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CM3215 Fundamentals of Chemical Engineering Laboratory

Objective: Measure the heat-transfer coefficient to a 1.0 inch
brass sphere dropped into in a well-stirred beaker of
hot water.

Strategy: ?
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Heat Xfer Coeff for Sphere Assignment 8

CM3215 Fundamentals of Chemical Engineering Laboratory

Objective: Measure the heat-transfer coefficient to a 1.0 inch
brass sphere dropped into in a well-stirred beaker of
water.

Strategy: ?

To determine our experimental strategy, we begin
with: What is heat transfer coefficient?

q
Xr = thbulk - Tsurface

g\ Tsur face

Newton’s Law of Cooling:
(a boundary condition)

Thuik

Perhaps: measure
Tsurface and Tbulk? 3
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CM3215 Fundamentals of Chemical Engineering Laboratory
How to experimentally measure heat-transfer coefficient?

ﬂ = thbulk - Tsurfacel

A
 Tsurface

Newton'’s Law of Cooling:
(a boundary condition)

Tpuwk

Perhaps: measure Ty, rqce aNd Tpyi?
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Heat Xfer Coeff for Sphere Assignment 8

CM3215 Fundamentals of Chemical Engineering Laboratory
How to experimentally measure heat-transfer coefficient?

qr

A

Newton’s Law of Cooling: = thbulk - Tsurfacel

(a boundary condition)

S\ Tsurface

Tpuik

Perhaps: measure Ty, qce aNd Tpyii?

But they will be equal!

Need heat transfer to be taking place.
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CM3215 Fundamentals of Chemical Engineering Laboratory
How to experimentally measure heat-transfer coefficient?

qr

A = thbulk - Tsurfacel

Newton'’s Law of Cooling:

(a boundary condition)

S\ Tsurface

Tpuwk

Perhaps: measure Ty, rqce aNd Tpyi?

But they will be equal!

Need heat transfer to be taking place.

Unsteady state experiment, then.

It would be awkward to try to measure the surface temperature.
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CM3215 Fundamentals of Chemical Engineering Laboratory
How to experimentally measure heat-transfer coefficient?

qr

A

= thbulk - Tsurfacel
S\Tmrfate

Newton'’s Law of Cooling:

(a boundary condition)

Tpuik

Perhaps: measure Ty, qce aNd Tpyii?

But they will be equal!

Need heat transfer to be taking place.

Unsteady state experiment, then.

It would be awkward to try to measure the surface temperature.
We can embed a thermocouple in the center perhaps?

How is the temperature at the center related to what we seek to measure, h?
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CM3215 Fundamentals of Chemical Engineering Laboratory
How to experimentally measure heat-transfer coefficient?

% = thbulk - Tsurfacel

S\ Tsurface

Newton'’s Law of Cooling:

(a boundary condition)

Tpuwk

Perhaps: measure Ty, rqce aNd Tpyi?

But they will be equal!

Need heat transfer to be taking place.

Unsteady state experiment, then.

It would be awkward to try to measure the surface temperature.
We can embed a thermocouple in the center perhaps?

How is the temperature at the center related to what we seek to measure, h?

We can model the situation and see what the connection is.
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Heat Xfer Coeff for Sphere Assignment 8

Initially:
t <t
T-couple T = TO
measures T(t)

at the center of
the sphere

CM3215 Fundamentals of Chemical Engineering Laboratory

© Faith A. Morrison, Michigan Tech U.

Experiment: Measure T(t) at the center of a sphere:

9

CM3215 Fundamentals of Chemical Engineering Laboratory

Experiment: Measure T(t) at the center of a sphere:

Initially:

f=p
T:To

T-couple
measures T(t)
at the center of
the sphel

Suddenly:

© Faith A.

Heat
transfer
takes place.

