Module 2: Lecture lll Unsteady Macroscopic

Energy Balance

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 Ty; 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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Another tool for our problem-solving tool belt...

CM3120 Transport/Unit Operations 2

Module 2, Lecture Il

Unsteady Macroscopic
Energy Balance

Professor Faith A. Morrison

Department of Chemical Engineering
Michigan Technological University
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Module 2: Lecture lll Unsteady Macroscopic

Energy Balance

Unsteady Macroscopic Energy Balance

Unsteady Macroscopic Energy Balance

see Felder and Rousseau Ch 11

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 Macroscopic Energy Balance

_| Macroscopic |__

control
Unsteady Macroscopic Energy Balance volume

accumulation = input — output (single phase)

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

Background:
pages.mtu.edu/~fmorriso/cm310/IFMWeb
AppendixDMicroEBalanceMorrison.pdf
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Module 2: Lecture lll Unsteady Macroscopic
Energy Balance

For what type of question would
we favor a macroscopic control volume

Macroscopic
control

volume?

Unsteady Macroscopic Energy Balance

Unsteady Macroscopic Energy Balance

see Felder and Rousseau
balance over
time interval At W At

Macroscopic
control volume

2 2
n%in[H + VE + gzj At o H + V? + gz] At
in out

amount of amount of
energy that Q At energy that exits
enters with the n with the flow

flow between t between t and
and t + At t+ At
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Compare choosing a micro CV toa macro CV in
fluids problems (momentum transfer):

Microscopic control volume

EXAMPLE 1: Flow of a
Newtonian fluid down
an inclined plane

«fully developed flow
~steady state
«flow in layers (laminar)

| Macroscopic control volume

Momentum Balance

Calculate the force on a reducing bend

Assume:

« steady state
* turbulent ~
* neglect gravity

fluid density, p,

fluid density, p;

I
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Module 2: Lecture lll Unsteady Macroscopic

Energy Balance

Compare choosing a micro CV t
steady heat transfer problems:

Microscopic control volume

| 1D Heat Transfer

Example 1: Heat flux in a rectangular solid —

Temperature BC
What is the steady state temperature

Assumplions: profile in a rectanguiar siab if one side
swide, tall slah is held at T, and the otherside is held
-steady state atT,?

The Simplest He:

oa macro CVin

Macroscopic control volume

at Exchanger:

T1> Tz Another way of looking at it:
Can do three balances: 111: ffffffffffff
1. Balance on nside |} Inside
COLD the inside 1 System
SICE system Tyt 4 |7y How much
2. Balance on Rl it H heat transfers
the outside [ 1 * S from the
system i 5 .
3. Overall n Outside | Moussige outside region
balance System ] to the inside
) region?

,,,,,,,,,,,,,,,

inside _ - outside
[ Qin =Q= _Qin ]
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For what type of question would
we favor a macroscopic control
volume?

_| Macroscopic | ..
control
volume

Unsteady Macroscopic Energy Balal

nce

* Not seeking

temperature field Unsteady Mac

roscopic Energy Balance

(profile, distribution)

* Details inside the CV
are not relevant (e.g.

balance over

time interval At W At
s,0n

see Felder and Rousseau

Macroscopic
control volume

amount of

uniform temperature ] §
expected (2
i ) min[H + L gz | A
e Shapeof CVis 2 .
complex (makes amount of
microscopic energy that

enters with the
flow between t
and t + At

approach unviable)

energy that exits
with the flow
between t and
t+ At

QinAt
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Module 2: Lecture lll Unsteady Macroscopic

Energy Balance

Unsteady Macroscopic Energy Balance

~_| Macroscopic

control
Unsteady Macroscopic Energy Balance volume

accumulation = input — output (single phase)

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

~_| Macroscopic
- control
Unsteady Macroscopic Energy Balance volume

accumulation = input — output (single phase)
d :
E (Usys + Ek,sys + Ep,sys) = —AH — AE} — AEp + Qin + Wson

