PROBLEM 1.2
KNOWN: Inner surface temperature and thermal conductivity of a concrete wall.

FIND: Heat loss by conduction through the wall as a function of ambient air temperatures ranging from
-15 to 38C.

SCHEMATIC:
A =20 m2
k=1,0.75 or 1.25 W/m-K
T1 =250C
To =-15t0 38 °C
T(x)
»L k=L =0.30m
X

ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Steady-state conditions, (3)
Constant properties, (4) Outside wall temperature is that of the ambient air.

ANALYSIS: From Fourier’s law, it is evident that the gradiedif/dx = — d / Kk, is a constant, and

hence the temperature distribution is lineaqyf and k are each constant. The heat flux must be
constant under one-dimensional, steady-state conditions; and k is approximately constant if it depends
only weakly on temperature. The heat flux and heat rate when the outside wall temperatard 80

are

25 C-(-15

" (j-l- -]EL - -]-22 ( (:;

= —k— =k—+—=% =1W/mK =133.3W 7. 1
= L / 0.30m W (1)
Oy = Oy xA=133.3W nfx 20 = 2667W @<

Combining Egs. (1) and (2), the heat ratean be determined for the range of ambient temperature, -15
< T, < 38C, with different wall thermal conductivities, k.
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For the concrete wall, k = 1 WIKy the heat loss varies linearily from +2667 W to -867 W and is zero
when the inside and ambient temperatures are the same. The magnitude of the heat rate increases with
increasing thermal conductivity.

COMMENTS: Without steady-state conditions and constant k, the temperature distribution in a plane
wall would not be linear.



PROBLEM 1.9

KNOWN: Masonry wall of known thermal conductivity has a heat rate which is 80% of that
through a composite wall of prescribed thermal conductivity and thickness.

FIND: Thickness of masonry wall.

SCHEMATIC:
k=075 Wim-K ko = 0.25 Wia-K
9, 9,
Masonry wall (1) Composi‘fe wall (2.)

ASSUMPTIONS: (1) Both walls subjected to same surface temperatures, (2) One-
dimensional conduction, (3) Steady-state conditions, (4) Constant properties.

ANALYSIS: For steady-state conditions, the conduction heat flux through a one-dimensional
wall follows from Fourier’s law, Eq. 1.2,

whereAT represents the difference in surface temperatures. Sinisethe same for both
walls, it follows that

With the heat fluxes related as
= 08¢

0.75W/niK = 1 _ o <

L, = 100mm—————— 1

0.25 W/ nIK 0.8
COMMENTS: Not knowing the temperature difference across the walls, we cannot find the
value of the heat rate.



PROBLEM 1.11
KNOWN: Dimensions and thermal conductivity of achip. Power dissipated on one surface.
FIND: Temperature drop across the chip.

SCHEMATIC:

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Uniform heat
dissipation, (4) Negligible heat |oss from back and sides, (5) One-dimensional conductionin
chip.

ANALYSIS: All of the electrical power dissipated at the back surface of the chipis
transferred by conduction through the chip. Hence, from Fourier’s law,

P=qg=KkA ATT
or
AT = tEIP2: 0.001 mx4 W ,
kW< 150 W/mK (0.005 m)
AT = 1.1 C. <

COMMENTS: For fixed P, the temperature drop across the chip decreases with increasing k
and W, aswell aswith decreasing t.



PROBLEM 1.19

KNOWN: Length, diameter and maximum allowable surface temperature of a power
transistor. Temperature and convection coefficient for air cooling.

FIND: Maximum allowable power dissipation.

SCHEMATIC:
Qeonv Ts = 85°C

K— —3>— D=12mm

T = 25°C —>
h =100 W/m%-K —% ~
p L=10 mm

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer through base of
transistor, (3) Negligible heat transfer by radiation from surface of transistor.

ANALYSIS: Subject to the foregoing assumptions, the power dissipated by the transistor is
equivalent to the rate at which heat is transferred by convection to the air. Hence,

Pelec= dconv= hA(Ts Too )
where A:n(DL +D2/4):n§).012mx 0.01m ( 0.012)F /%: 490 16 m .

