CM3120 Module 2 Lecture V 2/3/2021

Unsteady State Heat Transfer

I.  Introduction

Il.  Unsteady Microscopic Energy Balance—(slash and burn)

Ill.  Unsteady Macroscopic Energy Balance

IV. Dimensional Analysis (unsteady)—Biot number, Fourier
number

V. Low Biot number solutions—Lumped parameter analysis

VI.  Short Cut Solutions—(initial temperature Tj; finite h),
Gurney and Lurie charts (as a function of position, m =

1 . .
BY and Fo); Heissler charts (center point only, as a

function of m = 1/Bi, and Fo)
VII. Full Analytical Solutions (stretch)
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CM3120: Module 2

In the last lecture, we found
that Dimensional Analysis

. Dimensional Analysis
helped us to organize our Fov Usteady Scata Hledt
“tool belt” for engineering ikt

problem solving.
Professor FaithA. Morrson
P Departmeant of Chemical Enginesring
Michigan Technological University

e, chem.miu, edu/~fmarriso/em3120/£m3120, him!

For Unsteady Heat Transfer How can we
problems, we added two organize our tool
. . ?
dimensionless numbers, the L
. . What is our usual
Biot number (bee oh) Bi and strategy for complex
phenomena?

the Fourier number Fo

Answer: Dimensional
Analysis

v’ Let’s nondimensionalize the governing equations and BCs.
v’ Let’s sort out the various unsteady cases.
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Unsteady State Heat Transfer in a Body

Two Additional

‘momentum

D /k (due to conduction) and
1/h, the resistance at the phase . Nusselt—f
boundary (due to convection) $h — Sherwood = 22

These numbers are defined to help
us build transport data correlations
based on the fewest number of
grouped (dimensionless) variables
(scenario properties).

¥
f — Friction Factor = 794
Zpv2)a,

B

Dimensionless energy Dimensionless Numbers
_ ﬂ D
N u m be rs Re = Reynolds These numbers from the governing
Fr — Froude = — equations tell us about the relative
é pVD vp importance of the terms they precede
Pe — Péclet, = RePr = i i i
. : hD h h in the mlcm’scoplc ba}anoes
Bl — BlOt Number — ——char Pe — Pédlety, = ReSc = Y2 (scenario properties).
k
e Pr — Prandtl EL" v These numbers compare the
Qua ntifies the tradeoffs S; SZ::udt LePr S magnitudes of the diffusive
. . PDAE transport coefficients v, a, D,
between the internal resistance Le - Lewis = % (material propertes)

at

Fo — Fourier Number =

char
Scales the time evolution of the temperature profile relative to the

material’s thermal properties, & = k/pép (thermal diffusion time).
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We indicated that there are

three ranges of Biot number to
consider:

Bi — Biot Number = %D

— Dchar/k

Bi 1/h

At high Bi, the surface temperature
equals the bulk temperature; heat
transfer is limited by conduction in
the body.

High Bi:
low k,
high h

At moderate Bi, heat transfer is
affected by both conduction in the
body and the rate of heat transfer to
the surface.

Moderate Bi:
nether process

dominates

At low Bi, the temperature is
uniform in a finite body; heat
transfer is limited by rate of heat
transfer to the surface (h).

Low Bi:
high k,
low h

We now explore these ranges
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Bi — Biot Number = hT

Bi = Dchar/k
1l=—
1/h

D Quantifies the tradeoffs between the
resistance to heat flow (due to conductivity,
D/k) and the resistance to heat flow at the
boundary (1/h)

At high Bi, the surface temperature

This is called a “lumped para

When the temperature is uniform in the
body, we can do a macroscopic energy
balance to solve many problems of interest.

meter analysis.”
U0 C

T = T(t)

ow Bi, the temperature is
uniform in a finite body; heat
transfer is limited by rate of heat
transfer to the surface (h).

