CM3110 Morrison Lecture 14-15 (Heat 1+2)

Transport/Unit Operations

Operations

Professor Faith A. Morrison

Department of Chemical Engineering
Michigan Technological University

CM2120—Fundamentals of ChemE 2 (Steady Unit Operations Introduction, MEB)
CM3110—Transport/Unit Ops 1 (Momentum & Steady Heat Transport, Unit Operations)
CM3120—Transport/Unit Ops 2 (Unsteady Heat Transport, Mass Transport, Unit
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First section
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Michigan Tech
CM3110

Transport |
Part ll: Heat Transfer cipes

Transport Processes
eparation Process

Introduction to Heat Transfer

Professor Faith Morrison

Department of Chemical Engineering
Michigan Technological University
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Where do we start?

Why are chemical engineers
interested in heat transfer?

As before with fluid mechanics, there are engineering
quantities of interest that can only be determined once we
understand the physics behind heat transfer.

The physics of heat transfer is based on the 15t Law of
Thermodynamics: Energy is Conserved.

steam —‘1'
Whel"e do we start? process stream process stream
——> heatexchanger ——>

|—> condensate
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CM3110 Morrison Lecture 14-15 (Heat 1+2)

Where do we start?

Let’s start here:

How does energy behave?

Conduction (Brownian process)
Convection, Forced and Free/Natural
(moves with moving matter)

Radiation (carried by electromagnetic waves)
Byproduct of Chemical Reaction
Byproduct of Electrical Current
Boundary layers (thermal)

Is a byproduct of Pressure-Volume Work
(compressibility)

Is a byproduct of Viscous Dissipation
Simultaneous heat and mass transfer

N —

No ok

© ®
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Where do we start?

Often it is not possible
to isolate heat transfer

from other physics
How does energy behave? pays!
Simultaneous
1. Conduction (Brownian process) m':)en"::z?:m
2. Convection, Forced and Free/Natural “transfer

(moves with moving matter)

Radiation (carried by electromagnetic waves)
Byproduct of Chemical Reaction

Byproduct of Electrical Current

Boundary layers (thermal)

Is a byproduct of Pressure-Volume Work
(compressibility)

Is a byproduct of Viscous Dissipation
Simultaneous heat and mass transfer

No ok

© ©
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CM3110 Morrison Lecture 14-15 (Heat 1+2)

Where do we start?

How does energy behave?

Conduction (Brownian process)
Convection, Forced and Free/Natural
(moves with moving matter)
Radiation (carried by electromagnetic waves)
Byproduct of Chemical Reaction

Byproduct of Electrical Current

Boundary layers (thermal)
yproduct of Pressure-
(compressibility)

Is a byproduct of Viscous Dissipation
Simultaneous heat and mass transfer

N —

3.
4.
5.
6.

© Faith A. Morrison, Michigan Tech U.

Advanced

7

Engineering Quantities of Interest

What do we want to determine?

From (momentum) we calculated:

Engineering Quantities of Interest (fluids)

» Average velocity
* Volumetric flow rate
» Force on a surface

From (energy) we calculate:
Engineering Quantities of Interest (energy)

« Shaft Work
« Total heat transferred
« Rate of heat transfer

© Faith A. Morrison, Michigan Tech U.
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CM3110 Morrison Lecture 14-15 (Heat 1+2) 11/7/2019

Engineering Quantities of Interest

What do we want to determine?

From (momentum) we calculated:

Engineering Quantities of Interest (fluids)

+ Average velocity And v & £ distributions, which
* Volumetric flow rate through dimensional analysis,
* Force on a surface lead to data correlations for

complex systems, including
chemical engineering unit ops

From (energy) we calculate:
Engineering Quantities of Interest (energy)
» Shaft Work

» Total heat transferred
* Rate of heat transfer

And T distributions, which
... (see above)

9
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steam —‘l‘
Whe re do we Start? process stream process stream
——> heatexchanger >

I—> condensate

We've already started.

Recall from last year and earlier in the semester:

Where to start? Michigan Tech

We've already started.

CAMERON
HYDRAULIC
DATA

10
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CM3110 Morrison Lecture 14-15 (Heat 1+2)

Energy quantities of interest Recall from CM2110

Steady State Macroscopic Energy Balances

Closed system energy balance

Open system energy balance

* Multiple inlets and outlets (A = Y outs — Yins )
» Steady state
» Constant density

AE, + AER + AU = Qin + Won  (fnatinitial

A, + AE + AH = Qun + Wyon  (ouin

Review:
www.chem.mtu.edu/~fmorriso/cm310/Energy_Balance_Notes 2008.pdf

© Faith A. Morrison, Michigan Tech U.

1"

Closed system energy balance
Recall from CM2110 AE, + AEy + AU = Qi + Won

Open system energy balance
AE, + AEy + AH = Qp + Wypp,

+  Multiple inlets and outlets (A = ¥ gus— Zins )
+ Steady state
« Constant density

Review:

(final-initial)

(out-in)

www.chem.mtu.edu/~fmorriso/cm310/Energy_Balance_Notes_2008.pdf

12 © Faith A. Morrison, Michigan Tech U.
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CM3110 Morrison Lecture 14-15 (Heat 1+2)

Energy quantities of interest

Recall from CM2110 and CM3215:

Mechanical Energy Balance
(a type of steady, open system energy balance)

We’ve already started.

2. There are flow problems that can be addressed

with one type of macros

copic energy balance:

The Mechanical Energy Balance

See also fluid
mechanics text,
chapters 1 and 9

QoA WON =

Assumptions:

2
AlJrﬂJrgAHF:@ F = friction
P 2a n
(-0
P~ P A Lt g(z,-2)+F) = 5,021
P 2a

single-input, single output

Steady state

Constant density (incompressible fluid)
Temperature approximately constant

No phase change, no chemical reaction
Insignificant amounts of heat transferred

13
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Energy quantities of interest

Recall from CM2110 and CM3215:

Mechanical Energy Balance

For example:

_______________ ®
Flow in Pipes ]‘ :
201t
75 ft
. J
1
tank 3 ft
l P — L
fpum T
i ID=3IO in Eﬂ: ID=2.0 in i
| P |
; S0t 'k 40 E

Single-input, single output

Steady state

Constant density (incompressible fluid)
Temperature approximately constant

No phase change, no chemical reaction
Insignificantamounts of heat transferred

SO rwON =

14
© Faith A. Morrison, Michigan Tech U.