10
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Heat Xfer Coeff for Sphere Assignment 8

Initially: Suddenly:
(i
T—coupler‘“" = TO
measures T(t) ™\
at the center of \
the sphei 1

CM3215 Fundamentals of Chemical Engineering Laboratory

Experiment: Measure T(t) at the center of a sphere:

(already done for you)

t>t,

Excel:
t(s) | T(°C)

9.50E-02 7.46E+00
2.11E-01 7.44E+00
3.09E-01 7.44E+00
4.09E-01 7.57E+00
5.24E-01 7.46E+00
6.23E-01 7.49E+00
7.39E-01 7.53E+00
8.37E-01 7.46E+00
9.54E-01 7.59E+00
1.06E+00 | 7.53E+00
1.15E+00 | 7.58E+00
1.27E+00 | 7.48E+00
1.37E+00 | 7.57E+00
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a sphere:

Initially: Suddenly:

7

Modeling exercise: How does the temperature at the center

Experiment: Measure T(t) at the center of

t=t,

CM3215 Fundamentals of Chemical Engineering Laboratory

How do we set up
the model for this
problem?

Where does h come
into it?

of a sphere, subjected to this history, change with time?

12

© Faith A. Morrison, Michigan Tech U.

2/26/2019



Heat Xfer Coeff for Sphere Assignment 8 2/26/2019

CM3215 Fundamentals of Chemical Engineering Laboratory

Microscopic Energy Balance

Microscopic energy balance, constant thermal conductivity; Gibbs notation

oCy (% +u- VT> = kVPT + 8
2

Microscopic energy balance, constant thermal conductivity; Cartesian coordinates

‘ (gﬂvgﬂ‘gﬂ‘g>ik PT 0T T\
Poear T Ty T8, ) T '

Frolar
Microscopic energy balance, constant thermal conductivity; cylindrical coordinates
. (0T T v T or 10 (0T 1 *T  0°T .
oo (G oy + g ) = (’T ("5r) + 5 * 5 ) §
Microscopic energy balance, constant thermal conductivity; spherical coordinates

¢ (U7 0T wdT | vy OT\ (10 (,0T\ L 0. 0T\ 1 @T\,
Pp ot " or r 00 ' rsin0op) r2 or or r2sing 90 \" a0 r2sin’ 6 D2

www.chem.mtu.edu/~fmorriso/cm310/energy2013.pdf
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CM3215 Fundamentals of Chemical Engineering Laboratory

Modeling exercise: How does the temperature at the center
of a sphere, subjected to this history, change with time?

Inkially: Suddenly:
Microscopic energy balance, constant thermal conductivity: Gibbs notation
T
L toy ,,r'p(‘” fu Vl):lszl +S
1 To s P
Microscopic energy balance, constant thermal conductivity: Cartesian coordinates
& (ul OT . T . (!I) 5 1 ‘m’/
r + 0 e
e\ 9z " Way 92 922 o2
Microscopic energy balance, constant thermal conductivity: eylindrical coordinates
L (IT 9T wdl | aT 19 (aT\ 10T 9T\ .
G (= + v + po S ) =k (o (W) 4 S S ) s
ot ar r a0 az ror ar r 092 922
Microscopic energy balance, constant thermal conductivity: spherical coordinates
aT 10 20T 1 a AT 1
L 10 (a0TY, 1 0 (o 00Ty, L
" or (r-’rh (' or ) MY ( " ;m) 7Zsin?
p

www.chem.mtu.edu/~fmorriso/cm310/energy2013.pdf
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Indiay Suddeny.

Unsteady State Heat Transfer to a Sphere

Microscopic energy balance in the sphere: | &0
=g
oT 19 (,0T
= ——|r°= o
ot r?or or Unsteady
+ Solid (v = 0)
* 0,¢ symmetry >
. + No current, no rxn S
Boundary conditions: =
q aT g
r =R, Zr:_kazh(T(r)_Tbulk) t>0 g
ar _ <
r=20, i 0 vt -§
g
Initial condition: <
e
t=0, T = Tinitial vr s
15 ©

Indiay Suddeny.

Unsteady State Heat Transfer to a Sphere

Microscopic energy balance in the sphere: | &0

aT 10 zaT
E T_Za r E + Unsteady

* Solid (v=0)
* 0,¢ symmetry
¢ No current, no rxn

Boundary conditions:

q aT
T:R, Zr:_kazh(T(r)_Tbulk) t>0

ar
A

r=0, =0

t=0, T = Tiitiat

Initial condition:

© Faith A. Morrison, Michigan Tech U.