We can identify the questions that allow us
to eliminate (slash) or evaluate each term.
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Module 2: Lecture lll Unsteady Macroscopic

Energy Balance

Unsteady Macroscopic Energy Balance

| Macroscopic | ___
: control
Unsteady Macroscopic Energy Balance volume

accumulation = input — output (single phase)

R i

often no shafts
negligible
9 no flow (no pump,
turbine,

mixing shaft)
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Unsteady Macroscopic Energy Balance

~_| Macroscopic |_
: control
Unsteady Macroscopic Energy Balance volume

accumulation = input — output (single phase)

B k\m)—\s{z &;< \xcgm hen

often no shafts
negligible o flow (no pump,
turbine,
Has there been mixing shaft)
phase change,
chemical rxn,
temperature
change?
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Module 2: Lecture lll Unsteady Macroscopic

Energy Balance

Unsteady Macroscopic Energy Balance

~

C, =

Unsteady Macroscopic Energy Balance

phase change,
chemical rxn, d US ys

temperature dt =P VSYS
change?

Cp for liquids, solids

| Macroscopic |___

control
volume

accumulation = input — output

(single phase)

B k\m)-\s{z &;< \xcgm hen

often

negligible
no flow

Has there been

. dT
C. =

Vdt

no shafts

(no pump,
turbine,
mixing shaft)
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Unsteady Macroscopic Energy Balance

C, =

Unsteady Macroscopic Energy Balance

Cp for liquids, solids

~—| Macroscopic |

control
volume

How do we quantify the
heatin Q;;,?

often
negligible
no flow
= Vol = 0,
= PVsystv gn = Msystv In heat-transfer

problems, there is
often heat-in, Q;,,

(single phase)

& W+ B X@s)—\q &Q \x&%\

no shafts

(no pump,
turbine,
mixing shaft)
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Module 2: Lecture lll Unsteady Macroscopic

Energy Balance

Unsteady Macroscopic Energy Balance accumulation =

input — output

Qin = Heat into the chosen macroscopic control volume

d .
a (Usys + Ek,sys + Ep,sys) = —AH — AEk - AEp + Qin + I/Vs,on

@ 2 Qin,i comes from a variety of sources:

* Thermal conduction: q;, = —kAZ—i

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

iation- - 4 4
* Radiation: qin = EGA(Tsurroundings - Tsurface)

* Electric current: q;, = I?RgjeclL

* Chemical Reaction: qin = SyxnVsys

5[] energy
X time volume

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

Incropera and DeWitt, 6t edition 1
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Unsteady Macroscopic Energy Balance accumulation =

input — output

Qin = Heat into the chosen macroscopic control volume

d .
a (Usys + Ek,sys + Ep,sys) = —AH — AEk - AEp + Qin + I/Vs,on
Oin = 2. Qin,i comes from a variety of sources:
Signs must

. dr
match transfer ™= * Thermal conduction: g = —kA—~

from outside

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

CV (e.g. bulk
LI i s * Radiation: ¢q;;, = EO—A(Ts‘eroundings - Ts‘ﬁu’face)
CV (e.g. metal)

* Electric current: q;, = I?RgjeclL

* Chemical Reaction: qin = SyxnVsys

energy

S. =] —
*nL L time volume

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

Incropera and DeWitt, 6t edition 1
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Module 2: Lecture lll Unsteady Macroscopic

Energy Balance

d
Unsteady Macroscopic Energy Balance i (Usys + Ensys + Epsys

= —AH — AEy — AE, + W on

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

P _ 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 .

© Faith A. Morrison, Michigan Tech U.