11/7/2019



CM3110 Morrison Lecture 14-15 (Heat 1+2)

Energy quantities of interest

Recall from CM2110 and CM3215:

Mechanical Energy Balance

For example:

Centrifugal
Pumps

What flow rate does
a centrifugal pump

produce?

Answer: Depends
on how much work it
is asked to do.

Calculate with the
Mechanical Energy
Balance
(CM2110, CM2120,
CM3215)

valve 50%
open

valve full
open

H, (V)

R
HZ,I(V)

V(gal/ min)

15
© Faith A. Morrison, Michigan Tech U.

Energy quantities of interest

Recall from CM2110 and CM3215:

Mechanical Energy Balance

Image from:

Image from:
www_directindustry.com

www processindustryforum. com

MEB Assumptions:

single-input, single output

Steady state

Constant density (incompressible fluid)
Temperature approximately constant
No phase change, no chemical rxn
Insignificant amounts of heat
transferred

DU A WN =

We can apply the MEB to many
important engineering systems

5

A

Image from:
www directndustrycom

Calculate:
Work,
pressures,
flows

16
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CM3110 Morrison Lecture 14-15 (Heat 1+2)

Recall from CM2110 and CM3215:

Energy quantities of interest

Mechanical Energy Balance

The Mechanical Energy Balance

F = friction

2
A—ijM+gAz+F=&
P 2a m

pZ _p] + <V>§ _<V>12 +g(22 _Zl)@ VV.V,(Tn,Zl
2a m

P
Where do we get this?

(Review)

This is the friction due to wall drag

(straight pipes) and fittings and valves.

17
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Recall from CM2110 and CM3215:

Energy quantities of interest

Mechanical Energy Balance

The Mechanical Energy Balance — Friction Term

The friction has been measured and published in this form

(Review)

Straight pipes:

as a function of

F, .. =|4f A —
straight pipes - D 2 Reynolds Number

<V>2 Use literature plot of f

Fittings and Valves:

18

11/7/2019

2
<V Use literature tables
Ff'tt' = Kf L N A of K;for laminar and
ittingss,
valves, — =mmm- 2 turbulentflow
© Faith A. Morrison, Michigan Tech U.




CM3110 Morrison Lecture 14-15 (Heat 1+2)

Energy quantities of interest Re

call from CM2110 and CM3215:

Mechanical Energy Balance

F = friction

Friction term in Mechanical Energy Balance

(see McCabe et al., or
Morrison Chapter 1, or Perry's |
Chem Eng Handbook)

lengthof ————_
straight pipe

(Review)

Ffriction = (4f£ +
D

Ge

friction terms for each velocity

Note T1s & fF‘t”)Ct'O” fricton-loss ot that friction
Or velocity coefficients s A
(from literature; the (from literature; see overal\ll IS dlreCtIY a
Moody chart McCabe et al, function of velocity)

Morrison Chapter 1)

If the velocity changes within the system (e.g.
pipe diameter changes), then we need different

~——— number of each
type of fitting

ankoplis, or

© Faith A. Morrison, Michigan Tech U.

Energy quantities of interest

Recall from CM2110 and CM3215:

Mechanical Energy Balance

Data are organized in terms of two dimensionless parameters:
) ~
2 Reynolds Number )
o Flow p —density
= rate < Re = p<vz >D <vz> —average velocity
y7s D — pipe diameter
~ M —Viscosity
F, — P, — pressure drop
(" Fanning Friction Factor L~ pipe length
1
Pressure m (Po - P, )
< __ 4
Drop =
o lart)
DA\2 :
.

© Faith A. Morrison, Michigan Tech U.
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CM3110 Morrison Lecture 14-15 (Heat 1+2)

Energy quantities of interest

Recall from CM2110 and CM3215:

Mechanical Energy Balance

Moody Chart: Data Correlation for Friction in Straight Pipes
) e | S e s
= o Mateclal of conatruction  Equivalent m:—)'mm plpes, ¢
= ’ = ]
3
9—: 3 = Commarcial sieat ex :g-:'
[} 2 e :E:::‘ :E-« ieun et :5; .
4 N i e e
S— ~ o Wood atove EBX 107% to9 X 107%
!.. N N :n:ll:dh. 3 X107 03X 107 —
g \ ] eel 9 % 10" t03x |
i * N aitca relative
,E ’F \\ reglon. turbulent flow rouths
I~ — na
N— .04
o N s 0.0—]
sf  laminar flow — N — 01-
0000]- \ ! — 0.002—]
N > 350051
sf lhii"‘=“---.."—‘—:-——nioum—
smooth plp[e—/
3 4356 8 3 456 8
10? 1"7 "f Jase '.ni 1 3 4ase I‘n‘ 3 456 llo‘,
Reynolds number, Ny, = m" _— !\
Firoune 2.10-3.  Friciion, !nnd Prar
.mif‘('ﬁ.'s‘g'ma; u«ma 005 ‘w per Moody Chart
(image from: Geankoplis)

© Faith A. Morrison, Michigan Tech U.

Energy quantities of interest

Recall from CM2110 and CM3215:

Mechanical Energy Balance

Friction Loss from Fittings Kf

‘Source: Pery's Handbook [132)

Table 1.4, Published friction-loss factors for turbulent flow Table 1.5. Friction-loss factors K; for laminar flow through selected valves, fittings, expansions
through valves, fittings, expansions, and contractions and contractions
7 s
Standard elbow, 45 035 Fitting Re;=50 100 200 400 1,000 Turbulent
Standard elbow, 90° 0.75 Elbow, 90* 17 7 25 12 085 075
Tee used as el 10 Tee 9 48 30 20 14 10
Tee, branch blanked off 04 Globe valve 2% e g ek ) 10 60
Retur bend 15 Check valve, swing 55 17 9 58 32 20
i 2 2
Cophn it Expansion rom A 0 A 2(1-%) (17%
Union 004
17 7
il = Contracion rom A t0 & (-5 oss(1-5)
Gate valve, haif open 45
Globe valve, bevel seat, wide open 60 Source: Pemy's andoook [132)
Globe valve, bevel seat, half open 95
3 700 .
T (source: Morrison, Chapter 1; originally
Check valve, swing 20 from Perry's Handbook)
Water meter, disk 70
A\
Expansion from A 10 A (1 -x )
Contraction from 10 4 u,ss{h%)

22
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CM3110 Morrison Lecture 14-15 (Heat 1+2) 11/7/2019

Energy quantities of interest Recall from CM2110 and CM3215:

Open system, steady, macroscopic energy

balance on mechanical systems (a.k.a.)

