PROBLEM 1.1

KNOWN: Heat rate, q, through one-dimensional wall of area A, thickness L, thermal
conductivity k and inner temperature, T

FIND: The outer temperature of the walh. T

SCHEMATIC:
A = 10m*
k=02 W/m-K-
9 cond ~ 3kW
T,=415°C
T.

L =2.5cm —F=

> X

ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Steady-state conditions,
(3) Constant properties.

ANALYSIS: The rate equation for conduction through the wall is given by Fourier’s law,

Ueong = Ax = m--k&m_ kAT'
Solving for T> gives
Acongl
T, =T,——<cond_
2 1 KA
Substituting numerical values, find
T, _415C- 3000Wx 0.025m
0.2W/ mKx 10nt
T, = 415C-375C
T, =378 C. <

COMMENTS: Note direction of heat flow and fact thag must be less thamT



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 1.3

KNOWN: Dimensions, thermal conductivity and surface temperatures of a concrete slab. Efficiency
of gas furnace and cost of natural gas.

FIND: Daily cost of heat loss.

SCHEMATIC:
Va Furnace, ns = 0.90
Natural gas, '
Cg = $0.01/MJ Warm air Concrete, k = 1.4 W/m-K
— 7 ¢
4
T,I =17°C )/
— | -
q t=02m
W=8m
CK_—/ L=t1m —H
To =10°

ASSUMPTIONS: (1) Steady state, (2) One-dimensional conduction, (3) Constant properties.
ANALYSIS: The rate of heat loss by conduction through the slab is

T-To 7°C <

= 4312 W
0.20m

q=k(LW) =1.4W/mK(11mx 8nm)

The daily cost of natural gas that must be combusted to compensate for the heat loss is

Cy= qCqg (80)= 4312 Wx $0.01/M

N 0.9x1F J/MJ

COMMENTS: The loss could be reduced by installing a floor covering with a layer of insulation
between it and the concrete.

{24h/ax 3600s/h= $4.14/d <




PROBLEM 1.4

KNOWN: Heat flux and surface temperatures associated with awood slab of prescribed
thickness.

FIND: Thermal conductivity, k, of the wood.

SCHEMATIC:
TA
T =20°C g’;=4oW/mz
Ti) T .20°C
N >— [ =005m

ASSUMPTIONS: (1) One-dimensiona conduction in the x-direction, (2) Steady-state
conditions, (3) Constant properties.

ANALYSIS: Subject to the foregoing assumptions, the thermal conductivity may be
determined from Fourier’s law, Eqg. 1.2. Rearranging,

L _ 0 w 0.05m

-T2 m? (a020)°C

k=0

k=010 W/ m[K. <

COMMENTS: Note that the °C or K temperature units may be used interchangeably when
evaluating a temperature difference.



PROBLEM 15
KNOWN: Inner and outer surface temperatures of a glass window of prescribed dimensions.

FIND: Heat loss through window.

SCHEMATIC:
T'T‘ A=1mx 3m = 3m?,
T=15°C k=14 W/m K
L,=5°C
—»ka— L= 0.005m

ASSUMPTIONS: (1) One-dimensiona conduction in the x-direction, (2) Steady-state
conditions, (3) Constant properties.

ANALYSIS: Subject to the foregoing conditions the heat flux may be computed from
Fourier'slaw, Eq. 1.2.

-T2
L
15-5)° C
gy =1.4 W (155)
m K .005m
gx =2800 W/m*-.

ax =k

Since the heat flux is uniform over the surface, the heat loss (rate) is

q = gqx XA
q = 2800W/m? x 3m?
q = 8400 W. <

COMMENTS: A linear temperature distribution existsin the glass for the prescribed
conditions.



PROBLEM 1.6

KNOWN: Width, height, thickness and thermal conductivity of a single pane window and
the air space of a double pane window. Representative winter surface temperatures of single
pane and air space.

FIND: Heat loss through single and double pane windows.

