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Implications of Energy Generation

» Involves a local (volumetric) source of thermal energy due to conversion from

another form of energy in a conducting medium.

» The source may be uniformly distributed, as in the conversion from electrical to

thermal energy (Ohmic heating):

Volumetric generation rate g =

or it may be non-uniformly distributed, as in the absorption of radiation

passing through a semi-transparent medium.

» Generation affects the temperature distribution in the medium and causes the

heat rate to vary with location, thereby precluding inclusion of the medium in a
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thermal circuit.




The Plane Wall

» Consider one-dimensional, steady-state conduction in a plane wall of

constant 4, uniform generation, and asymmetric surface conditions:
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The Plane Wall

> Is the heat flux fll independent of X? Answer is required )

i
Symmetric Surface Conditions or One Surface ﬂm
Insulated: : et
* Boundary conditions T !,T hT

atx=xL I,=T,=1T
28N I* :
» At the mid-plane, x =0.0

» The maximum temperature exists

_ gL’ -
r=1I,=2-+1. and  (dT/dx),.q = 0.
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The Plane Wall

» Hence, the temperature distribution, may be expressed as

» If the temperature of an adjoining fluid T, is known and not T,

1L
= h(T_f — _Tv.;) —) 1-__ = T:-: - _qh
x=L

_dT
» Surface energy balance — I

» Overall energy balance onthe wall > g =g wep gL =h(T,—T.)

* How do we determine the heat rate at x = L?
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Cylindrical Systems

Cylindrical (Tube) Wall

Separating variables and assuming uniform generation and constant &

ri—iz —;—k13+C1 — T{r‘)z—%13+(7‘11_t11'+£‘3
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Cylindrical Systems

* Boundary conditions

=0 and T(ry)=T.

C:D d C\:T_+—f'_
: o T

The temperature distribution

qr; 1'1)
=22(1-L)+1,
=% ( )7

atr=0 T=T - To=——+T.
0 0= T

» The temperature distribution in non-dimensional form ﬁ =
a &
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Cylindrical Systems

Surface Temperature

Overall energy balance:
surface energy balance:
E,=Epy
L R
dr r=r,

g(mroL) = hQ2mr,L)T, — T,)

gr.
2h

T.=T,+

A summary of temperature distributions is provided in Appendix C for plane, cylindrical and

>
spherical walls, as well as for solid cylinders and spheres. Note how boundary conditions are

specified and how they are used to obtain surface temperatures.
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Cylindrical Systems

» For a hollow cylinder with uniformly distributed heat sources the appropriate boundary
conditions would be

T=1T, atr =r;(nside surface)

T =T, atr=r, (outside surface)

The general solution is still

9 carsc "
= 4k+1nr+2

g 2 2 r
Tr—-7,=— —r )+ Cyln—
—) a 4k{rﬁ. re) 1 ro
L . R ]
_T] T+ g rs —r;)/4k
In (ri/rg)

where Cq
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Example

Consider a long solid tube, msulated at the outer radius r, and cooled at the mnner radius r,,
with uniform heat generation § (W/m®) within the solid.

1. Obtain the general solution for the temperature distribution in the tube.

2. In a practical application a limit would be placed on the maximum temperature that 1s
permussible at the insulated surface ( = r,). Specifying this limit as T, ,, identify
appropriate boundary conditions that could be used to determine the arbitrary con-
stants appearing n the general solution. Determme these constants and the correspond-
ing form of the temperature distribution.

3. Determune the heat removal rate per unit length of tube.

4. If the coolant 1s available at a temperature T, obtain an expression for the convection
coefficient that would have to be maintained at the mner surface to allow for operation
at prescribed values of T, and g.
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Example cont.

Sehematic:

Insulation
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Example cont.
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Example cont.
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3.100 A hgh-temperature, gas-cooled nuclear reactor consists
of a composite cylindncal wall for which a thormm fuel
element (k= 57 Wim - K) 1s encased in graphite (k = 3
Wim-K) and gaseous helium flows through an anmular
coolant chamel Consider conditions for winch the helnum
temperature 15 T, = 600 K and the convection coefficient
at the outer surface of the graphite is # = 2000 W' -K.