Mechanical Energy Balance, MEB

1. single-input, single-output

2. steady state

3. constant density (incompressible fluid)

4. temperature approximately constant

5. No phase change

6. No chemical reaction

7. insignificant amounts of heat transferred

23
© Faith A. Morrison, Michigan Tech U.

Energy quantities of interest Recall from CM2110 and CM3215:

Open system, steady, macroscopic energy
balance on mechanical systems (a.k.a.)
Mechanical Energy Balance, MEB

1. single-input, single-output Although ChemEs
2. steadystate _ , care about these
3. constant density (incompressible fluid) el
4. temperature approximately constant
5. No phase change systems, we care
6. No chemical reaction equally (or more?)
7. insignificant amounts of heat transferred gbout:

* Reactors » Evaporators

» Separators » Coolers

* Heaters » Unsteady states

* Dryers » Complex inflow/outflow...

24 © Faith A. Morrison, Michigan Tech U.
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CM3110 Morrison Lecture 14-15 (Heat 1+2)

Energy quantities of interest

Engineering Quantities of Interest

What do we want to determine?

From (momentum) we calculated:

Wh e re a re We ? Engineering Quantities of Interest (fluids)

« Average velocity
* Volumetric flow rate
+ Forceon the wall

From (energy) we calculate:
Engineering Quantities of Interest (energy)
+ Shaft Work

« Total heat transferred
* Rate of heat transfer

Engineering Quantities of Interest (energy)

» Shaft Work - MEB
‘/- Total heat transferred at steady state,
steady macroscopic energy balance
* Rate of heat transfer
» Temperature fields (towards data
correlations for complex systems)

=

25

© Faith A. Morrison, Michigan Tech U.

Energy quantities of interest

To determine heat transfer rates and the related performance of
chemical engineering unit operations, we need knowledge of the
temperature field and the characteristics of unsteady heat flows for ideal
and complex engineering units.

Energy quantities of interest

Enginoaring Quantiesof ntoost

What do we want to determine?

From (momentum) we calculated:

Where are we? Engineering Quantities of Interest (fluids)

« Average veloity
« Volumetric flow ate.
+ Force on the wall

Engineering Quantities of Interest (energy)

v/~ ShaftWork- MEB
\/' Total heat transferred at steady state,
steady macroscopic energy balance
» Rate of heat transfer
=)< - Temperature fields (towards data
correlations for complex systems)

© Faith A. Morrison, Michigan Tech U.
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CM3110 Morrison Lecture 14-15 (Heat 1+2)

Energy quantities of interest
Engineering
Quantities of
Interest Rate of heat q . Fourier's
transfer, ==(q = —kVT |
(energy) conduction A - aw
Total heat _ A~
flow, general Q — J[n (—]]surface
S
2 L
Total heat oT
flow, pipe Q= —k— Rdzd6
or| _
0 0 =R
© Faith A. Morrison, Michigan ;F;ech u.

Energy quantities of interest

No o aDD

©

The Plan (Heat Transfer)
1.

What is the general energy balance equation we

will use? Where does it come from?

Apply to steady macroscopic control volumes (cM2110)

Apply to single-input, single-output, etc.(MEB) (CM2120, CM3215)
Apply to microscopic control volumes

Transport law (Fourier’s law of Heat Conduction)

Solve for temperature fields (steady) (Unsteady, CM3120)
Calculate engineering quantities of interest

(total heat transferred; heat transfer coefficient)

Determine (with Dimensional Analysis)

correlations for complex systems involving:
a. Forced convection
b. Free convection
c. Phase change
d

Radiation 28
© Faith A. Morrison, Michigan Tech U.
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CM3110 Morrison Lecture 14-15 (Heat 1+2)

DONE

Recall from CM2110

v’ 2. Apply to steady macroscopic control volumes

Closed system energy balance

AE, + AEy + AU = Qup + Wy,

Open system energy balance
AE, + AEy + AH = Qi + Wsop

* Multiple inlets and outlets (A = Y ,uts — Xins )
« Steady state
« Constant density

(final-initial)

(out-in)

Review:
www.chem.mtu.edu/~fmorriso/cm310/Energy_Balance_Notes 2008.pdf

© Faith A. Morrison, Michigan Tech U.

29

DONE

Recall from CM2110 and CM3215

v’ 3. Apply to single-input, single-output, etc.(MEB)

The Mechanical Energy Balance

Moody Chart: Data Correlation for Friction in Straight Pipes

¢4

Froume 2401 Fracsiom foxctons foo Gl (Baned 7.
Mot i a fncton T
ote 115 a funcliol Note that friction

: 1
0 A o e F = friction
p 2a it —
H
-p (L-0) Woomis 3
paop L h e P g 1
P 2a 0
1. singl I KS
single-input,single output
2 Senaysae AN \
3. Constant density (incompressible fluid) 5 Y
4. Temperature approximately constant e
5. No phase change, no chemical reaction 4 B N eritical T "
6. Insignificant amounts of heat transferred é s o || —
L = i [y 1 | ™
F = friction ! =
. & oo =
Friction term in Energy Balance | ' b flow — ——1 1 SaL—
— N -
s = 0.001—
3 ) 00005
s length of number of each | | o ——
14 straight pipe type offitting J | — - i
; 2 | |
. ) R R s T e O R TR,
Frrction = (4f7 + 2K, - w w ot w w w
i 2
p'2 2 Rt mumte g, - 22

Moody Chart

of velocity)
rom erato. e
ooy cnar)

overall is directly a
function of velocity)

f the velocity changes within the system (e.g.

s i) e from? We saw in

(Where did all this come

Part 1:

dimensional analysis.)