SCHEMATIC:
- k- L=5mm -3 k= L=10mm
T,=15C _ [ 7]  T.=-20C N I
NV T,=10°C ~| | T.=-15C
[~ |/
Glass pane ~1, Air space °
kg = 1.4 W/m-K ks = 0.024 W/m-K
W=1mH=2m W=1m,H=2m
o (N
[~
[ Glass . Glass

ASSUMPTIONS: (1) One-dimensional conduction through glass or air, (2) Steady-state
conditions, (3) Enclosed air of double pane window is stagnant (negligible buoyancy induced
motion).

ANALYSIS: From Fourier's law, the heat losses are

Single Pane qg = kgA Tl;TZ =1.4 W/mDK(Zn?)OBSOSCr:nz 19,600 W
Double Pane gg = kgAL 12 = 0.024( 2n12) 2 C _ 0w
L 0.010 m

COMMENTS: Losses associated with a single pane are unacceptable and would remain
excessive, even if the thickness of the glass were doubled to match that of the air space. The
principal advantage of the double pane construction resides with the low thermal conductivity
of air (~ 60 times smaller than that of glass). For a fixed ambient outside air temperature, use
of the double pane construction would also increase the surface temperature of the glass
exposed to the room (inside) air.



PROBLEM 1.7
KNOWN: Dimensions of freezer compartment. Inner and outer surface temperatures.

FIND: Thickness of styrofoam insulation needed to maintain heat |oad below prescribed
value.

SCHEMATIC:
AT
{ 2 m=W
Styrofoam ~l— A _
k=0.03W/mK 4 =500W

ASSUMPTIONS: (1) Perfectly insulated bottom, (2) One-dimensional conduction through 5
wallsof area A = 4m2, (3) Steady-state conditions, (4) Constant properties.

ANALYSIS: Using Fourier'slaw, EQ. 1.2, the heat rateis

Solving for L and recognizing that Aigtg = 5><W2, find

L = 5k AT W?
q
° 2
5 x 0.03W/mK EB5- (-10)H C (4m
L=
500 W
L = 0.054m = 54mm, <

COMMENTS: The cornerswill cause local departures from one-dimensional conduction
and adlightly larger heat loss.



PROBLEM 1.8

KNOWN: Dimensions and thermal conductivity of food/beverage container. Inner and outer
surface temperatures.

FIND: Heat flux through container wall and total heat load.
SCHEMATIC:

:
- > AN

Wz=0.6m Ti=20C Ty = 20°C

Styrofoam

(k=0.023 W/m-K) ——f«— L=0.025m

k—W;=08m 4\(

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer through bottom
wall, (3) Uniform surface temperatures and one-dimensional conduction through remaining
walls.

ANALYSIS: From Fourier’s law, Eq. 1.2, the heat flux is

- 0.023 W/niIK( 26- X C
g =k12- 1= (203 C 06w <
L 0.025 m

Since the flux is uniform over each of the five walls through which heat is transferred, the
heat load is

q=d"x Atotal = o BH(2Wi+ 2Wp) + Wyx W

q=16.6 W/nf J0.6nf 1.6m 1.2Jn( 0.8m 0.§F 359 W <

COMMENTS: The corners and edges of the container create local departures from one-

dimensional conduction, which increase the heat load. However, fo HIW\/S> L, the
effect is negligible.



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 1.10

KNOWN: Thickness, diameter and inner surface temperature of bottom of pan used to boil
water. Rate of heat transfer to the pan.

FIND: Outer surface temperature of pan for an aluminum and a copper bottom.
SCHEMATIC:

T, = 110°C

b
0
o
0o
O
0
0

Aluminum

(k=240 W/m-K) k— D=200mm T, —

Dwmo T TTTTHT T amconm

ASSUMPTIONS: (1) One-dimensional, steady-state conduction through bottom of pan.

ANALYSIS: From Fourier’s law, the rate of heat transfer by conduction through the bottom
of the pan is

q:kA—Tl_T2
L
Hence,
gL
T1=To+—
1=12 KA

where A =nD2/4 = (0.2m)? /4= 0.0314 1 .