CM3120 Module 2—Cooling of a recently manufactured part

Example: Brass parts (oddly shaped, mass M with surface area S) are
ejected at regular intervals from a machine that fabricates them. When
ejected, the very hot parts at temperature T, enter a moving air stream
where the air temperature is Tp,x. Create a model that will allow us to
calculate the temperature of the part as a function of time. Using
Excel, calculate T (t) for the parts.

t<0 M = mass

S=surface area

18
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Module 2: Lecture lll Unsteady Macroscopic

Energy Balance

CM3120 Module 2—Cooling of a recently manufactured part

t<0 M = mass

S=surface area

t>0 Cooling in air .
Forced convection, h, Tpyx

19
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CM3120 Module 2—Cooling of a recently manufactured part

S=surface area
. dT
MCy A hS (Tpuire — T) + €S (T — T*)

Solve for T (t)

(Excel)
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Module 2: Lecture lll Unsteady Macroscopic

Energy Balance

CM3120 Module 2—Cooling of a recently manufactured part

S=surface area

ME A _ hS (Tyurre — T) + €S (T — T*)
Vit bulk €00\ Ipyik

dT hS
FTin Me, — (Tpuik — T)+ (Tbulk T*)

ar_ [hg (Tpun) + (Tbulk)] [ (MCV> (;LCSv)]

dt M
ar hS &S
— =0, — |T|— )+ T*(—
dt MC, MCy

(I)()E
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CM3120 Module 2—Cooling of a recently manufactured part

S=surface area
T

R

o o= \T'\ e
14

We can use fo(T')dT’ —
to Z
integrate f(T) in
Excel (T = v ! —
vo=[r i)+ (%)

1
area = Eh(Bl + B,)

22
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Module 2: Lecture lll Unsteady Macroscopic

Energy Balance

CM3120 Module 2—Cooling of a recently manufactured part

S=surface area

T dT’ t
f hS cS =f ar
T0¢0—[T’(—A)+T’4< A>] 0
MC, MC,
T
We can use ff(T’)dT’ —
to Z
integrate f(T) in
Excel FT) = Py A~

1
area = Eh(Bl + B,)

23
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CM3120 Module 2—Cooling of a recently manufactured part

We can use trapezoidal rule to integrate f(T) in Excel

AutoSave @ A EES"JG =

Home Insert Draw Page Layout Formulas Data Review View Acrobat Y Tellme
v b Ot Calibri (Body) vz « A A P v 20, wrap Text v Currency
[ copy ~
S Format B I Uv H- &vA-~ B Mergeacenterv | $ v 9% 9

c19 v fx

A B C D E F G I {J 1 K l R s T u
1
2 Mass, M 02 ke
3 Heat Capacity, Cp 381.2 JfkgK
4 heat transfer coefficient, h 250 W/m2 K Choose this:
5 Stefan Boltzman constant, o 5.68E-08 W/m2K4 T interval= 5 K RHS-1 RHS-2 LHS
6 emissivity, & 0.22 tme,t | T [nlareaincr| (1) [hS(Tb-T)[caS(Tba-T$)[ MColdT/dt)[ check
7 surface area, § 0.001 m2 s | K | ltrapezoid]|  s/K Watts Watts Watts | match|
8 sqrt(s) 0.0316 m 0 623.00 1 470  (0.9327)
9 sqrt(s) 31623 cm 478 618.00 2 478  (0.9479) (78.71) (1.72) (79.77) 1%
10 TO 623 K 9.64 613.00 3 4.86  (0.9636) (77.46) (1.66) (78.46) 1%
1 o 303.15 K 14.58 608.00 4 494  (0.9798) (76.21) (1.60) (77.16) 1%
12 alpha 3.286-03 1/s 19.60 603.00 S 503  (0.9965) (74.96) (1.55) (75.85) 1%
13 beta 10*8 1.64E-05 1/5K3 24.72 598.00 6 511 (1.0138) (73.71) (1.49) (74.55) 1%
14 phio 9.95€-01 K/s 29.92 593.00 7 520 (1.0316) (72.46) (1.43) (73.24) 1%
15 35.22 588.00 8 530  (1.0S01) (71.21) (1.39) (71.94) 1%
16 40.62 583.00 9 540  (1.0693) (69.96) (1.34) (70.64) 1%
17 46.11 578.00 10 550 (1.0891) (68.71) (1.29) (69.35) 1%
18 51.72 573.00 11 560  (1.1097) (67.46) (1.24) (68.05) 1%
19 57.43 568.00 12 571 (11310) (66.21) (1.19) (66.75) 1%
20 63.25 563.00 13 582 (11532) (64.96) (1.15) (65.46) 1%
21 69.19 558.00 14 594  (11762) (63.71) (111) (64.16) 1%
2 75.25 553.00 15 606  (1.2002) (62.46) (1.06) (62.87) 1%
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Module 2: Lecture lll Unsteady Macroscopic