© Faith A. Morrison, Michigan Tech U.
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CM3110 Morrison Lecture 14-15 (Heat 1+2)

Energy quantities of interest

S Aenbe o alonche mcecconde cop e Lun i e
T
Apply to microscopic control volumes

NO O A

o

The Plan (Heat Transfer)
1.

What is the general energy balance equation we

will use? Where does it come from?

DONE

Transport law (Fourier’s law of Heat Conduction)

Solve for temperature fields (steady)

(Unsteady, CM3120)

Calculate engineering quantities of interest
(total heat transferred; heat transfer coefficient)

Determine (with Dimensional Analysis)

correlations for complex systems involving:

a. Forced convection
b. Free convection

c. Phase change

d. Radiation

© Faith A. Morrison, Michigan Tech U.

31

Energy quantities of interest

Let’s Begin.

Energy quantities of interest

Apply-to-stead) trol-vol

. What s the general energy balance equation w
will use? Where does it come from?

P 5 P

} DONE

a. Forced convection
b. Free convection

c. Phase change

d. Radiation

Apply-to-single-i MEB)
d Pl g

5.
6. Solve for temperature fields (steady) (Unsteady, CM3120)
7. Calculate engineering quantities of interest

(total heat transferred; heat transfer coefficient)
8. Determine (with Dimensional Analysis)

correlations for complex systems involving:

onduction)

32

© Faith A. Morrison, Michigan Tech U.

1. and 4. What is the general energy balance
equation for microscopic control volumes,
and where does it come from?

11/7/2019
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CM3110 Morrison Lecture 14-15 (Heat 1+2)

What is the general energy balance equation and where does it come from?

First Law of dEgs
Thermodynamics: T Qing — Wpy s
(on a body)

First Law of dEcy

Thermodynamics:

T Qincv — Why,cv + ﬂ —(f-v)pEdS
(on a control volume) o

L__Y__J

the usual convective term:
net energy convected in

Reference for derivation: Morrison, F. A., Web Appendix D1: Microscopic Energy
Balance, Supplement to An Introduction to Fluid Mechanics (Cambridge, 2013),
www.chem.mtu.edu/~fmorriso/IFM_WebAppendixD2011.pdf 33

© Faith A. Morrison, Michigan Tech U.

What is the general enerqgy balance equation and where does it come from?

First Law of dEcy ~
Thermodynamics: — —+ f f (- v)PEAS =|Qin,cv|T Why,cv
CcS

(on a control volume)

Microscopic CV: ree
oF . . y
plog Ty VE =—V-G+S.—V-(Pv)+V- (¢ v)
\. J L J
Heat into CV due to conduction -Work by the fluid in the CV
and reaction + electrical current due to pressure/volume work

and viscous dissipation

34
© Faith A. Morrison, Michigan Tech U.
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CM3110 Morrison Lecture 14-15 (Heat 1+2)

What is the general energy balance equation and where does it come from?

First Law of d
Thermodynamics:

(on a control volume)

Ecy R ~
1 [[ 2 03085 [Qmcr| f Woer
CcS

Microscopic CV:

oE . _
p E+1_7-|7E ==V-g+S,—

W_/

Heat into CV due to conduction -Work by the fluid in the CV
and reaction + electrical current due to pressure/volume work
and viscous dissipation

In heat-transfer unit operations, PV work and
viscous dissipation are usually negligible

35
© Faith A. Morrison, Michigan Tech U.

What is the general energy balance equation and where does it come from?

First Law of N
. 0E ~
Thermodynamics: p(—+v-VE|=-V-G+S,
(on a control volume, no Jt - -
work)
rate of net energy net heat net heat in,
energy +| vflowout |= in, +| energy
accumulation (convection) conduction production

J \ J
Y Y
conduction - e.g.
Fourier’s law chemical
reaction,

|~ electrical
=9= —kVT current

36

IR

© Faith A. Morrison, Michigan Tech U.
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CM3110 Morrison Lecture 14-15 (Heat 1+2)

What is the general energy balance equation and where does it come from?

First Law of
Thermodynamics:

(on a control volume, no

(watch units)

work)
rate of net energy net heat net heat in,
energy +| vilowout |= in, +| energy
accumulation (convection) conduction production
\\ J \ J
Y Y
conduction - e.g.
ourier’s law chemical
Note the two reaction,
different q’s electrical
current

37
© Faith A. Morrison, Michigan Tech U.

What is the general energy balance equation and where does it come from?

First Law of
Thermodynamics:

(on a control volume, no
work)

net energy
v flow out |=
(convection)

rate of
energy +
accumulation

Other energy
contributions will
enter through the

boundary
conditions.

IR

net heat net heat in,
in, +| energy
conduction production
J \ J
Y Y
conduction - e.qg.
Fourier’s law chemical
reaction,
|~ electrical
=4q= —kVT current

38

© Faith A. Morrison, Michigan Tech U.
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CM3110 Morrison Lecture 14-15 (Heat 1+2)

Energy quantities of interest

Energy quantities of interest

Continuing...

The Plan (Heat Transfer)

will use? Where does it come from?

2 A to-stead)
PR 4

ool
Aol to-singloinpat singlo-outot o MEB) }DONE

1. Whatis the general energy balance equation we

() ; A PR
4 A",. Y AMCrOSTOPIC COTTIIOT VOTtHY

7. Calculate engineering quantities of interest

8. Determine (with Dimensional Analysis)

correlations for complex systems involving:
a. Forced convection
b. Free convection
c. Phase change
d. Radiation

. Transport law (Fourier’s law of Heat Conduction
i (Unsteady, CM3120)

(total heat transferred; heat transfer coefficient)

39

5. What is the energy transport law?

© Faith A. Morrison, Michigan Tech U.

Transport law (Fourier’s law of Heat Conduction)

Part I: Momentum Transfer C\viscosity
Momentum transfer: dv,
Ty1 = (—T21) = e
2

H_/LY_/

momentum flux velocity gradient

Part Il: Heat Transfer

s
—

heat flux temperature
gradient

i—\thermal conductivity
Heat transfer:

40 © Faith A. Morrison, Michigan Tech U.