For a maximum allowable surface temperature 6€8%he power is

Pelec= 100 W/nf DK( 4.96 10% rﬁ) (85 25 € 294w <

COMMENTS: (1) For the prescribed surface temperature and convection coefficient,
radiation will be negligible relative to convection. However, conduction through the base
could be significant, thereby permitting operation at a larger power.

(2) Thelocal convection coefficient varies over the surface, lamidspotscould exist if there
are locations at which the local valuenas substantially smaller than the prescribed average
value.



PROBLEM 1.39

KNOWN: Power consumption, diameter, and inlet and discharge temperatures of a hair
dryer.

FIND: (a) Volumetric flow rate and discharge velocity of heated air, (b) Heat loss from case.
SCHEMATIC:

M%Mmm T = 20°C
\ h =4 W/m2-K
% Teur = 20°C drad  oon To=40°C,£=0.8
/ D =70 mm

r———————— = = = = = = — — _ .

' Air ¥V, T;=20°C

Vo, To= 45°C <— L doimm o [ g APV )
| p =1.10 kg/m

cp = 1007 J/kg-K

|<—L=150mm/ —

Pejec = 500 W

ASSUMPTIONS: (1) Steady-state, (2) Constant air properties, (3) Negligible potential and
kinetic energy changes of air flow, (4) Negligible work done by fan, (5) Negligible heat
transfer from casing of dryer to ambient air (Part (a)), (6) Radiation exchange between a small
surface and a large enclosure (Part (b)).

ANALYSIS: (a) For a control surface about the air flow passage through the dryer,
conservation of energy for an open system reduces to

m(u+pv) - m(u+ py, + = 0
where u + pv =i and q =R Hence, withm(ii ‘io) :mcp (Ti ‘To)1
mcp (To— Ti) = Relec
. _  Pelec  _ 500 W
m= -
cp(To=Ti) 1007 J/kgjk( 08

C): 0.0199 kg/s

(=M _0.0199KIfS 5 h1g81 1 /s <
P 1.10 kg/n¥
Vo=l o 40 _4x00181m /s, o <

Ac 2  1(0.07 m)?
(b) Heat transfer from the casing is by convection and radiation, and from Eq. (1.10)

= hAg(Ts— T ) +€A g(T‘é—T“SU)
Continued .....



PROBLEM 1.39 (Continued)

where Ag=nDL =(0.07 mx 0.15 m)= 0.033 f1 Hence,

q=4W/mZEK(0.033 n‘?)( 20 <}+ 08 0.033fx 587 19 Wh 4(< Az f);g 4

q=2.64 W+ 3.33W= 597 W <

The heat loss is much less than the electrical power, and the assumption of negligible heat loss
is justified.

COMMENTS: Although the mass flow rate is invariant, the volumetric flow rate increases

as the air is heated in its passage through the dryer, causing a reduction in the density.
However, for the prescribed temperature rise, the chareaimd hence the effect dn is

small.



PROBLEM 2.4

KNOWN: Symmetric shape with prescribed variation in cross-sectional area, temperature
distribution and heat rate.

FIND: Expression for the thermal conductivity, k.

SCHEMATIC:
Units
Awx)y=(1-x) T-K
T(x) =300(1-2x-x3) Z\:Z .
92:6000W

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x-direction, (3)
No internal heat generation.

ANALYSIS: Applying the energy balance, Eq. 1.114, to the system, it follows that, since

Ein = Eout>
0y = Constant # f (x).

Using Fourier’slaw, Eq. 2.1, with appropriate expressionsfor Ay and T, yields

dar

=-k A, —

Qx X dx | .
— 2 3
6000W=-k [{11-x ) m“ 3— 00(1— 2X-X ) —.
) dx % Hm
Solving for k and recognizing its units are W/miK,

K -6000 _ 20 <

) (1x) %00(—2 —3x2)5 (1_X)(2 +3X2)'

COMMENTS: (1) Atx=0,k=10W/mK andk - o asx - 1. (2) Recognize that the 1-D
assumption is an approximation which becomes more inappropriate as the area change with x, and
hence two-dimensional effects, become more pronounced.



PROBLEM 2.16

KNOWN: Different thicknesses of three materials: rock,

insulation, 6 in.

