ and Nu

1.0 T 3.0
Re=2 x 10°
0.8 Blasius Solution 4 25 Blasius Solution
= - Empirical Correlation gof | e Empirical Correlation
S 06F | — Numerical E 7 ——  Numerical
x
5 Rei=2 x 10° ]
Pr=0.7
Transition Transition Pr=0.9
00 | f . . | . .
0.0 02 04 06 08 10 04 0.6 08 10
x* ] x* 1]
3 T 200 T
Rei=2 x 10° Re,=2 x 10°
Blasius Solution Blasius Solution Pr=0.7
----- Empirical Correlation «eees Empirical Correlation Pr=0.9
6F | —  Numerical ] ——  Numerical ]
Transition o Transition
0 L L L L L H L L L
0.0 02 04 06 0.8 10 0.0 02 04 06 038 10
x[m] x[m]
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Parallel Flow over an Isothermal Plate: Effect of Re;
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Parallel Flow over an Isothermal Plate: Effect of Pr

Rep = 2 x 10° (< Rex,c) Rep =2 x 10° (> Rex,c)
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Transition to Turbulent BL and Average BL Parameters

3000 T T
Transition . Blasius Solution
2500 | =xsss  Empirical Corrclation =
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Momentum and Heat Transfer Analogies

Reynolds Analogy Chilton-Colburn Analogy

For dp* /dx* = 0 (flat plate with con- For dp*/dx* =0 the Reynolds
stant U ), Pr=1 and em = €n, ie., analogy can be extended for
Pr. =1 (for turbulent flow) the mo- 0.6 < Pr < 60 considering a Prandtl
mentum and energy equations as well number correction as follows:
as its boundary conditions are mathe- Re
matically analogous and the solutions Cr x—= = NuyPr—1/3
for u* and T are equal. Therefore, 2
0.15 v
Ou* 5T+ Re =2 x 10° i?
u 0.10EPr=10.0 .
Fwes = = s N I
Jy* y*=0 oy* y*=0 = 005p ——  CRe(2NuPr) | 309
R =4
e. — UEpr=0.7 12~
= Cr x— = Nux < o0f // L p
T2 5 10 5
T 40 — T T L5 Z 00sp 409 Z
< [Re=2x10 “ Jos ®
T 3.0F Re,=6.4 x 10° 120 £ g.(l)g I L
2 Pr=1.0, Pr=1.0 T ?,j T FPr=0.05 ’;/_/ 7;? =
et H ] 0.10 -2 3
% 2 — 1.052 o s ERS
o 1oF T Sheenn | 1057 % 005 22 pr=0.05 < 0.6! Prandtl number outside 30.9
;‘: Mransiti o , the range for the analogy application! 30.8
© 005 C R VR Y S— T 103 o 02 04 06 08 1
X[ X[
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Final Remarks

¢ Increasing the plate Reynolds number (Re;) the transition region

M * Rex,c
starts closer to the leading edge x} = Rer -

e For a Prandtl number equal to 1.0 (equal diffusivities for
momentum and heat) the velocity and temperature profiles are
similar and the velocity and thermal BLs grow along the plate at
the same rate, ie., § = ;.

e For Pr > 1 the momentum diffusivity is higher than the thermal
diffusivity and therefore § > §; (oils).

e For Pr < 1 the thermal diffusivity is higher than the momentum
diffusivity and therefore § < d; (liquid metals).
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Exploring the Module — Interface
Software module — HTTflatp.exe (Version 2.0.0.3)

[=]E s

BB Soundary Layer over a Heated Flt Plate
Fie Hep

Temperature Contours (colors), Velocity Profile (black) and Hydrodynamic Boundary Layer Edge (white line)

Rennan ]