11/7/2019

20



CM3110 Morrison Lecture 14-15 (Heat 1+2)

Transport law (Fourier’s law of Heat Conduction)

Part I: Momentum Transfer
Momentum transfer:
Ty = (1) =

\_y_)

momentum flux

<4—\viscosity

dv, Newton’s
dx, law of
—— viscosity

velocity gradient

Part ll: Heat Transfer

Heat transfer:

i—\thermal conductivity

q. T :
— = Fourier’s law
A dx of heat
—— conduction
heat flux temperature
gradient

41

© Faith A. Morrison, Michigan Tech U.

Transport law (Fourier’s law of Heat Conduction)

How was this “law”
determined?

Part Il: Heat Transfer

Heat transfer:

q, T ,
- = Fourier’s law
A dx of heat
—— conduction
heat flux temperature
gradient

thermal conductivity

42

© Faith A. Morrison, Michigan Tech U.
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CM3110 Morrison Lecture 14-15 (Heat 1+2)

Transport law (Fourier’s law of Heat Conduction)

For momentum,
Newton devised a
simple geometry,
excluded non-ideal
cases, and
generalized
observations.

Momentum transfer:

Like in momentum transfer, the heat transport
“law” was determined through observation.

Recall from earlier in the semester:

How do Fluids Behave?

Viscosity
determines the
magnitude of
momentum flux

Momentum Flux

Momentum (p) = mass * velocity

P=mMV| vyectors

top plate has momentum, and it transfers this
momentum to the top layer of fluid

v.=V v
Z‘ ] —

{

Each fluid layer
transfers the
momentum downward

' momentum flux

Lo )

43
© Faith A. Morrison, Michigan Tech U.

Transport law (Fourier’s law of Heat Conduction)

For momentum,
Newton devised a
simple geometry,
excluded non-ideal
cases, and
generalized
observations.

Momentum transfer:

Recall from earlier in the semester:

How do Fluids Behave?

How is force-to-move-plate related to V?

LA 2 W 2
A H - O (Note choice of
coordinate system)
Stress on a y-surface in
the z-direction — _,U sz
Ay
5 dvz Newton’s
T,.,=H Law of
dy Viscosity
(See discussion of sign F

convention of stress; we ~
use the tension-positive ¢ . —
convention) / A

44
© Faith A. Morrison, Michigan Tech U.
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Transport law (Fourier’s law of Heat Conduction)

Fourier’s Experiments: Simple One-dimensional Heat Conduction

For heat conduction, Fourier devised a simple geometry,
excluded non-ideal cases, and generalized observations.

wall ?

T —T,
X2—X1

daT
= —k—
dx

Fourier’s law
of heat
1 . conduction

X
X L X3
Homogeneous material of

thermal conductivity, k
45
© Faith A. Morrison, Michigan Tech U.

Transport law (Fourier’s law of Heat Conduction)

Fourier’s law of Heat Conduction: \

Allows you to solve for
K\ temperature profiles
makes reference ——— 7 (temperature profile =

to a coordinate @/_ _ @ temperature distributions,

system = temperature field,
\\ A H\f ) T(x,y,2,t) /
. . q
Gibbs notation: 1= —kVT
*Heat flows down a
aT temperature gradient
—k ox *Flux is proportional
P q aT to magnitude of
Fourier’s law q===|-k— temperature gradient
- A ady
K aT
0z’ xyz

46
© Faith A. Morrison, Michigan Tech U.
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Energy quantities of interest

Continuing...

Energy quantities of interest

The Plan (Heat Transfer)

. Whatis the general energy balance equation we

will use? Where does it come from?

PR 4 P
Apply-to-singl £ singl

"
totst otoMEB) }DONE

. Calculate engineering quantities of interest

P P

Apply to microscopic control volumes

Trans Conduction)
olve for temperature fields (steady) CM3120)

(

total heat transferred; heat transfer coefficient
j with Dimensional An i

correlations for complex systems involving:

a. Forced convection

b. Free convection

c. Phase change

d. Radiation

)

47

6. and 7. How do we solve for T(x,y,z)?
What boundary conditions do we use?

© Faith A. Morrison, Michigan Tech U.

Solve for the Temperature Field

As was true in momentum transfer (fluid mechanics) solving
problems with shell balances on individual microscopic control
volumes is tedious, and it is easy to make errors.

Instead, we use the general equation, derived for all control

volumes:

General Energy Transport Equation
(microscopic energy balance)

© Faith A. Morrison, Michigan Tech U.

11/7/2019
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Recall Microscopic Momentum Balance:

Equation of Motion Microscopic momentum
balance written on an
arbitrarily shaped control
volume, V, enclosed by a
surface, S

Gibbs notation: oy ~ flui
Hp E_H_,.Vy = —Vp+|7'£+pg general fluid
. . dv Newtonian
Gibbs notation: | p (E +v- \72> =-Up+uViv+ P9 | fluid
Navier-Stokes Equation
Microscopic momentum 49
balance is a vector equation. © Faith A. Morrison, Michigan Tech U.

Microscopic Energy Balance:
Equation of Thermal Ener: . .
q had Microscopic enerqy balance
written on an arbitrarily
dsS shaped volume, V, enclosed
by a surface, S

general
conduction

oF - N
Gibbs notation: p\z-tv-VE|=-V-g+S,

Only Fourier
conduction

Jt

A (0T
Gibbs notation: | p(,, (— +v- |7T> =kV?T + S,

(incompressible fluid, constant pressure,

neglect Ey, E,,, viscous dissipation ) 50
© Faith A. Morrison, Michigan Tech U.
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Solve for the Temperature Field

Equation of Energy

(microscopic energy balance)

convection

A source

/8T ,_A_\ (energy
pCy|=—+v VT |=KkV?T +§, 9enerated
t = per unit
volume per
Ly—’ Y time)
rate of change conduction

(all directions)

velocity must satisfy

equation of motion,

equation of continuity see handout for
component notation

© Faith A. Morrison, Michigan Tech U.

Solve for the Temperature Field

How do we solve for temperature fields?

How did we solve for velocity and stress fields?

Recall from earlier in the semester:

Problem-Solving Procedure — solving for velocity
and stress fields
1. sketch system

. choose coordinate system

2

3. choose a control volume
4. perform a mass balance
5

. perform a momentum balance

(will contain stress)

. substitute in Newton’s law of viscosity, e.g. |7,

(o))

i‘- ]

Il

=
/N
Q
&2
N—

7. solve the differential equation

8. apply boundary conditions

52

© Faith A. Morrison, Michigan Tech U.
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Solve for the Temperature Field

tem peratu re

How did we solve for vetocity-and-stress fields?