18 ft; wood, 15 in; and fiberglass

FIND: Theinsulating quality of the materials as measured by the R-value.

PROPERTIES: Table A-3 (300K):

Materid Thermal
conductivity, W/m(K
Limestone 2.15
Softwood 0.12
Blanket (glass, fiber 10 kg/m3) 0.048

ANALYSIS: The R-value, aquantity commonly used in the construction industry and building

technology, is defined as
L(in)
k(Btutin/ hit? OF)

R

The R-value can be interpreted as the thermal resistance of a 1 ft2 cross section of the material. Using
the conversion factor for thermal conductivity between the Sl and English systems, the R-values are:

Rock, Limestone, 18 ft:

18ftx121
R= ft
215 W x0577g BUNTLOF 5N
mK W/m K ft
Wood, Softwood, 15 in:
R= 15in .
012 W xos577gBU/NOEF 5in
mK W/ mK ft
Insulation, Blanket, 6 in:
R= 6in -
0048 W 0577 BU/NOOF, g5in
mK W/ mK ft

2 -1
=145 (Btu/h §t2 ¢ F)

18 (Btu/ h(it? GF)_l

=18 (Btu/hit? F)_l

COMMENTS: The R-value of 19 given in the advertisement is reasonable.



PROBLEM 2.25

KNOWN: Analytical expression for the steady-state temperature distribution of a plane wall
experiencing uniform volumetric heat generation ¢ while convection occurs at both of its surfaces.

FIND: (@) Sketch the temperature distribution, T(x), and identify significant physical features, (b)
Determine ¢, (c) Determine the surface heat fluxes, ay (-L) and gy (+L); how are these fluxes
related to the generation rate; (d) Calculate the convection coefficients at the surfacesx =L and x =
+L, (€) Obtain an expression for the heat flux distribution, g3 (x); explain significant features of the
distribution; (f) If the source of heat generation is suddenly deactivated (¢ = 0), what isthe rate of

change of energy stored at thisinstant; (g) Determine the temperature that the wall will reach
eventually with g = 0; determine the energy that must be removed by the fluid per unit area of the wall

to reach this state.

SCHEMATIC:
T=a+bx+cx? a = 82.0°C, x(m)
d, k=5W/m-K b =-210°C/m
p = 2600 kg/m3 ¢ = - 2x104 °C/m?2
cp = 800 J/kg-K

T(+L)

ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform volumetric heat generation, (3) Constant
properties.

ANALYSIS: (a) Using the analytical expression in the Workspace of IHT, the temperature
distribution appears as shown below. The significant features include (1) parabolic shape, (2)
maximum does not occur at the mid-plane, T(-5.25 mm) = 83.3°C, (3) the gradient at the x = +L
surfaceisgreater thanat x =-L. Find also that T(-L) = 78.2°C and T(+L) = 69.8°C for use in part (d).

Temperature distribution

90

85

80

Temperature, T(x) (C)

75

70

-20 -10 0 10 20

x-coordinate, x (mm)

(b) Substituting the temperature distribution expression into the appropriate form of the heat diffusion
equation, Eq. 2.15, the rate of volumetric heat generation can be determined.
imTD+3:O where T(x) =a +bx +cx
dx HaxH k

2

dix(0+b+20x) +% =(0 +2c) +% =0
Continued .....



PROBLEM 2.25 (Cont.)
q:—2ck:—2(—2 ><104‘C/m2)5W/m K =2 X0°W/m°® <

(c) The heat fluxes at the two boundaries can be determined using Fourier’ slaw and the temperature
distribution expression.

oy (x) = —kg—;l(_ where T(x) =a+bx +cx

2
oy (-L)=—k[0+b+2cx] __, =4b —2cl] k
oy (-L) = —5—210°C/m —2(—2 ><104fc:/m2)o.020m5 SW/m K =2050W/m? <
o (+L) = (b +2cL )k = 45050W / m? <
From an overall energy balance on the wall as shown in the sketch below, E;,, —Eqt + Egen =0,