’i

00l

Velocity Probe Wall it Physical Parameters Plotiing Parameters
x= Xdocn dl/dy Reynolds Number= | 1.500.000 iy "
v ox et 100 | oot umber= | 070 : :
u= « =] v . N
Student Name Blue = Input Red = Output Turb. Intensity = 0.0100 Faster.
Previous Run | setThemaiBe's | E [ Sower |
Jmax = 251 /
/ i d
Plotting and Animation
H Input Data
OUTPUT: Results P! Parameters

® The module solves the boundary layer governing equations (continuity, x-mo-
mentum, and energy equations) for forced convection over a flat plate.
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http://www.faculty.virginia.edu/ribando/modules/zips/HTTflatp.exe

Exploring the Module — Boundary Conditions

e The program computes velocity and thermal boundary layer parameters
in the non-dimensional form:

* __ X *x __ Y * U x V. * * ok _T£X*7Y*Z—Tco
X T y'=1 u v = T (x*,y*) = R

Uoo Uoso

Boundary Conditions:

Continuity and Momentum Energy Equation

Equations
1. At x* = 0 (Upstream the leading edge):

e T°(0,y")=0
2. At y* = o0:
o T (x",00)=0
3. At y* =0 (User Input):

1. At x* =0 (Upstream):
o u"(0,y7) =1
2. At y* = o0

o UM (x",00)=1

3. Aty*=0:
. e T"(x*,0)= CiorCi + Gox*
o u"(x*,0)=0 ,
o v (x*,0)=0 C: = 1.0 and G, = 0.0 (isothermal plate)
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Exploring the Module — Laminar-Turbulent Transition

® The program considers the turbulence intensity of the free stream ( TU)
to evaluate the critical Reynolds number (Rey ) through the equation
that follows: o
s —L0+ (132500TU2)Y
Rel/? =
e 39.2TU?

o A critical Reynolds number (Re, ) of about 5 x 10° is obtained for a
free stream turbulence level of 1% .

® The Re, . is employed to determine the distance from the leading edge of
the plate where the flow transition from laminar to turbulent starts
(beginning of the transition region).
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Exploring the Module — Application Examples

Module Application Example I: Problem Statement

Calculate the following using the module:

4.

. local Nusselt number values, Nu,;

Consider a 2m x 4m isothermal flat plate
at 400K subjected to air flow parallel to its ~ Ajp rf‘:4°°K
surfaces along its 2m long side. The free T = 300K

Poc = latm

stream temperature (Too), pressure (Poo),  uw=20925ms7!

velocity (uso), and turbulence level (TU) TU_OM//Y'\
are equal to, 300K, 1atm, 20.925m.s~ 1,
and 1%, respectively.

local convection heat transfer coefficients, hy;

surface average convection heat transfer coefficient over the entire
plate, h; and compare with the literature value; and

total heat transfer rate from the plate to the fluid, g.

v
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Exploring the Module — Application Examples

Module Application Example I: Module Application

Preliminary Calculations — Methodology

1. Calculation of the film Air T
temperature (mean boundary T, = 300K r m
layer temperature) — Ty T o9 mat

Too + Ts

= K
> 350

Tr =

2. Evaluation of fluid properties
at Tr =350K and p = latm

p = 0.9950kg.m~>

1 =2.0820 x 10~°N.s.m 2
¢, = 1.0090 kJ kg~ .K~!
kf =3.0x102W.m L K!

O O O O

3.

Evaluation of Reynolds and
Prandtl numbers, Re; and Pr
o ReL:L;‘)LzZXIOG’

o Pr= % ~ 0.70
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Exploring the Module — Application Examples

Module Application Example I: Module Application

Input Data: Physical Parameters

=]

Helf

Temperature Contours (colors), Velocity Profile (black) and Hydrodynamic Boundary Layer Edge (white line)

PN

Velocity Probe

Wall Thermal Conditions Physical Parameters

Plotting Parameters
oo Prandi Number= | 0.70
Student Name Blue - Input Tub_ Intensity= | 001 Runit! || GISF
Previous Run

Faster
—

Set Thermal BC's HTT | Track Particles

Slower
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Exploring the Module — Application Examples