Energy Balance

CM3120 Module 2—Cooling of a recently manufactured part

t>0 Cooling in air
- Forced convection, h, Tpyx

g

Temperature, K
5 &
8 8

300

2 50 1 I L 1 I
0 250 500 750 1000 1250 1500

time, s 25
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CM3120 Module 2—Cooling of a recently manufactured part

We can use trapezoidal rule to integrate f(T) in Excel

AutoSave @ A S OG-

Home Insert Draw Page Layout Formulas Data Review View Acrobat Y Tellme

v & O ibri v v A = =
| i * : Note that forced

B I Uv Hv &vA. =

¥ Format . .

. convection dominates
C19 v fx -

A B c D € F G radiation. u

1
2 Mass, M 02 kg
3 Heat Capacity, Cp 381.2 IfkgK
4 heat transfer coefficient, h 250 W/m2 K Choose this:
5 Stefan Boltzman constant, o | 5.68E-08 W/m2K4 Tinterval= s K HS-1 _ RHS-2 LHS
6 emissivity, & 0.22 time, t T n [areaincr | 1(T) / [hS(Tb-T) [ s0S(Tba-T$) | MCp{dT/dt) | check
7 surface area, § 0.001 m2 s K trapezoid Watts | Watts | Watts | match|
8 sart(s) 00316 m ) 623.00 1 470
9 sart(s) 3.1623 cm 478 618.00 2 478 (78.71) (79.77)
10 0 623 K 9.64 613.00 3 486  f(0.9636) (77.46) (166)  (78.46) 1%
11 ™ 303.15 K 1458 608.00 4 494 [(09798) (76.21) (160)  (77.16) 1%
12 alpha 3.286-03 1/s 19.60 603.00 S 5.03 [ (0.9965) (74.96) (155)  (75.85) 1%
13 beta 1048 164E-05 1/5K3 2472 598.00 6 511 | (10138) (73.71) (149)  (7455) 1%
14 phio 9.95€-01 K/s 29.92 593.00 7 520 | (1.0316) (72.46) (148)  (7324) 1%
15 35.22 588.00 & 530 |\ (10501) (71.21) (139)  (7184) 1%
16 40.62 583.00 9 540 \(1.0693) (69.96) (138)  (7064) 1%
17 46.11 578.00 10 550 \1.0891) (68.71) (129)  (6935) 1%
18 51.72 573.00 11 560 (67.46) (124)  (68.05) 1%
19 57.43 568.00 12 5.71 \ (66.21) (1.19) (66.75) 1%
20 63.25 563.00 13 582 (1 (64.96) (115)  (6546) 1%
21 69.19 55800 14 594 : (111)  (64.16)
22 75.25 553.00 15 6.06 (1.2002) (62.87)
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Module 2: Lecture Il Unsteady Macroscopic 2/1/2021
Energy Balance

d
Unsteady Macroscopic Energy Balance a(usys * B 5 Bocps)
= —AH — AEy — AE, + Qi + W o

Summary
R Macroscopic |__r

control
volume

e We have another tool for our
problem-solving tool belt

* Similar to other macroscopic
problem-solving protocols

» Useful for systems with unusual
shapes or with multiple types of
physics contributing

» Computer solutions
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