600W/( 0.005 n)

Aluminum Ty =110°C+ =110.40 C
240 W/mDK( 0.0314 r%)
. 600W( 0.005 )
Copper T1=110° C+ =110.25 C
390 W/mDK( 0.0314 )

COMMENTS: Although the temperature drop across the bottom is slightly larger for
aluminum (due to its smaller thermal conductivity), it is sufficiently small to be negligible for
both materials. To a good approximation, the bottom may be consisetieeirmalat T=

110°C, which is a desirable feature of pots and pans.



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 1.12

KNOWN: Heat flux gage with thin-film thermocouples on upper and lower surfaces; output
voltage, calibration constant, thickness and thermal conductivity of gage.

FIND: (a) Heat flux, (b) Precaution when sandwiching gage between two materials.
SCHEMATIC:

G'age bonded
$20.25 9" AE=350 /u‘v' between laminates
=u. 777
Gage, k=14 Wfm-K

& pair type-K TC
Jjunctions,Syg= 40,4[\/_/0C

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat conduction in gage,
(3) Constant properties.

ANALYSIS: (a) Fourier’s law applied to the gage can be written as

AT
n = k _
g AX

and the gradient can be expressed as

AT _ AE/N

& Sagt

where N is the number of differentially connected thermocouple junctigpsisShe Seebeck

coefficient for type K thermocouples (A-chromel and B-alumel),nd t is the gage
thickness. Hence,

kAE
NSapt

" —

6
g = LAWIMKX 350 1PV genn 2 <

 5x40x 10°% V/°Cx0.25x 103 m

(b) The major precaution to be taken with this type of gage is to match its thermal
conductivity with that of the material on which it is installed. If the gage is bonded
between laminates (see sketch above) and its thermal conductivity is significantly different
from that of the laminates, one dimensional heat flow will be disturbed and the gage will
read incorrectly.

COMMENTS: If the thermal conductivity of the gage is lower than that of the laminates,
will it indicate heat fluxes that are systematically high or low?



PROBLEM 1.13
KNOWN: Hand experiencing convection heat transfer with moving air and water.

FIND: Determine which condition feels colder. Contrast these results with a heat loss of 30rdém
normal room conditions.

SCHEMATIC:

Too= 10 °C q"
V'=02m/s / cv
h =900 W/m2-K

- Hand

T4=30°C
Too= -5 °C
V= 35 km/h
h = 40 W/m2-K

ASSUMPTIONS: (1) Temperature is uniform over the hand’s surface, (2) Convection coefficient is
uniform over the hand, and (3) Negligible radiation exchange between hand and surroundings in the case
of air flow.

ANALYSIS: The hand will feel colder for the condition which results in the larger heat loss. The heat
loss can be determined from Newton’s law of cooling, Eq. 1.3a, written as

q'=h(Ts- Te)
For the air stream:

i = 40W/ n? CKEB0- (- §F K= 1,400\ 1 <
For the water stream:

Gvater= 900W/ nf [K(30- 10 K= 18,000\ rh <

COMMENTS: The heat loss for the hand in the water stream is an order of magnitude larger than when
in the air stream for the given temperature and convection coefficient conditions. In contrast, the heat
loss in a normal room environment is only 30 \iAmhich is a factor of 400 times less than the loss in

the air stream. In the room environment, the hand would feel comfortable; in the air and water streams,
as you probably know from experience, the hand would feel uncomfortably cold since the heat loss is
excessively high.



PROBLEM 1.14

KNOWN: Power required to maintain the surface temperature of a long, 25-mm diameter cylinder
with an imbedded electrical heater for different air velocities.

FIND: (a) Determine the convection coefficient for each of the air velocity conditions and display
the results graphically, and (b) Assuming that the convection coefficient depends upon air velocity as
h = CV', determine the parameters C and n.

SCHEMATIC:

Ts =300 °C V(m/s) 1 2 4 8 12
P, (W/m)

450 658 983 1507 1963
g h(W/infK) 22.0 322 481 738 96.1

V, Too= 40 °C

Pe
ASSUMPTIONS: (1) Temperature is uniform over the cylinder surface, (2) Negligible radiation
exchange between the cylinder surface and the surroundings, (3) Steady-state conditions.