Module Application Example I: Module Application

Input Data: Thermal Energy Boundary Condition at the Wall

=1

el
‘ BB Set Thermal Boundary Conditions [o]E e
Temperature Contours (colors) L N . S
Zone Min  xMax Temp Grad
1 [+ o000 1000 © S T= 10 +o00 X
2 [v 1000 1.000 x
3« [+ 1000 1.000 x
4 [+ 1000 1000 x
5 1000 1.000 . x
—
Setting Thermal Boundary Conditions:
Use scrollbars o spocify the downstream end (xMas) of up 1o five (5) zones.
0 L i ticall
Velocity Probe Wall Thermal Conditi O e R D I Dne e
. Xloc'n
v 0.000 = =
Student Name Blue - Inpu Run it | | S5 —

Previous s Run

HTT | Track Particles | | Siower
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Exploring the Module — Application Examples

Module Application Example I: Module Application

Start Simulation

[}

Helf

Temperature Contours (colors), Velocity Profile (black) and Hydrodynamic Boundary Layer Edge (white line)

PN

Velocity Probe
X

v

Student Name

Wall Thermal Conditions Physical Parameters

Plotting Parameters
XLoc'n Reynolds Number = | 2000000 e ety
10
0.000
Prandil Number 070
Blue = Input Turb. Intensity = | 0.01 —
Previous Run Set Thermal BC's Sowes
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Exploring the Module — Application Examples

Module Application Example |: Module Results

Module Results

BB Scundory Loyer ver s Heated Fot Plte BE_ )

File  Help Fechar

re Contours (colors), Velocity Profile (black) and ic Boundary Layer Edge (white line)

|
e o

I
|
|
N

Velocity Probe Wall Thermal Conditions Physical Parameters Plotting Parameters
X =

Xlocn dT/dy Temp. 2000000 IR
Y- ~ | yoo10
u- 0 as v 0.0

l
Susmane  gue-tapu Rt~ Ou oo
-
[ Provious Fun | [ Sot Thomaioes | = (same
Jmax = 251
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Exploring the Module — Application Examples

Module Application Example |: Module Results

Re-scaling plotted boundary layer parameters in the vertical direction

Helf

Temperature Contours (colors), Velocity Profile (black) and Hydrodynamic Boundary Layer Edge (white line)

Velocity Probe

Wall Thermal Conditions Physical Parameters Plotiing Parameter:

e XLoc'n Temp. Reynolds Number = | 2.000.000 (im0 Tty

g 55 245 < o0 »r 2

. 880 e L Prandtl Number = | 0.700

Runitl || %55
Student Name Blue - Input Turb. Intensity = | 0.0100 [
—
Previous Run Set Thermal BC's HTT [ Track Particles | [ Siower
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Exploring the Module — Application Examples

Module Application Example |: Module Results

Module Results

B Boundary Layer over a Heated Fiat Plate (=6 s

File  Help

Temperature Contours (colors), Velocity Profile (black) and Hydrodynamic Boundary Layer Edge (white line)

|
e o

-
Velocity Probe ‘Wall Thermal Conditions Physical Parameters Plotting Parameters
2= Xlocn di/dy Temp. Reynolds Number - | 2000000 Vi
Y= 00025 20

P q W
oo am s wm
Stims gt 00w sore
-
(mrm]  [oommses] = =
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Exploring the Module — Application Examples

Module Application Example |: Module Results

Module Results: Numerical Output Data

=]

Helf

Temperature Contours (colors), Velocity Profile (black) and Hydrodynamic Boundary Layer Edge (white line)