Low Bi:
high k,

low h
/
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Unsteady State Heat Transfer: Ranges of Biot Number

. Low Bi:
Lumped parameter analysis high k,
negligible internal resistance
(neglig ) low h
At low Bi, the temperature is
uniform in a finite body; heat (Because of irregular shapes...)
transfer is limited by rate of heat
transfer to the surface (h). This is always the D¢pq, we use for the

Biot number in lumped parameter
analysis. We use different Dy 4, in
other cases, however.

volume  Vgys

D = =
char,LP area Asys

Bi,p = Moys
LP =71
kASyS
The test for applicability of _ hVsys
Ble = < 01
the lumped parameter kAsys
analysis is: .
© Faith A. Morrison, Michigan Tech U.
Unsteady State Heat Transfer: Low Biot Number hV.
Bi,p = —2~
Example: Quench cooling of a manufactured part. Lp kASyS

If a piece of steel with T = T, is dropped into a large, well stirred
reservoir of fluid at bulk temperature T, what is the temperature of
the steel as a function of time?

* k = large, which means that
there is no internal resistance to T=T()
heat transfer in the part

» Therefore, we are NOT
calculating a temperature profile
(internal T is uniform)

+ = Use Unsteady, Macroscopic

O EEIETED Fluid temperature= T,,
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Unsteady State Heat Transfer: Low Biot Number

Unsteady Macroscopic Energy Balance

see Felder and Rousseau

balance over
time interval At W At Macroscopic
s,on
control volume

2 2
. A V . A A%
ml-n[H + e} + ng At mou{H + 5 + gz] At
in out
G J
Y Y
amount of amount of
energy that Q At energy that exits
enters with the mn with the flow
flow between t between t and
and t + At t+ At
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Unsteady State Heat Transfer: Low Biot Number

Unsteady Macroscopic Energy Balance

accumulation = input — output

d .
E (Usys + Ek,sys + Ep,sys) = —AH — AE} — AEp + Qin + Wson

Background:

pages.mtu.edu/~fmorriso/cm310/IFMWeb

AppendixDMicroEBalanceMorrison.pdf 10
Felder and Rousseau, Chapter 11 © Faith A. Morrison, Michigan Tech U.
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Unsteady State Heat Transfer: Low Biot Number

Unsteady Macroscopic Energy Balance

accumulation = input — output

d .
% (Usys + Ek,sys + Ep,sys) = —AH — AEk - AEp + Qin + VVs,on

T =T(t)

You try.

Fluid temperature= Ty,
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Unsteady State Heat Transfer: Low Biot Number T =T(t)

Unsteady Macroscopic Energy Balance

Fluid temperature= T,

accumulation = input — output

d .
% (Usys +>¥y5 +>&\sys) = _R_I - &ﬁ_ }E&-l' Qin + %n

negligible no flow no shafts
. . . d US S .
For negligible changes in E,, and s _ Q
Ey, no flow, no phase change, no dt m
chemical reaction, and no shafts: dT.
A sys
p Vsys Cv dt - Q in

~

~ A . . . 12
Gy = C, for liquids, solids © Faith A. Morrison, Michigan Tech U.
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Unsteady State Heat Transfer: Low Biot Number T =T7(1)

Unsteady Macroscopic Energy Balance

HOW do we quantify the Fluid temperature= T,
heatin Q;,?

%(Usys +}>sz +};\sys) = —\3{1 - &i_ k’i& %&n

negligible no flow no shafts

For negligible changes in E, and dUSY S _ 0.
E}, no flow, no phase change, no dt mn
chemical rxn, and no shafts:

darT.
A sys
pVs sz = Qin
Y dt
C, = C,, for liquids, solids © Faith A. Morrison, Michigan Tech U.
accumulation =