’rpmppra’rurp

Problem-Solving Procedure — solving foervelocity—
-and-stress fields

1. sketch system

2. choose coordinate system

3. choose a control volume

4. perform a mass balance )

5. perform Srenih balance zgrl:gj;ﬂsol:w~oi h_e/j (ir
(will contain stﬁesg-)e-at flux 1 ™

6. substitute in NEWIOITSTaW Of VISTOSHY, &0 T =2 (%}

7. solve the differential equation

8. apply boundary conditions

53

© Faith A. Morrison, Michigan Tech U.

Solve for the Temperature Field

Problem-Solving Procedure — Solving for
Temperature Fields

1. sketch system

2. choose coordinate system

3. choose a control volume

4. perform a mass balance

5. perform an energy balance
(will contain heat flux)

dT
6. substitute in Fourier’s law of heat conduction, e.9. G, = —k d_
X

7. solve the differential equation

8. apply boundary conditions

54

© Faith A. Morrison, Michigan Tech U.
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Microscopic Energy Balance

e EQuation of Energy forsystems with constant k

Microscopic energy balance, constant thermal conductivity; Gibbs notation Note: this
. 0T i
ol (‘_ﬂ.w):kvzﬂs handout is
at also on the
Microscopic energy balance, constant thermal conductivity; Cartesian coordinates web

¢ (aT+ aT N aT N aT) 62T+02T+62T ’
C8 iy 2 188 OO, e O O
Poo\Ge "rax Ty T 2x2 " ayZ ' 922

Microscopic energy balance, constant thermal conductivity; cylindrical coordinates

5 (aT T v dT 6T)7 (1 a( ar) 1a*r azr)+s

Col—+1r,— +—=— +v,— — (=)t 5= +=—
Po\Gr " ey T a8 T 7z vor\"ar) Ti7aer T a2

Microscopic energy balance, constant thermal conductivity; spherical coordinates

pcp(ﬁﬂjrﬁ * 7% Y rsmooe
2 10(‘Zar)+ T a(_@aT)+ 1 9’r i
e\ o TZsngoa\" " 28 r2sin? 0 d¢?

— https://pages.mtu.edu/~fmorriso/cm310/energy.pdf
© Faith A. Morrison, Michigan Tech U.

aT dT vy dT ) c':?T)

Solve for the Temperature Field

For more complex problems:

Recall from earlier in the semester: heat transfer
What do we do to understand complex flows?-

Same strategy as:

+ Turbulent tube flow
Find a simple problem

+ Noncircular conduits . that allows us to identify
the physics

* Drag on obstacles 2. Nondimensionalize

. BOundary Layers 3. Explore that problem
4. Take data and correlate
5. Solve real problems

Dimensional
Analysis Solve Real Problems.

Powerful.

56
© Faith A. Morrison, Michigan Tech U.
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.] MichiganTech
CM3110 [oos)
Transport |

Part ll: Heat Transfer

One-Dimensional Heat
Transfer
(part 1: rectangular slab)

Simple problems that allow
Professor Faith Morrison us to identify the physics

Department of Chemical Engineering
Michigan Technological University

57
© Faith A. Morrison, Michigan Tech U.

1D Heat Transfer

Example 1: Heat flux in a rectangular solid — Temperature BC

What is the steady state temperature

Assumptions: profile in a rectangular slab if one side
-wide, tall slab is held at T, and the other side is held
-steady state atT,?

q, I>1,

HOT COLD

SIDE SIDE

58
© Faith A. Morrison, Michigan Tech U.
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1D Heat Transfer

Example 1: Heat flux in a rectangular solid — Temperature BC

What is the steady state temperature
profile in a rectangular slab if one side
is held at T, and the other side is held

at T,?

Assumptions:
*wide, tall slab
+steady state

Let’s
try.

59
© Faith A. Morrison, Michigan Tech U.

See handwritten notes.

https://pages.mtu.edu/~fmorriso/cm310/selected lecture slides.html

60
© Faith A. Morrison, Michigan Tech U.
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1D Heat Transfer

Example 1: Heat flux in a rectangular solid — Temp BC

(starting with the temperature
Result: version of the micro E bal)

T=51x+62

Gx daT ,
7=—k Tx = —k¢; <G === Constant

Fourier’s law

Boundary conditions?

Note: different integration constants are defined when we use

the temperature version and the flux version of the microscopic
energy balance; after boundary conditions are applied, the 6l
answer is the same.

ison, Michigan Tech U.

1D Heat Transfer

Example 1: Heat flux in a rectangular solid — Temp BC

LT
T ~===—== Fluxis constant,

and depends on k

Solution:
4 _ _,{

varies linearly,
and does not
depend on k

A
T = (%)x + Tl<":: Temp. profile

62
© Faith A. Morrison, Michigan Tech U.
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1D Heat Transfer

Example 1: Heat flux in a rectangular solid — Temp BC

SOLUTION:

T = —(Tz ; Tl) x + Tl |‘_B_'|
qx k (TZ - Tl) Tl

A B

63

© Faith A. Morrison, Michigan Tech U.

1D Heat Transfer

. i Example 1: Heat flux in a slab
Using the solution (conceptual):

For heat conduction in a slab with temperature boundary conditions,
we sketched the solution as shown. If the thermal conductivity k
of the slab became larger, how would the sketch change? What
are the predictions for T(x) and the flux for this case?

5 Let’s
try.

64

© Faith A. Morrison, Michigan Tech U.
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1D Heat Transfer

Using the solution: Composite Door:

For an outside door, a metal is used (k) for strength, and a cork k)
is used for insulation. Both are the same thickness B/2. What is the
temperature profile in the door at steady state? What is the flux?

The inside temperature of the metal is T; and the outside temperature
of the cork is Ts.

ky >k,

Let’s
try.

© Faith A. Morrison, Michigan Tech U.

Note: in the hand notes the
temperatures from left to
right are Ty, T3, T,.

