Heat and Mass Transfer
ME-341

Instructor: Giulia Tagliabue

Spring Semester




Heat Diffusion and Boundary Conditions (W1L2-3)
a Heat Diffusion Equation without Heat sources (W1L3-4; W2L1)

Thermal Resistance & Overall Heat Transfer Coefficient
Bi number

d Thermal Circuits
@  Heat Diffusion WITH Heat Sources (W2L2-3)

Learning Objectives:

Solve 1D&2D steady state heat transfer problems with/without heat sources
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Heat Diffusion Equation - 3D

1stlaw: 0 = W+E, ar
: =Q-W+ gen —MC—

Q>0

Non-isothermal!

. oT
Fourier law: 0 = J (\7 - (kVT)+ q—pc E) dR
V

-:T= k7T

There is a heat

e ?ur;z,:i:‘r*iwrw q 1 aT
N istributed through R Vz T _I_ — ==
Q<0 k «aodt

Assumption 1: incompressible medium

Assumption 2: medium at rest (no convection) k m2
Assumption 3: isotropic material a = — = thermal dif fusivity [—]
Assumption 4: k is independent of T pc S



Heat Diffusion Equation — Boundary Conditions

/B.C. of the 2" kind (Neumann condition):
known heat flux
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(adiabatic/symmetry)

'B.C. of the 1t kind (Dirichlet condition); A
constant surface temperature
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Heat Diffusion Equation - 3D

Non-isothermal!

24

'?= -k 7T

There is a heat

Lo 3
source, g (r ) Wim
distributed through R

Assumption 1: incompressible medium
Assumption 2: medium at rest (no convection)
Assumption 3: isotropic material

Assumption 4: k is independent of T

To solve the equation we need:

 |Initial condition: T(t = 0) = T;(x, y, z)
« Boundary conditions

Assumption 5: steady-state (d/dt = 0)

Assumption 6: no heat sources (¢4 = 0)

VT =0



Heat Diffusion Equation - 1D, steady-state, no-heat sources, Dirichlet’s BC

N N
" Planar Wall h Radial System
T2 - T1 _ Tl o TZ o
rx) = L 5= 1 ) In(ry /173) In 2 o
Ty @ :
— _>Q, q L= length
Ty | I3
0 L o :
_dT kA _ _ 09T k@D (T, —Ty) _
Q = _kAE = _T(TZ —T;) = const Q = _kAE = _ln(rl/rz) Pz = const
Y q" = Q/A = const ) \_ q=Q/(2mrl)=q"(r) # const Y,




Thermal Resistance and Overall Heat Transfer Goefficient

Planar Wall Radial System
_ (Tl,s _ Tz,oosur)

° Ren Conduction: & %
Q=’ Convection: 1 !
T, A A N Ty sur hA h2nrL
1 1
R Radiation: hoA )
Rip = RenA theyl = ReneyilL

Itis valid ONLY if g = O
(no heat sources) Overall heat transfer coefficient: U =

R A




Thermal Circuits

Rseries = Ry + Ryo+.. = Z R;

1 1

_1 1 b= Z 1
Rparallel Rl RZ h Ri

Kirchoff's 1t Law:

ZQi=0

Q; > O enters
Q; < 0 exits



Heat Diffusion Equation - 1D, steady-state, WITH heat sources

: 2

q X Tz_Tlx T1+T2
T(x) ==—L%1—-— —
&) =2k ( L2>+ 2 L 2

LIy G SV Bt | I
Q= ox PRI TR i)

The heat transfer rate is not constant!
It depends on the position along x.

AT

Q(x) iR_th

The electrical analogy fails!
We cannot use the thermal resistance concept in layers with heat sources.




Heat Diffusion Equation - 1D, steady-state, WITH heat sources

s 2
_q 2 X Tz—Tlx T1+T2
q#0|q=0 T (1_L2)+ 2 L 2

ko -

Ty T,
— X
L L L+t
Q = gL We can draw an equivalent electrical circuit only
;;u\/\/\rg ) for the layers WITHOUT heat sources.

Layers WITH heat sources inject into the
T, T, equivalent circuit a certain Q
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This Week

O Heat transfer from extended surfaces (Fins)
O Fins Performance
O Array of Fins

Learning Objectives:
O Understand the concept of fins

O Calculate the temperature profile in fins with constant cross-section

O Calculate the performance of a fin-based system
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This Lecture

Learning Objectives:

O Heat transfer from extended surfaces (Fins)

O Understand the concept of fins
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Heat Transfer from Extended Surfaces

Case 1

Ty

I

N

|dentify the thermal resistances

Indicate with an arrow the direction of the conductive heat
transfer rate and the convective heat transfer rate

Draw the electrical circuit equivalent to each problem
Sketch T(x) in the solid
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responseware.eu
Heat Transfer from Extended Surfaces SessionID: me341

Case 1
T(x) Too
T1
Did you draw this thermal circuit and T profile?
"
——) —
0 L X
A Yes 25% 25% 25% 25%
B No
4\/\/\/__/\/\/\/_ C Correct T profile only
D Correct circuit only
R cond R conv - '
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Heat Transfer from Extended Surfaces