Unsteady Macroscopic Energy Balance

input — output

Q;n = Heat into the chosen macroscopic control volume

d .
E (Usys + Ek,sys + Ep,sys) = —AH — AEk - AEp + Qin + VVs,on

Oin = X Qin,i cOMes from a variety of sources:
* Thermal conduction: q;, = —kA%
* Convection heat xfer: |q;,| = |hA(T, — T)|
* Radiation: ¢q;;, = SO-A(Tstrroundings - Ts‘tu“face)
* Electric current: q;, = I?RgjocL

* Chemical Reaction: qin, = SyxnVsys

energy

S[=]

pages.mtu.edu/~fmorriso/cm310/IFMWebAppendixDMicroEBalanceMorrison.pdf
Incropera and DeWitt, 6t edition

time volume

14
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accumulation =

Unsteady Macroscopic Energy Balance '
input — output

Q;n = Heat into the chosen macroscopic control volume

d .
E (Usys + Ek,sys + Ep,sys) = —AH — AEk - AEp + Qin + VVs,on

‘ Oin = X Qin,i cOmes from a variety of sources:

, . dT
Signs must mmsp ¢ Thermal conduction: q;, = —kAd—
match transfer x
from outside ™= < Convection heat xfer: |g;,| = [RA(T, — T)]|

>

(bulk fluid) to - _ 4 4 3
inside (metal) * Radiation: Qin = SO-A(Tsurroundings - Tsurface) e
(]

; C o — ]2 o

* Electric current: g, = [“RgjecL 5

. . =

* Chemical Reaction: qin = SyxnVsys g

2

ener S

Sl 2

time volume <

pages.mtu.edu/~fmorriso/cm310/IFMWebAppendixDMicroEBalanceMorrison.pdf ) %
Incropera and DeWitt, 6t edition 1 "@'3

d
Unsteady Macroscopic Energy Balance i (Usys + Ersys + Epsys
= —AH — AEy — AE, + Wson

Qin = Xiqin; comes from a variety of sources:

. dr
* Thermal conduction: q;, = _kAE

e.g. device held by bracket; a solid phase that extends through
boundaries of control volume

* Convection heat xfer: |q;,| = |hA(T, — T)|

e.g. device dropped in stirred liquid; forced air stream flows past,
natural convection occurs outside system,; phase change at boundary

e _ 4 _ 4

* Radiation: 9din = gdgA (Tsurroundings Tsurface) S-B constant:
e.g. device at high temp. exposed to a gas/vacuum; hot enough to o= 5-6‘; 6 X
produce nat. conv.=possibly hot enough for radiation 1078 oy

* Electric current: q;, = I’R,..L

e.qg. if electric current is flowing within the device/control volume/
system

Chemical Reaction: q;, = S;xnVsys

e.g. if a homogeneous reaction is taking place throughout the

device/ control volume/system i,

© Faith A. Morrison, Michigan Tech U.




CM3120 Module 2 Lecture V 2/3/2021

accumulation =

Unsteady Macroscopic Energy Balance '
input — output

Qin = Heat into the chosen macroscopic control volume

d .
E (Usys + Ek,sys + Ep,sys) = —AH — AEk - AEp + Qin + VVs,on

Oin = X Qin,i cOmes from a variety of sources:

X ¢ Thermal conduction: gq;;, = —kA%

v« Convection heat xfer: |qin| = |RA(T, —T)|

F . — 4 4
X « Radiation: ¢q;, = SUA(Tsurroundings - Tsurface)

X « Electric current: q;, = I?Rgj0cL

X * Chemical Reaction: qj, = SyxnVsys

energy

S. =] ———
ranl time volume

pages.mtu.edu/~fmorriso/cm310/IFMWebAppendixDMicroEBalanceMorrison.pdf

Incropera and DeWitt, 6t edition v

© Faith A. Morrison, Michigan Tech U.