See handwritten notes.

https://pages.mtu.edu/~fmorriso/cm310/selected lecture slides.html
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© Faith A. Morrison, Michigan Tech U.
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1D Heat Transfer

Example 1b: Composite Door
(two equal width layers)

SOLUTION: T
1
Ax _ (Ty — Ts)
~ /B
A <7 (kg + kz))
kik;

k. material: (0 <x < B/2)
(T, —Ty)
== -7 0 B/2 B
T(x) 572 x+T; /
k, material: (B/2 < x < B) _kq Ty + kpTs
L, =1 23
(T3 = T3) k1t ks
T(x) = ——2x + (2T, — T5)
B/2 o

© Faith A. Morrison, Michigan Tech U.

1D Heat Transfer

Example 1b: Composite Door
(two equal width layers)

SOLUTION: T
1
Ax _ (Ty — Ts)
A~B[2 B2
ki~ ks
Let: :Ri = i—f

qx _ (T, —Ts) _ driving force

A  R;+R, resistance

Each of the layers contributes a resistance,
added in series (like in electricity).

68
© Faith A. Morrison, Michigan Tech U.
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What about this case?

Example 2: Heat flux in a rectangular solid — Fluid BC

What is the steady state temperature
profile in a wide rectangular slab if one
side is exposed to fluid at T, ?

bulk \\\h\s\\\}\\\\\\\\\§
fluid mogeneous \

\solid \
T, \\

7

What is the flux at
Ty, # Tyau the wall?
69

© Faith A. Morrison, Michigan Tech U.

What about this case?

Example 2: Heat flux in a rectangular solid — Fluid BC

What is the steady state temperature
profile in a wide rectangular slab if one
side is exposed to fluid at T} ?

RULLIHTIIIinm

bulk
fluid homogeneous \
\solid\\\\\\
\ We’re interested in
T;) the T (x) profile in the
solid, but to know the
v =? BC, we need to know

v(x,y,z) in the fluid.

N\

What is the flux at
Tb * Twall the wall?
70

© Faith A. Morrison, Michigan Tech U.
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An Important Boundary Condition in Heat
Transfer: Newton’s Law of Cooling

\/

&

T all

Wi

Ty # Twau
v(x,y,z) # 0

We want an easier
way to handle this
common situation.

homogeneous SO|Id

The
i s ﬂ”'d \
motlon
ﬁ‘) nondimensionalize,

We'll solve an
idealized case,

take data and

correlate!
ML

What is the flux at
the wall?

71

© Faith A. Morrison, Michigan Tech U.

The flux at the wall is given by the
empirical expression known as

Newton’s Law of Cooling

This expression serves as
the definition of the heat

homo eneous SO|Id

/ Whatlstheﬂux at ™
Tb * Twall \\ the wall? M

v(x,y,2) # 0 T

transfer coefficient.

q
Zx| :@lTbulk — T

walll

h depends on:

*geometry

«fluid velocity field

«fluid properties
«temperature difference

For now, we'll “hand” you
h; later, you'll get it from
literature data correlations,
i.e. from experiments.

© Faith A. Morrison, Michigan Tech U.
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bulk fluid

T(x)

Tbulk - Twall

The temperature difference at the fluid-wall interface is caused by
complex phenomena that are lumped together into the heat transfer
coefficient, h

1D Heat Transfer

The flux at the wall is given by the

empirical expression known as &| — h T —T
Newton’s Law of Cooling A I Tout wat|

Table 4.1-2, Approximate Magnitude of
Some Heat-Transfer Coefficients

. BTU w
Mechanism h, o [2°F h, ——
Condensing steam 1000-5000 | 5700-28,000
Condensing organics 200-500 1100-2800
Boiling liquids 300-5000 | 1700-28,000
Moving water 50-3000 280-17,000
Moving hydrocarbons 10-300 55-1700
Still air 0.5-4 2.8-23
Moving air 2-10 11.3-55 For now, we'll “hand” you
Reference: C.J. Geankoplis, 4" edition, Transport Processes h; later, you'll get it from
and Separation Process Principles (includes Unit literature data correlations,
Operations), Prentice Hall, Upper Saddle River, NJ. page 241 i.e. from experiments.

74
© Faith A. Morrison, Michigan Tech U.
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1D Heat Transfer

How do we handle the absolute value signs?

q
Xx| = hTpuix — Twaul

*Heat flows from hot to cold

*Choice of direction of the coordinate system determines if
the flux is positive or negative

*Flow in the direction of increasing coordinate value means
positive flux

75
© Faith A. Morrison, Michigan Tech U.

1D Heat Transfer

Example 2: Heat flux in a rectangular solid — Newton’s law of cooling BC

Assumptions: What is the steady state temperature
wide, tall slab profile in a rectangular slab if the fluid
-steady state on one side is held at T, and the fluid
+h, and h, are the heat on the other side is held at T,,?

transfer coefficients of
the left and right walls

Bulk fluid
temperature /. Bulk fluid
on left
temperature
T, Ty, onright
Newton’s law of
cooling boundary
Tb1>Tb2 conditions

76
© Faith A. Morrison, Michigan Tech U.
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1D Heat Transfer

Problem-Solving Procedure —

microscopic heat-transfer problems

1. sketch system

2. choose coordinate system

profile

5. apply boundary conditions

3. Apply the microscopic energy balance

4. solve the differential equation for temperature

6. Calculate the flux from Fourier’s law

G _
A

dT
dx

77
© Faith A. Morrison, Michigan Tech U.

See handwritten notes.

https://pages.mtu.edu/~fmorriso/cm310/selected lecture slides.html
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1D Heat Transfer

Example 2: Heat flux in a rectangular solid — Newton’s law of cooling BC

(starting with the temperature
Result: version of the micro E bal)

T=cx+c
yx dT
= —k ol —k¢, <g=m—= Constant

Fourier’s law

Boundary conditions?

Note: different integration constants c, c, are defined when we
use the temperature version of the microscopic energy balance;

after boundary conditions are applied, the answer is the same. 79

© Faith A. Morrison, Michigan Tech U.

1D Heat Transfer

Boundary conditions?