ANALYSIS: (a) From an overall energy balance on the cylinder, the power dissipated by the
electrical heater is transferred by convection to the air stream. Using Newtons law of cooling on a per
unit length basis,

Fe = h(rD)(Ts~ T

where P, is the electrical power dissipated per unit length of the cylinder. For the V =1 m/s
condition, using the data from the table above, find

h=450W m/mrx 0.025rf 300 40 € 22.0{v3m K <
Repeating the calculations, find the convection coefficients for the remaining conditions which are
tabulated above and plotted below. Note that h is not linear with respect to the air velocity.

(b) To determine the (C,n) parameters, we plotted h vs. V on log-log coordinates. Choosing C =
22.12 W/MIK(s/m)", assuring a match at V = 1, we can readily find the exponent n from the slope of
the hvs. V curve. From the trials with n = 0.8, 0.6 and 0.5, we recognize that n = 0.6 is a reasonable

choice. Hence, C =22.12 and n = 0.6. <
< 100 100
o -~ 80 e
£ 80 < 60 =
= < %
E 60 /‘, £ 40
o )y z /
% ey
ks 40 =
5 ki 20
3 20 7—( %
0 2 4 6 8 10 12 8 10

=

Air velocity, V (m/s) 2 4 6 8 10

) Air velocity, V (m/s)
—&— Data, smooth curve, 5-points



PROBLEM 1.15
KNOWN: Long, 30mm-diameter cylinder with embedded electrical heater; power required
to maintain a specified surface temperature for water and air flows.

FIND: Convection coefficients for the water and air flow convection processes, hy, and h,
respectively.

SCHEMATIC:
T.=90°C D=30mm TL.=90°C
— —
Water | — Air >
. 7;:25°C :>[ Tw=25oc >
_ —>

- ' w
Viy=1m/a Va=tomp Ta=7002

q,-28 KW

ASSUMPTIONS: (1) Flow iscross-wise over cylinder which isvery long in the direction
normal to flow.

ANALYSIS: The convection heat rate from the cylinder per unit length of the cylinder has
the form

g =h(mD) (Ts—Tw)
and solving for the heat transfer convection coefficient, find

I

_ q
D (Ts-Too)’

Substituting numerical values for the water and air situations:

3
Water hy = — 20 107 W/m _ =4,570 W/m? K <
7T x 0.030m (90-25)° C
Air hg = 400 Wim = 65 W/m? K. <

7T x 0.030m (90-25)° C
COMMENTS: Notethat theair velocity is 10 times that of the water flow, yet
hy = 70 x hg

These values for the convection coefficient are typical for forced convection heat transfer with
liquids and gases. See Table 1.1.



PROBLEM 1.16

KNOWN: Dimensions of acartridge heater. Heater power. Convection coefficientsin air
and water at a prescribed temperature.

FIND: Heater surface temperaturesin water and air.

SCHEMATIC:

K T. -20°C h:5000W/m2'/< (water)
R\ o {b=50 Wm2-K (air)

ASSUMPTIONS: (1) Steady-state conditions, (2) All of the electrical power istransferred
to the fluid by convection, (3) Negligible heat transfer from ends.

ANALYSIS: With P = gggny, Newton's law of cooling yields

P=hA (T —Teo ) =hmDL (Ts ~Teo )

Te=Top +——.
ST T hDL

In water,

2000 W

Ts=20C+ 5
5000 W/ m* [K x 71x0.02 m x0.200 m

T,=20°C+318°C=518'C. <
Inair,

2000 W

Ts=20C+ 5
50 W/ m[K x 1x0.02 mx0.200 m

T,=20"C+3183'C=3203"C. <

COMMENTS: (1) Airismuch less effective than water as a heat transfer fluid. Hence, the
cartridge temperature is much higher in air, so high, in fact, that the cartridge would melt.

(2) Inair, the high cartridge temperature would render radiation significant.



PROBLEM 1.17

KNOWN: Length, diameter and calibration of a hot wire anemometer. Temperature of air
stream. Current, voltage drop and surface temperature of wire for a particular application.