Unsteady State Heat Transfer: Low Biot Number T =T()
Unsteady Macroscopic Energy
Balance Applied to cooling steel part:
Fluid temperature= T,
A deyS _ .
stys 14 dt - Qin
\ J
The temperature
changes in the part The heat loss depends on
are due to the heat the heat-transfer
loss coefficient from the part to
the environment
Qin = Ah(Too - T)
C, ~ €, for liquids, solids © Faith A. Morrison, Michigan Tech U.
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Unsteady State Heat Transfer: Low Biot Number

T=T()

Unsteady Macroscopic Energy
Balance Applied to cooling steel part:

. dTyys
P Vsys Cp dt
\ J
The temperature Y

changes in the part
are due to the heat
loss coefficient from

Fluid temperature= T,

The heat loss depends on
the heat-transfer

the part to

the environment

Qi

= Ah(T,, — T)

You solve.

19
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Unsteady State Heat Transfer: Low Biot Number

T =T()

Unsteady Macroscopic Energy
Balance Applied to cooling steel part:

Fluid temperature=T,,

(Too — TO) a

Vys =V

(=) =~
NT.—-Ty)~  \p

hA )
A t
G,V

20
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Unsteady State Heat Transfer: Low Biot Number

T=T()

Unsteady Macroscopic Energy

Balance Applied to cooling steel part:

Fluid temperature= T,

-1 _
(Too - TO) B

hA )t
pCpV Vsys =V

(=)~ (ar)
NTe-To)) ™ " \0Gv

In dimensionless form? M)

21
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Unsteady State Heat Transfer: Low Biot Number

Unsteady Macroscopic Energy Balance
Applied to cooling steel part:

Bijp =

hVyys T=T()
kAgys

hA
T -1 _ i)t

Fluid temperature= T,

(Too - TO) -
hAt  (h 4 A .
pC, vV \k)\pC,)\V
LP good for:
Bi;p < 0.1

e hD
Bi — Biot Number = %

at

2
char

Fo — Fourier Number =

__volume V  thermal
Depar = " area = A diffusivity
k

a —
PGy

22
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Unsteady State Heat Transfer: Low Biot Number

Unsteady Macroscopic Energy Balance
Applied to cooling steel part:

Bijp =

hVsys T=T()
kAsys

_Te—=T) _ _BiFo
(Too - TO)

Geankoplis p359

Y

Lumped parameter analysis:

LP good for:
Bi;p < 0.1

' : hD
Bi — Biot Number = ;har =

at

2
char

Fo — Fourier Number =

Fluid temperature=T,,

Lumped parameter

analysis

_ volume V  thermal

char = 'cirf area A diffusivity
k

@ ===

PGy

23
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Unsteady State Heat Transfer: Ranges of Biot Number
. Low Bi:
Summary Lumped parameter analysis high k,
ligible int | resist:
(negligible internal resistance) low h
At low Bi, the temperature is
uniform in a finite body; heat
transfer is limited by rate of heat
transfer to the surface (h). This is always the D¢pq we use for the
Biot number in lumped parameter
analysis. We use different D 4, in
other cases, however.
@ Bigp = Msys
LP =
kAgys
The test for applicability of . hVsys
Bip = <0.1
the lumped parameter kAsys
Two things to remember analysis is:

about lumped parameter
analysis:

Vv
1. Dchar,LP = X

2. Only valid for Bijp < 0.1

Third thing: D, is
different for other ranges

L of Biot number Bi.

24
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We indicated that there are

three ranges of Biot number to
consider:

At high Bi, the surface temperature
equals the bulk temperature; heat
transfer is limited by conduction in
the body.

Next: Moderate and High
Biot number behavior

Bi — Biot Number = o

s Dchar/k

Bi = 1/h

High Bi:
low k,
high h

At moderate Bi, heat transfer is
affected by both conduction in the
body and the rate of heat transfer to
the surface.

Moderate Bi:
nether process
dominates

At low Bi, the temperature is
uniform in a finite body; heat
transfer is limited by rate of heat
transfer to the surface (h).

We now explore these ranges

Low Bi:
high k,
low h

hD
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