— u* (z* = 0.821,y* = 0.0025) = 0.740
e

Velocity Probe
X = 0821
Y= 00025
u=_ 0740

Student Name

(Point (z*,y*) selected

— «* = 0.550

Wall Thehmal Corditions

— 9L (@ =0550)| = -—2456.1

— T*(2* =0.550,y* = 0) = 1.0

with the mouse)

y*=0

(Specified Thermal BC)
0

Physical Parameters

[XTLocn ||aT/y || Teme:
0.550 _J|-2456.1)| 1.000

Blue = Input

Previous Run

Plotting Parameters

Reynolds Number = | 2.000.000 Vi
20
Prandil Number 0.700
Run it | | Asmate
Turb. Intensity = | 0.0100 o |
—
Set Thermal BC's HTT [ Track Particles | | Slower
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Exploring the Module — Application Examples

Module Application Example |: Module Results

Module Results: Graphical Output Data

-
Temperature Contours (colors), Velocity Profile (black) and Hydrodynamic Boundary Layer Edge (white line)
Ty )—
Thermal BL Edge: Top T* (z*,y*) = T&u .
Border of the Blue Region £—Component ml
Thrans.ena 0500 Velocity (u*) Profile B
Tirans,start (= 22) & 0.250 at x* = 0.550
Transi
o — \ nni
1 1
Vi PHysical Parameters Plotting Parameters
- Reynolds Number - | 2.000.000 Vi
V- 00025 2
o Prandil Numbor = | 0.700
P Tub Intensity = | 0.0100 Runit! || EI5F —
Velocity BL Edge: White (Black) |,,...... FTT [ TrackParticles | | Slower
Line When Pr <1 (Pr >1)
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Exploring the Module — Application Examples

Module Application Example I: Results Analysis (1/2)

1. and 2. local Nusselt number and convec. coeff. values, Nux and hy, respectively

Procedure: 1900 025 );; ZI 075 Lol
* . = s000f [——  Module Solution
1. Evaluate 2T° (x™) with the 1
y 22 6000 ]
o ly*=0 % oo Transition 1
module — using the on-screen £ ]
R . = 2000F ——
scrollbar or exporting the data file l ] |
2500 o™
2. Calculate NUX (X*)T _ 2000F Transition | 0™~
= 1s00f 4
7z -
* 1000F —  Module Solution ]
Ny (x°) = —x° oT (x*) sy B Pt Corion ||
x : a * 0
y y*=0 150
® — 125 —— Module Solution Bl
3. Calculate hy (x™) X | et Comeition
E 75 Transition
Nux (x*) .k z i
hx (X*) — % = asf
X L 0.0 0.5 L0 L5 20
x[m]
TThe minus sign in the Nuy equation is due to the normalization procedure for the temper-
ature (T*) considered in the program — see Slide 21.
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Exploring the Module — Application Examples

Module Application Example I: Results Analysis (2/2)

3. average convection heat transfer coefficient over the entire plate, hy

_ 1 [t _ 1
h == / he (x)dx = h. = / he (x*) dx*
L Jq 0

(x%)

y*=0

Where, hy (x*) = —kT’ %}—C:

Performing the integration: |E_ ~303W.-m . K' |
Comparing with literature data

Nuy, = (0.037Re,‘f/ 5 - A) Pr*/? with A =0.037Re}/? — 0.644Re}/?

Considering x; = 0.25 = Rexc =5 x 10° :>|EL ~425W.-m % K! |

————————————————————————————————————————————
4. total heat transfer rate from the plate to the fluid, g
g =AshL. (T, — Too) = 8.0 x 30.3 x (400.0 — 300.0) < [ q = 24.24 kW
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Exploring the Module — Application Examples

Module Application Example Il: Problem Statement

stream and thermal conditions of Example

I. However, consider the flow aligned with Air \
longer plate length. T = 30K ‘4

Poo = Latm
oo = 20,925 .5~ y
TU =001 R

Consider the same plate and the same free N

Calculate the following using the module:

1. position from the plate’s leading edge where the laminar regime
ends, xc;

2. local convection heat transfer coefficients, hy, and compare with
the corresponding results of Example I;

3. surface average convection coefficient over the entire plate, h;: and

4. total heat transfer rate from the plate to the fluid, g.
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Exploring the Module — Application Examples