2
+qy (L) =dy (+L) +29L =0 or  -2950W/m? -5050W/m? +8000W/m? =0

where 24L = 2x2x10° W/m°> x0.020 m =8000W / m?, so the equality is satisfied

I.Eé;en =2qL T('l”—) g I T(+L)
dovi 11 ax(-L) ax(+L) 1|1 Ay
) — Il —> —> I —>
ax(-L) ax(+L) " i
| | ek k b @-
-L L> x +L
Part (c) Overall energy balance Part (d) Surface energy balances

(d) The convection coefficients, hy and hy, for the left- and right-hand boundaries (x = -L and x= +L,
respectively), can be determined from the convection heat fluxes that are equal to the conduction
fluxes at the boundaries. See the surface energy balances in the sketch above. See also part (a) result
for T(-L) and T(+L).

Gov,e =dx (L)
h Ho ~T(-L)Yg=h[20-78.2]K = 2950W/m? hj =51W/m? K <
Gov,r =dx (+L)
hy  (+L) - Twg=h, [69.8 20| K = 45050W /m? hy =101W/m? R <

(e) The expression for the heat flux distribution can be obtained from Fourier’ s law with the
temperature distribution

L —_ dT —_—
ay (x)= k= &[0 +b +2cx]

i (x)=-5W/mK 210°C/m +2( 2 x10% T/ mz)gx =1050 42 10°x <

Continued .....



PROBLEM 2.25 (Cont.)
Thedistribution is linear with the x-coordinate. The maximum temperature will occur at the location
where gy (Xmax ) =0,

2
Xmax =~ 1050W/m =525 x10‘3m =-5.25mm <

2x10° W /m3

(f) If the source of the heat generation is suddenly deactivated so that ¢ = 0, the appropriate form of
the heat diffusion equation for the ensuing transient conduction is
0 PTO_ oT

k— =pCh—
0X Ba_xH Pp ot
At the instant this occurs, the temperature distribution is still T(x) =a+ bx + cx2. Theright-hand term
represents the rate of energy storage per unit volume,

Ey :kai[o+b+2cx] =k[0+2d =5W/m K xz(e 0% C/mz) =2 A0°W/m? <
X

(g) With no heat generation, the wall will eventually (t — o) come to equilibrium with the fluid,

T(X,0) = T = 20°C. To determine the energy that must be removed from the wall to reach this state,
apply the conservation of energy requirement over an interval basis, Eq. 1.11b. The“initia” stateis

that corresponding to the steady-state temperature distribution, T;, and the “fina” state has Ts = 20°C.
We' ve used T, asthe reference condition for the energy terms.

L
~Eout =PCp2L (Tr ~Teo) =pCp [ (Ti ~Teo )k

+L
Eout = pcijII_‘ %+bx +cx2 T, Hax :pcpgax +hx?2 /2 +cx3/3 = WE—L

Ebut = 0 Cp %aL +0+2cx3/3 —ZTWLE

Efyt = 2600kg/m3x800J/ kg K %xsz%: x0,020m +2( 2 x10%c/ m2)

(0.020m)>/3- 2(20°C)0.020m§

Epyt =4.94x10% 3/ m? <

COMMENTS: (1) In part (a), note that the temperature gradient is larger at x = + L than at x
=- L. Thisisconsistent with the results of part (c) in which the conduction heat fluxes are
evaluated.

Continued .....



PROBLEM 2.25 (Cont.)

(2) In evaluating the conduction heat fluxes, g (x), it isimportant to recognize that this flux
isin the positive x-direction. See how this convention is used in formulating the energy
balance in part (c).

(3) Itisgood practice to represent energy balances with a schematic, clearly defining the
system or surface, showing the CV or CS with dashed lines, and |abeling the processes.
Review again the features in the schematics for the energy baances of parts (c & d).

(4) Re-writing the heat diffusion equation introduced in part (b) as
dQg, drg,.
-—rmrk—pg+q =0
dx H_ dx a
recognize that the term in parenthesisis the heat flux. From the differential equation, note
that if the differential of thisterm is a constant (q/ k), then the term must be alinear function

of the x-coordinate. This agrees with the analysis of part (€).
(5) In part (f), we evaluated Eg, the rate of energy change stored in the wall at the instant the

volumetric heat generation was deactivated. Did you noticethat Eg = -2 x10° W/ m® isthe
same value of the deactivated g? How do you explain this?