Coolant channel with
helium flow (T, k)

T;  (a) If thermal energy is umformly generated in the fuel
element at a rate ¢ = 10° W', what are the tem-
peratures T, and T at the mner and outer surfaces,
respectively, of the fuel element?
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Example cont.

Schematic:

Coolant

h = 2000 W/m2-K
T..= 600 K

Graphite
kg =3 Wim-K

Thorium (§)
kg = 57 Wim-K
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Example cont.
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Example cont.

Chemical Engineering Department |
Tel. +962 6 535 5000 | 22888

University of Jordan | Amman 11942, Jordan

Spheres

Spherical Wall (Shell)

ry

1tf.,_r1
dr

» Heat Equations: = L
r=ary
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Solid Sphere

0

L




Spheres

Temperature Distribution

3 . 2
krzd—T:—£+C1 —) T:_ﬂ_&JrCz
dr 3 ok r
 B.CI: e B.C2:
dT qr’
=0 C = T(r)=T —>C, =T +—=>
dr |r—0 0— 1 0 (o) s 6k
r2 I,.2
— T()="p| 1 T
ok r
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Spheres

Surface Temperature

Overall energy balance:

—Eout+égzo —)TSZTw-l-qro
3h

Or from a surface energy balance:

dro

Ein— Eox =0 > eond (o) =Gcony T, =T, +
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3.72 A composite spherical shell of mner radms r; = 025 m
1s constructed from lead of outer radmus r» = 0.30 m and
AISI 302 stainless steel of outer radius r; = 0.31 m. The
cavity 1s filled with radioactive wastes that generate heat
atarate of ¢ = 5 % 10° W/m’. It is proposed to submerge
the contamer in oceanic waters that are at a temperature of
T., = 10°C and provide a uniform convection coefficient
of h = 500 W/m” + K at the outer surface of the container.
Are there any problems associated with this proposal?
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Example cont.
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Example cont.

70O

=
E
@ 600 \\
-
w
T \
5

500
[ \\\
£

]

E i
£ 400 —
E —

300

100 200 300 400 500

800 700 600 80D 100D

Convection coefficient, h(\Wim*2_K)
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3.104 Radioactive wastes (&, = 20 W/m+K) are stored 1 a
sphenical. stamless steel (k; = 15 W/m-K) contaimer of
inner and outer radii equal tor; = 0 5mandr, = 06 m
Heat is generated volumetrically within the wastes at a
uniform rate of § = 10° W/nr'. and the outer surface of
the container 15 exposed to a water flow for which h =
1000 W' -K and T, = 25°C.

Water
T . h
Radiua;th-e'was:es,
e 9
e Stainless steel,
kSB

&

T:,ﬂ T_',_'
(a) Evaluate the steady-state outer surface tempera-
twre, T,
(b) Evaluate the steady-state imer surface tempera-
ture, T ;.
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{c) Obtamn an expression for the temperature distribu-
fron. TTr). m the radioactive wastes. Express your
result 1 terms of ;. T.; Ay, and ¢ Evaluate the
temperature at = 0.




Example cont.
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Example cont.
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Example cont.
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TapLe 3.3 One-dimensional. steady-state solutions to the heat
equation with no generation

Plane Wall Cylindrical Wall® Spherical Wall®
- i g 14 (,4T) Li( 24T
Heat equation 3 0 F (r o 0 - r o 0
. In (rry) 1 —(r/r)
Temperature Ak T .+ AT— & T _I.ij"‘—
distribution T JTL e ln (7y/r5) i 1—(r/ry)
" AT kAT kAT
Heat flux (¢ e o -
cat fhux (@) L rln(ry/ry) e[ — (U]
AT 2wk AT 4wk AT
Heat rate (g) kA 7 n (ry/r) @) — ()
Thermal £ In (}';."'}'[} I[l-'r?']) — {1."'}';}
resistance (R, q0q) k4 2Lk 4wk

“The critical radins of insulation is r., = k'h for the cylinder and r,, = 2k/h for the sphere.
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