(“v” means “for all”)
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Indiay Suddeny.

Unsteady State Heat Transfer to a Sphere

Microscopic energy balance in the sphere: | 8|

Unsteady

Solid (7 = M
>
L
[8]
) N oW S O I Ve :
&
2
) 5
b
— L c
r=0, 1 0 vt @
S
=
Initial condition: <
ey
t=0, T = Thitiat vr ®
17 ©

(“v” means “for all”)

Indiay Suddeny.

Conduction
of Heat 1n
Unsteady

Solids Solid (v = 0)

6, ¢ symmetry
No current, no rxn

SECOND EDITION

OXFORD
AT THE CLARENDON PRESS
t>0

vt

H. S. CARSLAW and
J. C. JAEGER

1959 f

© Faith A. Morrison, Michigan Tech U.

(“v” means “for all”)
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Suddeny.

Unsteady State Heat Transfer to a Sphere
T(r,t) = Thuik | &)

Solution: gy 4) =
' Tinitial — Thuik
hR at
= — Fo=—
Bi = X 0] R2

(Bi=Biot number; Fo=Fourier number)

_T=T i roGury? SINTAn) (SinRAn) ( (RA,)? + (Bi — 1)2
3= T—T, ~ 4s° A R, J\(R1,)?+Bi(Bi—1)

n=1

where the eigenvalues 1, satisfy this equation: L _4+Bi—1=0
tanRA,

Characteristic Equation

19

(CIETY EIE] UCEREL, 112812, DET) © Faith A. Morrison, Michigan Tech U.

Suddeny.

Unsteady State Heat Transfer to a Sphere

T(r,t) = Thuik 2

Solution: E(r, t) =

Tinitial — Thuik

Depends on
material (@ =
k/pC,), and heat
transfer processes
at surface (h)

Bi=Biot number; Fo=Fourier numbe

_T=T i roGry? (ST An) (Sin RAn) ( (RA,)? + (Bi — 1)2
3= T—T, ~ 4s° A R, J\(R1,)?+Bi(Bi—1)

n=1

R,
tan RA,
Characteristic Equation

+Bi—-1=0

where the eigenvalues 4, satisfy this equation:

20

(CIETY EIE] UCEREL, 112812, DET) © Faith A. Morrison, Michigan Tech U.
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Heat Xfer Coeff for Sphere Assignment 8

Unsteady State Heat Transfer to a Sphere

Indiay Suddeny.

What does this

[ee)

ika?
look like” 1

n=1

where the eigenvalues 4, satisfy this equation:

Let’s plot it to find

T-=T, - Z Fo(i,R)? (ST Ay \ (sinRAy, (RA,)? + (Bi — 1)?
5= T,—T, 'L° T RA, (RA,)? + Bi(Bi — 1)

An

+Bi—-1=0

tanRA,
Characteristic Equation

21

out. (Excel) © Faith A. Morrison, Michigan Tech U.

Let’s plot it to find out: what are the variables?

Indiay Suddeny.

Solution: ~_hR Fo = at
Bi = T 0= R2

[oe]

£ = T-T, 2Biz o—FO(inR)? sinrd,\ [sinRA,
T T =T, Ty, RA,

n=1

\E)‘(ponential decay with Fo
)

n=1

R, If we choose

+Bi—1=0
tan R4, !

A, (Bi) varies with Bi:

then on

Characteristic Equation

(RAp)? + (Bi — 1)?
) ((R/ln)z + Bi(Bi — 1)>

(scaled time)

bunch of terms )

= b = i _(FO)(ATIR)Z
¢ T, —T, 2 Z € (that vary with Bi and 4,,(Bi)

. . hR
a fixed Bi=—,
-

t q
ly Fo = - varies
22
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Heat Xfer Coeff for Sphere Assignment 8