PROBLEM 2.45

KNOWN: Plate of thickness 2L, initially at a uniform temperature of T; = 200°C, is suddenly
guenched in aliquid bath of T, = 20°C with a convection coefficient of 100 W/mZEB(.

FIND: (@) On T-x coordinates, sketch the temperature distributions for the initial condition (t < 0), the
steady-state condition (t — o), and two intermediate times; (b) On gy -t coordinates, sketch the
variation with time of the heat flux at x = L, (c) Determine the heat flux at x = L and for t = 0; what is
the temperature gradient for this condition; (d) By performing an energy balance on the plate,
determine the amount of energy per unit surface area of the plate (J/mz) that is transferred to the bath
over the time required to reach steady-state conditions; and (€) Determine the energy transferred to the
bath during the quenching process using the exponential-decay relation for the surface heat flux.

SCHEMATIC:

Quenching heat flux /\/\'\"\/\/ T(xt), T(x,0)=T;=200°C
hLE— !
q = Aexp(-Bt) . ) 1 ./ p= 2770 kg/m3
St I
' i k=50 W/m-K
|
Liquid bath i
|
Ty = 20°C ?lﬁ \/\i/\/\/l lﬁ?
= 2. '
h =100 W/m+-K L Ls x +L =10 mm

ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, and (3) No interna heat
generation.

ANALYSIS: (a) The temperature distributions are shown in the sketch below.

N , h(T; - T )/\
T; — Initial, T(x,0) b Area represents
t energy transferred
Tt ! q‘;((L,t) during quench
—\' Steady-state
To f——— T(x,®)
—> >
(a) 0 L X (b,c,d) 0 t

(b) The heat flux at the surface x = L, g} (L,t), isinitially amaximum value, and decreases with
increasing time as shown in the sketch above.

(c) The heat flux at the surfacex = L at timet =0, gy (L,0), isequal to the convection heat flux with
the surface temperature as T(L,0) = T;.

oy (L,0) = deony (t =0) =h(T; ~T,,) =100W/m? K (200 -20) T =18.0kw/m? <

From a surface energy balance as shown in the sketch considering the conduction and convection
fluxes at the surface, the temperature gradient can be calculated.
Continued .....



PROBLEM 2.45 (Cont.)

Ein‘Eout =0
6TD
' (L,0)- t=0)=0 with (L,0)
dy (L,0) = dcony (t =0) di ( GX& )
oT O 3
= —Qony (t =0)/k = -18 10 W/m2/50W/m K =-360K/m <
GXH_O
I T(L,0)=T;

—> : :—> Qconv(t=0)

ax(L,0)

SN |

(d) The energy transferred from the plate to the bath over the time required to reach steady-state
conditions can be determined from an energy balance on atime interval basis, Eq. 1.11b. For the

initial state, the plate has a uniform temperature T;; for the final state, the plateis at the temperature of
the bath, T.

~Eout =p¢p (2L)[Teo ~Ti]
Efut = ~2770kg/ mS x875J/ kg [K (2x0.010 m)[20 ~200] K = 48.73 x0° 3/ m? <

(e) The energy transfer from the plate to the bath during the quenching process can be evaluated from
knowledge of the surface heat flux as a function of time. The areaunder the curvein the qj (L,t) vs.

time plot (see schematic above) represents the energy transferred during the quench process.

] _ 00 _ %) _B
out = th:o dy (L, t)dt ‘th:o Ae Blgt

out = 2A E—i Btgo —ZAE L —1@ =2A/B
*ut = 2x1.80x10% W/ m?/4.126 x103s 7L =8.73 10% 3/ m? <

COMMENTS: (1) Can you identify and explain the important features in the temperature
distributions of part (a)?

(2) The maximum heat flux from the plate occurs at the instant the quench process begins and is equal
to the convection heat flux. At thisinstant, the gradient in the plate at the surface isa maximum. |If
the gradient istoo large, excessive thermal stresses could be induced and cracking could occur.

(3) In this thermodynamic anaysis, we were able to determine the energy transferred during the
guenching process. We cannot determine the rate at which cooling of the plate occurs without solving
the heat diffusion equation.
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