FIND: Air velocity
SCHEMATIC:

weeme \

Hot wire (V ~ h2)
L=20mm, D =0.5mm
E=5V,1=100 mA

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer from the wire by
natural convection or radiation.

ANALYSIS: If all of the electric energy is transferred by convection to the air, the following
equality must be satisfied

Polec= El= hA(Ts Too)

where A =7DL =77(0.0005mx 0.02r)= 3.14 10 fn .

Hence,
h=— Bl _ SVx0.1A =318 Winf 0K
A(Ts~To) 3.14x 1070 n?( 50 c)
_5 5 2
V =6.25x107° P = 6.2% 10 ( 318 W/ )< = 6.3mls <

COMMENTS: The convection coefficient is sufficiently large to render buoyancy (natural
convection) and radiation effects negligible.



PROBLEM 1.18
KNOWN: Chip width and maximum allowable temperature. Coolant conditions.
FIND: Maximum allowable chip power for air and liquid coolants.
SCHEMATIC:

Tp=15°C —»

—>

Air, h=200W/m*-K
Dielectric fluid, : /,
h=3000W/m2-K  ‘--------=

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer from sides and
bottom, (3) Chip is at a uniform temperature (isothermal), (4) Negligible heat transfer by
radiation in air.

ANALYSIS: All of the electrical power dissipated in the chip is transferred by convection to
the coolant. Hence,

P=q
and from Newton’s law of cooling,

P = hA(T - Too) = h WAT - Too).
In air,

Prax = 200 W/nfIK(0.005 mf(85 - 15)° C = 0.35 W. <
In thedielectric liquid

Pax = 3000 W/nfTK(0.005 m¥(85-15)° C = 5.25 W. <

COMMENTS: Relative to liquids, air is a poor heat transfer fluid. Hence, in air the chip can
dissipate far less energy than in the dielectric liquid.



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 1.20
KNOWN: Air jet impingement is an effective means of cooling logic chips.
FIND: Procedure for measuring convection coefficients associated with a 20l@imm chip.
SCHEMATIC:

(a) @ (b)
Jet, T,
l q

Chip, Tx, conv Jet, T, )
9elec g;)é M _eony plrad

Se—— Copper, Tg, Gcon

;qcond Substrate S

Substrate Heater, Insulation
delec

ASSUMPTIONS: Steady-state conditions.

ANALYSIS: One approach would be to use the actual chip-substrate system, Case (a), to perform the
measurements. In this case, the electric power dissipated in the chip would be transferred from the chip
by radiation and conduction (to the substrate), as well as by convection to the jet. An energy balance for

the Ch|p y|9|dsqe|ecz qconv+ q CondF q rad Hence, Withqcon\/: hA(TS_ Too) y Whel’e A= 100
mnT is the surface area of the chip,

h = Jelec” 9cond” 9 rad )
A(Ts—Te)

While the electric powerdg o) and the jet ) and surfaceTg) temperatures may be measured, losses
from the chip by conduction and radiation would have to be estimated. Unless the losses are negligible

(an unlikely condition), the accuracy of the procedure could be compromised by uncertainties associated
with determining the conduction and radiation losses.

A second approach, Case (b), could involve fabrication of a heater assembly for which the
conduction and radiation losses are controlled and minimized. A 18 b@mm copper block (k ~ 400
W/mIK) could be inserted in a poorly conducting substrate (k < 0.1[KY/amd a patch heater could be
applied to the back of the block and insulated from below. If conduction to both the substrate and
insulation could thereby be rendered negligible, heat would be transferred almost exclusively through the
block. If radiation were rendered negligible by applying a low emissivity coatind(1) to the surface
of the copper block, virtually all of the heat would be transferred by convection to the jet. Eigpge,
andq,,q may be neglected in equation (1), and the expression may be used to accurately determine h

from the known (A) and measuredgdes Ts, To) quantities.

COMMENTS: Since convection coefficients associated with gas flows are generally small, concurrent
heat transfer by radiation and/or conduction must often be considered. However, jet impingement is one
of the more effective means of transferring heat by convection and convection coefficients well in excess
of 100 W/nfK may be achieved.
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