Unsteady State Heat

f =
Transfer to a Sphere T - T,
. . hR
If we choose a fixed Bi= -
t q
then only Fo = = varies
R
1.4 :
term n=1
1.2 +
L
ol 1.0 M %
IR
(e 08
N
2| 3 961 (sum of 9 terms)
ElE oa
RIS
1
0.2
& 0.0 - —— ‘
e f o1 02 03 0l4
-0.2 | |
-0.4
-0.6

T—T =
b = ZBiZ Termy,
B n=1

For a fixed Bi
-
1= —

k

=Biot number= 1.0000

—first term
——second term
——third term
——fourth term
—fifth term
sixth term
seventh term
eighth term
ninth term

_at
FO:F

= fixed h, R, k

23
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Unsteady State Heat
Transfer to a Sphere

If we fix Bi, then
only Fo varies:

«It is an infinite sum of terms.

*Each term corresponds to one eigenvalue, 4,

*The first term n = 1 is the dominant one

*The n > 1 terms alternate in sign (positive and negative)
*Higher terms are “fixing” the short time behavior

1.4 :
term n=1 :
12
o | |
10 A
S Mo
33
2 08
1|1
2| 3 967 (sum of 9 terms)
N
= &S' 0.4
1]
0.2
& 0.0 — ;
W f o1 0.2 03 04
0.2 | |
0.4
0.6

| =Biot number3

—first term
——second term

For a fixed B
1.0000;
:lB_ R
i=—
k

——third term

——fourth term

——fifth term
sixth term
seventh term
eighth term
ninth term

24
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Heat Xfer Coeff for Sphere Assignment 8 2/26/2019

Unsteady State Heat If we fix Bi, then
Transfer to a Sphere only Fo varies:
1.4 ‘ =Biot number= 1.0000
12 /—/ For Fo > 0.2, the
I | higher-order ’Ferrr.ls ‘ho.t”
HIE make no contribution
/L L 06 result » stj:*venthterm
= g : (9 terms) E{ghth term
\b S 04 ninth term
N
i
—~ 02
E o0 N\ I | ; P at
e o k] ~ 0 E -
" Vl 0.2 03 o/ R2
0.4 S (;"
0.6 WL
25
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Unsteady State Heat If we fix Bi, then

Transfer to a Sphere only Fo varies:
1.4 ‘ —Eriot number= 1.0000
12 ~ /—/ For Fo > 0.2, the
. S( 10 SC | higher-order ’Ferrr.ls h.o.t.
HIERY: make no contribution
B - )
/L L 06 result » stj:*venthterm
t— E (9 terms) E{ghlth terr|n
e 04 N The higher-order
Lo ’\ \ terms are working to
£ of b get the solution right
o y o %2 for shorter and shorter
times (low Fo) S
0.4 N_" ‘ @l (\bﬁ
0.6 e

26
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Unsteady State Heat If we fix Bi, then

Transfer to a Sphere only Fo varies:
1.4 ‘ =Biot number= 1.0000
12 ~\ f—/ For Fo > 0.2, the
N ' E “h.o.t.”
. S( 10 5C | higher-order ’Ferrr.ls )
HIEErY make no contribution
/L L 0.6 result stj:*venthterm
= g (9 terms) E{g'_‘f*‘_te’:‘“
SleE o4 | The higher-order

We already know the short-time ~ terms are working to
behavior, T is constant at the get the solution right
initial temp; we thus concentrate for shorter and shorter
on long times to fit the data (and times (low Fo) il
therefore need only one term of - & |

the summation) ‘ ;

27
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Unsteady State Heat If we fix Bi, then

Transfer to a Sphere only Fo varies:
10
Fo=0.2 —nine
terms
——first
S S 1 term
3| 3 —— .
I the solution is
—~| = \ A
(O I linear for Fo > 0.2
2|5 o —
Pl S * The slope
Il depends on Biot
< number
& 001
M
. o= R
=—
- k
0.001 1
0.0 0.2 0.4 0.6 0.8 1.0 1 k
Fo= = Bi hR
R? 28

© Faith A. Morrison, Michigan Tech U.
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Heat Xfer Coeff for Sphere Assignment 8

Unsteady State Heat If
Transfer to a Sphere

we fix Bi, then

) (summary)
only Fo varies:

For a fixed B
-
=%

+Solution is an infinite sum of terms.