Case 2 T

* |dentify the thermal resistances
* Indicate with an arrow the direction of the nl h T,

conductive heat transfer rate and the

convective heat transfer rate T, q=0 k It ]n
» Draw the electrical circuit equivalent to 0 y . L " X

each problem ]n

Too

« Sketch T(x) in the solid

Hypothesis: the thickness t of the solid is so
small or the thermal conductivity k so high that
the temperature is uniform along the y-
direction, i.e. T = T(x)
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responseware.eu
Heat Transfer from Extended Surfaces SessionID: me341

h h
T(X) Teo Teo
- T
0 I L X 0 L X
T, Too

—ANN— W\~ 5Rcond% % %
Rcond Rconv 6Rconv$ $ $

A. A LT T R R
What electrical circuit B. B
and T profile did you C. Something in between
draw? D. None of these
E. | could not draw these quantities
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Heat Transfer from Extended Surfaces

Case 1 Case 2 T

h
T(x) To Too

T1 1 )

T1 ~~~__--:|-_()E) _‘
h —————
— —— 0 L X
X
0 L T

5Rcond
® —"\\\—W—= _W\? MéAé M—W\—
Rcond Rconv SR

conv
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Heat Transfer from Extended Surfaces

Too
h
To
Based on our hypothesis, the temperature of the Tttt 11
solid is uniform along the y-direction hence at T. oo T(x) ? J =
any position along x, the surface and the bulk P T ———
have the same value, i.e. T = T(x) = T,(x) o +#4 4 # a X
Too
L )
As we move along the solid, part of the SRy
heat is removed by convection. Hence — 0

the heat transfer rate by conduction
along x decreases. 3 3 3
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Heat Transfer from Extended Surfaces

T

n _ 3 h

q =h(Ts(x) —Te) X T5(x) — T T
As the temperature of the solid e T(x)
decreases and gets more similar to the T1 ____________ _‘*
fluid temperature, T, the heat flux by 3 3 &= X
convection decreases 0 ’ " h L
Too
T 2 o
As we move along the solid, part of the SRy
heat is removed by convection. Hence — v

the heat transfer rate by conduction
along x decreases. 3 & =
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responseware.eu
Heat Transfer from Extended Surfaces SessionlD: me341
Verify that the total heat transfer rate Qx is lower than the
q=0 T, required one.
k
M What can you do to solve the problem?
h Note that the physical dimensions (H,W,L) and the material (k) cannot be
changed because of structural reasons.
0 L
T, = 600C T, =5C o Jogging
h =50W/m?K k = 0.5W/mK ¢ weight ing
H = 2m W = 1m L= 0.5m video games

SWimming rock climbing
Qr = 1167W < Qrequired = 1500w
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Heat Transfer from Extended Surfaces

T1 Tb
- N
' M
' h

0 L

In many technical problems, T; and R,,,4 are fixed by the
operating conditions and the mechanical requirements of a
structure. Then the heat transfer rate is primarily controlled by
convection. If we need to increase Q,. then we can:;

() decrease T;

(i) decrease R ony = 1/n4 by increasing h or A.
Decreasing T,, and increasing h can have a high energy cost
so we increase A by adding a fin.

1
Reona = E Reony = h_A
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Heat Transfer from Extended Surfaces

T —
i e e ||
N { h
0 ]
| » D |
i Rcond Rconv i

4,
0
o Agin T
1 " *® o = i
s T(x)
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Heat Transfer from Extended Surfaces

To
— h
q = h (Ts(x) o TOO) X Ts(x) — T Te
As the temperature of the solid R T(x)
decreases and gets more similar to the T1 ____________ _‘*
fluid temperature, the heat transfer rate 3 3 &= X
by convection decreases 0 3 ‘th L
To
Q=hA(T, —Ty,) x A T o o
5RCOTl
Increasing the surface area, the total heat = : ?
transfer rate increases
6RCOT7.U
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Heat Transfer from Extended Surfaces

0
Ir " 1' ﬁt * 2 = 9
T | e
B e J‘[ h 0 383 ;l* - X
0 ] .

The fin has a more complex behavior than the simple planar
system because heat transfer by conduction and convection
occur along different directions and are interdependent. Hence
a simple equivalent electrical circuit cannot be immediately
identified.
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Heat Transfer from Extended Surfaces

Tw
1K
Afin tf T o = Too
o Bees T B0l
499 0 “I‘I;’L X




Heat Transfer from Extended Surfaces

A o
0
. h Afin T
q :h(Ts(x)_Too)ocTs(x)_Too ﬂﬁﬁl‘ﬁta >
B T1 LL\‘*—-I.()E)______F
Q=hA(Ts —Te) X A=Ay + Asipy EERAad X
h
Too

It is necessary to optimize the fin in order to maximize the advantage of adding extra surface
area (Ar;,) without wasting material (beyond a certain length L, the temperature difference will be
so small that the heat transfer becomes negligible)
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Heat Transfer from Extended Surfaces

Liquid flow

Gas flow

Radial Fins Planar Fins

It is necessary to optimize the fin in order to maximize the advantage of adding extra surface
area (Ar;,) without wasting material (beyond a certain length L, the temperature difference will be
so small that the heat transfer becomes negligible)
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Heat Transfer from Extended Surfaces

R
/ A
N
AN |
/s )/ ” @ »‘
7 =
|| - ~_ ||
L ., L . L.,

What is the temperature profile along the fin, T = T (x)?
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This Lecture

Learning Objectives:

@ Heat transfer from extended surfaces (Fins)

Understand the concept of fins
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Next lecture

O Heat transfer from extended surfaces (Fins)

O  Boundary Conditions and Temperature Profiles

Learning Objectives:
O Calculate the temperature profile in fins with constant cross-section
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