Example 2: Heat flux in a rectangular solid — Newton’s law of cooling BC

The flux at the wall is given by the
empirical expression known as
Newton’s Law of Cooling

This expression serves as
the definition of the heat

transfer coefficient.
:@I Thuik — Twan |

h depends on: For now, we'll “hand” you h; later,
‘geometry you'll get it from literature data
+fluid velocity field correlations, i.e. from
«fluid properties experiments
~temperature difference P .

9x
A

80
© Faith A. Morrison, Michigan Tech U.
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1D Heat Transfer

Example 2: Heat flux in a rectangular solid — Newton’s law of cooling BC

This energy balance solution is the same as Example 1, EXCEPT
there are different boundary conditions.

With Newton'’s law of cooling boundary condition, we know the flux
at the boundary in terms of the heat transfer coefficients, h;:

(g
Lo = (T, -T,)> 0
A 1\" b1 wl
x=0
The flux is positive < but, we do not
(heat flows in the +x- know these temps
direction)
9ol =, (TR -T,,)>0
A — 2\t w2 b2
\_ x=B

81
© Faith A. Morrison, Michigan Tech U.

1D Heat Transfer

How do we apply these boundary conditions?

Soln from

Example 1: T =c¢x+c, 2 unknown

constants to

A solve for: ¢4, C,.
A

—B—

We can eliminate the wall
temps from the two
equations for the BC by
using the solution for T(x).

T Then solve for
b2

¢4, Cy. (2 eqns,

2 unknowns)

82
© Faith A. Morrison, Michigan Tech U.
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See handwritten notes
(in class, also on web).

https://pages.mtu.edu/~fmorriso/cm310/selected lecture slides.html

https://pages.mtu.edu/~fmorriso/cm310/algebra_details_N_law_cooling.pdf

83
© Faith A. Morrison, Michigan Tech U.

1D Heat Transfer

After some algebra,

Example 2: Heat flux in a rectangular solid — Newton’s law of cooling BC

1

Cr = Tbl +

1
& (Tpz — Tp1)

K

1 B 1
et )

1
i (Tpz — Tp1)

1 B 1
(m*%*%)

Substituting back into the solution, we obtain the final result.

84
© Faith A. Morrison, Michigan Tech U.
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1D Heat Transfer

Example 2: Heat flux in a rectangular solid — Newton’s law of cooling BC

Solution: (temp profile, flux)

7+7
Temperature _
profile: Iy =T = k_
(linear) Iy =T, l +§+i
h k h,
Flux: 9x _ Ty —Tip
(constant) A L+§+i
hy k m

Rectangular slab with Newton’s law of cooling BCs g5

© Faith A. Morrison, Michigan Tech U.

1D Heat Transfer

Example 2: Heat flux in a rectangular solid — Newton’s law of cooling BC

Solution: (temp profile, flux)

x 1
Temperature T _T %_'_}7
profile: bl = 1
- T, -1 1 B
(linear) b1 b2 T T
K 2
: Ty, —Tp., )
T =T, . _ (To;=Thy)x X+ (Tby =Ty )n; Linear
b1 (i_,.E_,_l ) (i_,.E_,_l ) temperature
Ll k1 -k h2 profile

Rectangular slab with Newton'’s law of cooling BCs 86

© Faith A. Morrison, Michigan Tech U.
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1D Heat Transfer

Example 2: Heat flux in a rectangular solid — Newton’s law of cooling BC

Solution: (temp profile, flux)

X, 1

Temperature _ e

profile: I, -1 = k_
(linear) Ty =Ty l+§+i
h k h,

T _ Tb _ <(Tb1_Tb2)%> x + ((Tbl_sz)h_ll>
- 1 1 B 1 1 B 1
(h—ﬁ?ﬁz) (h_1+E+Hz)

Resistance due to heat transfer coefficients
Resistance due to finite thermal conductivity &

© Faith A. Morrison, Michigan Tech U.

1D Heat Transfer

Using the solution (with numbers):

What is the temperature in the middle of a slab (thickness = B,
thermal conductivity= 26 BTU/ h ft°F if the left side is exposed to a
fluid of temperature 120°F and the right side is exposed to a fluid of
temperature 50°F? The heat transfer coefficients at the two faces
are the same and are equal to 2.0 BTU/h ft? °F.

88
© Faith A. Morrison, Michigan Tech U.
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1D Heat Transfer

) . Example 4: Heat flux in a slab
Using the solution (conceptual):

For heat conduction in a slab with Newton’s law of cooling boundary
conditions, we sketched the solution as shown. If the heat transfer
coefficients became infinitely large, (no change in bulk
temperatures) how would the sketch change? What are the
predictions for T(x) and the flux for this case?

T Let’s
try.

Tw2
1 I’bZ
0 X
89
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See handwritten notes
in class.

https://pages.mtu.edu/~fmorriso/cm310/selected lecture slides.html
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1D Heat Transfer

. i Example 4: Heat flux in a slab
Using the solution (conceptual):

For heat conduction in a slab with Newton’s law of cooling boundary
conditions, we sketched the solution as shown. If only the heat
transfer coefficient on the right side became infinitely large, (no
change in bulk temperatures) how would the sketch change? What
are the predictions for T(x) and the flux for this case?

- Let's
try.

91
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See handwritten notes
in class.

https://pages.mtu.edu/~fmorriso/cm310/selected lecture slides.html
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11/7/2019

| Example 1: Heat flux in a rectangular solid — Temperature BC
What is the steady state temperature
Assurmptions: profile in a rectangular slab if one side
wice, tall siab is held at T, and the other side is heid
Heat transfer to: sey s e
7
v. N |
A =,
« Slab "
. HOT ‘ COLD
SIDE SIDE
. /
— W
B x
93
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| 1: Heatflux in a rectangular solid - Temperature BC
What is the steady state temperature
Assumgtions: profile in a rectangular slab if one side
-wice, tall slab is held at T, and the other side is held
. ste; tate atT,?
Heat transfer to. s s :

e Q >
v. Slab A —. HI
- Cylindrical Shell | oo

SIDE SIDE

. /
—_— w
B

x

Example 3: Heatfluxin a cylindrical shell - Temp BC

Assumptions:

slong pipe

+steady state

* k = thermal cond uctivity of wall

Cooler
waliat T,

e inner wal
outer wall t

. ﬂ \/ {very long)
Hot wall ot T

Material of thermal
conductivity k

94
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