*Each term corresponds to one eigenvalue, 1,

*The first term n = 1 is the dominant one

*The n > 1 terms alternate in sign (positive and negative)
*Higher terms are “fixing” the short time behavior

*At fixed Biot number, the time-dependence is an
exponential decay (for Fo > 0.2)

*Our Biot number will be fixed; but we not know what it is
until we fit our results to the model.

the results are only a function of Fo.

_at
FO:F

Question: How do various values of Biot
number affect the heat transfer that occurs?

© Faith A. Morrison, Michigan Tech U.

29

RA,

Unsteady State Heat Transfer to a Sphere

The roots of the characteristic equation

A vary with Bi Characteristic Equation: R
n g
—4+Bi—1=0
10 tan R4,
12.0 S OOOP
SOX Ay
XKL
10.0 @ first mode
M second mode
8.0 g A5 LU thirdmode * The A, are the
X fourth mode roots of the
6.0 [ | characteristic
. equation
A2 | highsiis q
4.0 low k, high h - They depend on
.,4»00“’““0 Biot number Bi
20 4 lowBiis ’0 A i
high k, low h +? 1 hR
.4)”’ Bi=—
0.0 $000080¢¢ X
0.001 0.1 10 1000
Biot Number 30

© Faith A. Morrison, Michigan Tech U.
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Heat Xfer Coeff for Sphere Assignment 8

RA

Low Bi:
Unsteady State Heat Transfer to a Sphere high k + i
y H
The roots of the characteristic equation low h bz
Ay vary with Bi Characteristic Equation: o
Z_+Bi—-1=0
14.0 \ tan R,
1200 \ yXXx><>,<>9<,,
SOOOPOKNN A(xxxxxxx A4
0.0 @ first mode
M second mode
60 s ‘ Az LU thiramode * The A, are the
‘ X fourth mode roots of the
. characteristic
60 At low B_l, thg equation
temperature is uniform
4.0 . They depend on
in the sphere; heat Biot number Bi
o [ rowsiis L.+ transfer is limited by
high k, low h R hR
e LS rate of heat transfer to Bi = —
0.0\p40000 -
A » the surface (h). k
Biot Number 31

© Faith A. Morrison, Michigan Tech U.

Unsteady State Heat Transfer to a Sphere

At high Bi, the surface ***""
temperature equals

the bulk temperature;

Characteristic Equation:

RA,

\
heat transfer is limited’ | oo
by conduction in th A
sphere.
8.0 | ‘ L 13 LU
6.0 —
A2 | highBiis
4.0 low k, high h

2000000 4

20 4 lowBiis | /11 L

high k, low h
0.0 60080 seot] /
0.001

=}
=
= A
<
o
S
s}

Biot Number

© Faith A. Morrison, Michigan Tech U.

third mode

# first mode

M second mode

X fourth mode

The 4, are the
roots of the
characteristic
equation

They depend on
Biot number Bi

o hR
=%

32

2/26/2019
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Heat Xfer Coeff for Sphere Assignment 8 2/26/2019

At moderate Bi, heat transfer is Moderate Bi:

affected by both conduction in 1 Sp| nether

the sphere and the rate of heat process
transfer to the surface. ic Eq

N dominates |
14.0 tan RA, Toi—1=0

H 9

777777 # first mode
M second mode

third mode * The A, are the
il n
X fourth mode roots of the
E— characteristic

equation

high Bi is
low k, high h + They depend on
00900090 Biot number Bi

o R
=%

33
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0.001 0. 10 1000
Bio ber

The key to analyzing our We determine the Biot
data is determining the Biot number by fitting the model
number for the experiment. predictions to our data.

The value of Biot number that results in hR
the closest fit between model and data Bi = —
tells us our value of h. k

10

OO
XX

X
SOOI

\ E'O

o
[

Tinitiat = Thutk
=
g
3
5
S

 fourth mode

)
<

8
=

c

©
Ry

° 3
=

60 g
Q

=

[}

=
<
<
=

©

[T
©

T(r,t) — Thuik

RA,

high Biis low
[ conductivity

600400090

Q!