Module Application Example Il: Module Application

Preliminary Calculations — Methodology

1. Calculation of the film » = 400K

temperature (mean boundary @‘Ar im

NS
layer temperature) — T¢
Air \
T + T. -

Tf:%zssoK potam =
e s

2. Evaluation of fluid properties

at Tr =350K and p = latm
3. Evaluation of Reynolds and

p = 0.9950kg.m~> Prandtl numbers, Re; and Pr
w=2.0820 x 10~*N.s.m? oL 6

¢p = 1.0090kJ kg1 K © Rep = 222~ 410
ke =3.0x1072W.m~' K! o Pr="52~0.10

O O O O
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Exploring the Module — Application Examples

Module Application Example |l: Module Results

Module Results: Graphical Output Data

B Boundary Layer over a Heated Flat Plate

P )

File  Help

Boundary Layer Edge (white line)

Temperature Contours (colors), Velocity Profile (black) and

Velocity Probe ‘Wall Thermal Conditions Physical Parameters Plotting Parameters
. T N
v R omo -
‘Student Name Blue = Input Red = Output 0.0100
[ Previous Run | set ThemaiBe's |
—
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Exploring the Module — Application Examples

Module Application Example II: Results Analysis (1/2)

1. position from the plate’s leading edge where the laminar regime ends, xc

x; 2013 = xe =x]L =013 x4 ¢ |x =0.52m|

2. local convection heat transfer coefficients, hy

The procedure to evaluate the local convection heat transfer coefficients is described

in Slide 33.
150 I I 150 I I
[ | == = Application Example I B t = = Application Example I - h
125 ——  Application Example 1T 125 —— Application Example I - h
_ = —— Application Example II - h
¥ 100} B v‘-‘ 100} = — B
: . £ g*
o D =
E E : 25 E’ ]
< i
E Ji= 50 = ; s
= e ] = LS e
B 251 =
'l 0
0.0 0.2 0.5 0.8 1.0 0.0 1.0 2.0 3.0 4.0
x* -] x[m]
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Exploring the Module — Application Examples

Module Application Example II: Results Analysis (2/2)

3. surface average convection coefficient over the entire plate, Ay

L 1
ﬁ,_:%/ hx(x)dx:>E,_:/ hx(x*)dx*@|EL%29.5W-m72-K71|
0 0

For the current module application example h; is lower than for the Application
Example 1 (29.5 vs. 30.3W -m™2.K™!). This is observed because at a distance of
2m from the plate’s leading edge the boundary layer is already fully turbulent and
in this regime the local convection heat transfer coefficient decreases as the distance
increases.

4. total heat transfer rate from the plate to the fluid, g
q=Ash.(Ts — Too) = 8.0 x 29.5 x (400.0 — 300.0) < | g = 23.60 kKW

Since (h.) () th
ince ( hL g Bx. 1 > (he App. B 11 en (@) app. mx.1 > (D app. Bx. 11
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Useful Relations

: : Dimensionless variables
Dimensionless Numbers

L] X* =X
e Re — Pusol _ uscL __ Inertia Forces L
L= ", = Tu T Viscous Forces " y
[ ] y =
e Pr— Y — #Cp __ Momentum Diffusivity L
~ a = kg — Thermal Diffusivity oyt = L
Uso
T * x*.L.h
o Nuy, = —x*. 2 x*) = =i = o vyt = v
X 8y* y*=0( ) k, Uoo
Convection Heat Transfer ol ow T(x*y* )T
Conduction Heat Transfer ) o T (X Y ) = T'*_—Too

e Thermal boundary condition for an isothermal surface — T* =1

e Velocity boundary layer thickness (§) — distance from the wall
(y—direction) at which u(x,9) /us = 0.99

e Thermal boundary layer thickness (J;) — distance from the wall
(y—direction) at which [T (x,0;) — Ts] / (Too — Ts) = 0.99
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