*®
0.001 00 YO ad
0.0 0.2 04 0.6 08 10 0.001 01 10 1000

Fo=— 34
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Summary:  °

Heisler charts

(Geankoplis; see also Wikipedia) :

The key to analyzing our data is determining the Biot
number for the data.

We determine the Biot number by fitting the model
predictions to our data.

The value of Biot number that results in the closest fit
between model and data tells us our value of h.

In the literature, there are handy plots of
the solutions to Unsteady State Heat
Transfer to a Sphere (and other shapes)

From Geankpolis, 4" edition, page 374

© Faith A. Morrison, Michigan Tech U.

Heisler charts

(Geankoplis; see also Wikipedia)

Literature solutions to Unsteady State Heat Transfer to a Sphere

From Geankpolis, 4" edition,

heat conduction. [From H. P. Heisler, Trans. ASM.E., 69, 227 (1947). With
permission.]

page 374, see also WRF, Figure F.6, p717

=L T L I T . TTT] [ i1
S e e ™
— g
SRR y) sphere ||
R gy NIRRT %
OSSR Nl e
\i\ Jo. Y2 ™ O N .
SRR %, N D ENS 2 ‘Lﬂ‘
NS, ) AN ) I\ ® o
"~y £ o = It} Y
2o N | \ 3 s
] o \)
SR AR \
, . A\
N S R
! AL INIARTR Ny \%\ X
8 A NIRRT [N
\;\\\a IRERNAN \z ;
ol D 5 /
0.002 c“ns:\‘bv-lﬂ N \\ \ \ \ \ \ \ \\\\ |
luifi IR AR AR T
1.0 1, 0 0

0 0.5 5 2.0 2.5 3 4 5 6 7 8 91 20 30 40 5 90 130 170 210 250
ar
X=—
X]
FIGURE 5.3-10.  Chart for determining the temperature ar the center of a sphere for unsteady-state

36
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Heat Xfer Coeff for Sphere Assignment 8

Literature solutions to Unsteady State Heat Transfer to a Sphere
Heisler charts (Geankoplis; see also Wikipedia)

From Geankpolis, 41 edition, page 374; see also WRF, Figure F.6, p717

s N T T P e | [ i1
= SN e L
SSSaassea
it\ N E%\ = X\ sphere |
el N NENSNNN ST NS .
L NEANRASUAS INNNRGRS -G
0.1 ‘ S s A NN %2, J\fa =
R A AN N\ 2 . ] & ‘c@
sl T The Heisler Chart is a catalog of
e \ all the Y, = &(t) long-time N
LS 002 |\ X .
\\\ \ \| shapes for various values of
0.01— i .
T ‘ : . _hr_ 1
008 \\\\ N Biot number Bi = — = —. >
2 k m
0.004 \i\\‘ o \i . A RTRRIIRY IRRARVAN \ \\i\\i\ \
L JANA DRI IS, [T
o LT P A NP A RIS
0 08 Lo 15 20 25 34 5 6 7 8 9 10 20 30 40 50 90 130 170 210 3s0
_af
g
FIGURE 5.3-10.  Chart for determining the temperature ar the center of a sphere for unsteady-state
heat Acu‘ndu]ctiom [From H. P. Heisler, Trans. A.S.M.E., 69, 227 (1947). With
permission. 37

© Faith A. Morrison, Michigan Tech U.

Literature solutions to Unsteady State Heat Transfer to a Sphere
Heisler charts (Geankoplis; see also Wikipedia)

0.

5

2

0 2.5

3 4 5 6 7 8 91

Pl

T LT T T[T ]
=~ -
L SN =
L SNSRI =
o iy J DA e NN D N 3
i \‘\ N The Heisler Chart is a catalog of [ ]| ; ‘f
NS\ all the Yo = {(t) long-time K[ '
= ! .
\\\\\ \'\ shapes for various values of
0.01 }— i !
o008 ‘\‘\‘1‘\\ N Biot number Bi = hTR == X
0.004 \} \\ow ?\i . Ty IAERRVAN T T Trn AR WY \
s \\T \ \\ \ \ \X Our data correspond to
. \\’}.0\ \ L 0\\ \l\| only one of these lines;

* | when we know which
i line, we know Bi.

FIGURE 5.3-10.  Chart for determining the temperature ar the center of a sphere for unsteady-state

heat conduction. [From H. P. Heisler, Trans. ASM.E., 69, 227 (1947). With

permission.]

From Geankpolis, 41 edition, page 374; see also WRF, Figure F.6, p717

38
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)
Literature solutions to Unsteady State Heat Transfer to a Sphere <
Heisler charts (Geankoplis; see also Wikipedia) f
®
— : 2
=  —————= | | | AT [ £
‘ $§§§E\\§:§ES\ CE T Ty ] =
N AN X y T e
ANNEEEESNNNESSNN SWsa iRl =18
| ISEARNATRART ANNSSRS ey
0 TRVAR "%\Qé'f\“" WA RN Y ® (;J =
sl L] IAAA SR A | | <
Sl Note: the parameter m from the \‘ 5
S 0.02(—H . . .
= " Geankoplis Heisler chart is NOT the ©
0.01 1 . . 1
w8 — slope of the line! It is a label ofE. A \\\\5\
0.004 H’i ‘\‘rﬁ_\o, “i - LAY IRAVATIAAAW AV AN ) "
\\W LANIAN 1 TR
oo LT I\ T
. 1.0 1.5 2.0 2.5 34 5 6 7T o .+ o av zu ou “u El) 90 130 170 210 250

i
]

FIGURE 5.3-10.  Chart for determining the temperature at the AISO, X1 IS the sphere rad I US

heat conduction. [From H. P. Heisler, Trans. A.5.M.E, 69, 72 11947). With
permission.] 39

From Geankpolis, 41 edition, page 374; see also WRF, Figure F.6, p717

Note also: think of it as
4 separate graphs

Heisler charts (Geankoplis; see also Wikipedia)
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FiGure 5.3-10.  Chart for determining the temperature at the center of a sphere for unsteady-state
heat conduction. [From H. P. Heisler, Trans. ASM.E., 69, 227 (1947}, With
permission.] 40

From Geankpolis, 4" edition, page 374 © Faith A. Morrison, Michigan Tech U
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Heat Xfer Coeff for Sphere Assignment 8 2/26/2019

CM3215 Fundamentals of Chemical Engineering Laboratory

Assignment 8: Unsteady Heat Transfer to a Sphere

(team assignment)

*Using the time-dependent temperature versus time data measured by colleagues
(supplied to you), calculate the heat transfer coefficient for the laboratory
experiment (sphere plunged into a beaker of hot water).

*Report the Biot number.
*Report the heat transfer coefficient, h.

Indicate which physics is dominating the dynamics: heat
transfer to the sphere (h), heat transfer within the sphere
(k), or neither dominate.

*Describe your method for obtaining Bi and h (briefly; you
may give steps as a list in your memo; it's not a report).

*Conduct and report an uncertainty analysis to determine
error limits on h.

41
© Faith A. Morrison, Michigan Tech U.

CM3215 Fundamentals of Chemical Engineering Laboratory

Which physics dominates?

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

« At high Bi, the surface temperature equals the bulk
temperature; heat transfer is limited by conduction in the
sphere (k).

» At moderate Bi, heat transfer is affected by both conduction in
the sphere and the rate of heat transfer to the surface (both h
and k influence the heat transfer).

* The key to analyzing our data is determining the Biot number
for the experiment.

42
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Heat Xfer Coeff for Sphere Assignment 8 2/26/2019

CM3215 Fundamentals of Chemical Engineering Laboratory

Pre-lab Assignment (due Tuesday in lab): S

«In your lab notebook, outline how you plan to proceed;
show the TA.

*Obtain a = k/pC,, and k for brass ahead of time and
record both in notebook (with reference)

*Submit your data to the TA for the archive:
v DP meter calibration
v' Orifice meter calibration (two different units)
v Rotameter calibration

v Lossy pump characteristic curve

43
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