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Convection Fundamentals
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EXAMPLE 7—1 Flow of Hot Oil Over a Flat Plate

Engine oil at 60°C flows over the upper surface of a 5-m-long ~_Page 449

flat plate whose temperature is 20°C with a velocity of 2 m/s (
Fig. 7-13). Determine the total drag force and the rate of heat
transfer per unit width of the entire plate.

FIGURE 7-13 Schematic for (5’ Example 7-1.

SOLUTION Engine oil flows over a flat plate. The total drag force and
the rate of heat transfer per unit width of the plate are to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The critical
Reynolds number is Re,, = 5 X 10°.

Properties The properties of engine oil at the film temperature of
Tp = (Ts+ To)/2 = (20 + 60)/2 = 40°C are (5 Table A-13)

p = 876kg/m? Pr = 2962

k = 01444W/m-K v = 2485x 10" *m?2/s

Analysis Noting that L = 5 m, the Reynolds number at the end of the
plate is

VL _ (2m/s)(5m)

— =4.024 x 10
v 2485%x 107 "m?/s

ReL=

which is less than the critical Reynolds number. Thus we have laminar
flow over the entire plate, and the average friction coefficient is
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=05
Cr=133Re; ** =133x(4.024x10*) = 0.00663

Noting that the pressure drag is zero and thus Cp = Cy for parallel flow
over a flat plate, the drag force acting on the plate per unit width
becomes

2 876 kg/m®)(2m/s)’
FD'—'CprTV:O.OOG()S(SXImZ)( g/m*) 1N ):58.1N

2 \1 kg-m/s?

The total drag force acting on the entire plate can be determined by
multiplying the value obtained above by the width of the plate.

This force per unit width corresponds to the weight of a mass of about

6 kg. Therefore, a person who applies an equal and opposite force to the
plate to keep it from moving will feel like he or she is using as much force
as is necessary to hold a 6-kg mass from dropping.

Similarly, the Nusselt number is determined using the laminar flow
relations for a flat plate,

0.5
Nu = hTL = 0.664 Re}” Pr'/* = 0.664 x (4.024 x 10*) ~ x 2962'"* = 1913
Then,
h=YNu = LHW/M R 15,5) _ 5505 W/m2K
L 5m
and

Q = hA(Ty — T,) = (5525 W/m2.K)(5 x 1 m2)(60 — 20)°C = 11,050 W

Discussion Note that heat transfer is always from the higher-
temperature medium to the lower-temperature one. In this case, it is from
the oil to the plate. The heat transfer rate is per meter width of the plate.
The heat transfer for the entire plate can be obtained by multiplying the
value obtained by the actual width of the plate.
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ME 3325 HW3: Finned surfaces and project

Part 1: Watch the lecture video on the project and answer the following questions:

1. Can we use the one-dimensional heat conduction we leamed in Chap. 2 to solve for T(x) in this
project? Why?

2. What is the meaning of rou_e in the goveming equation? What 1s the unit of m in the analytical
solution? How do we calculate the m value?

3. Which four tables and four fizures do you nead to show m vour project report?

4. At which electrical current do we compare the analytical solution and the numerical solutions?

Part 2: Problem on Finned surfaces

A hot surface at 100°C 1= to be cooled by attaching 3-cm-long, 0.25-cm-diameter aluminum pin
fing (k=237 Wm K) to 1t, with a center-to-center distance of 0.6 cm. The temperature of the
surounding medium iz 30°C, and the heat transfer coefficient on the surfaces is 35 Wim™ K.
Determine the rate of heat transfer from the surface for 2 1-m » 1-m section of the plate.

iem_

1
) 6 oem

.25 cm
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1. No, we cannot use the one-dimensional heat conduction equation to solve for T(x) because the
heat transfer is not in one direction. There is at least heat transfer in the y and x directions. We
have to derive our own equation from the first law of thermodynamics.

2. rou_e (p_e) is the electrical resistivity of the copper wire. We need to find the material property
using an outside reference. The constant/property m is unitless. It is found using the equation
below.

m? = hp/kA,

3. Four tables that compare the numerical solution to the analytical solution at each node are
needed. These include the three, five, seven, and eleven node cases. Four figures are also
needed. Figure 1 shows the schematic diagram of the wire, and Figure 2 shows the analytical
solution for the temperature distribution for an electrical current of 60 A, 40 A, and 0 A. Figure
3 compares the four node cases using the analytical solution and numerical solution, with
temperature on vertical axis, and x in cm for the horizontal axis. Figure 4 should show the
temperature at the center of the wire on the y axis and the number of nodes on the x axis for
both solutions.

4. When the electrical current is 60 Amperes, we obtain the numerical solution to the
temperatures at the nodes and validate the numerical results with the prediction from the
analytical solution.
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ME 3525 HWé

1. During 2 cold winter day, wind at 55 kan'h is blowing parallel  au
to 2 4-m-high and 10-m-long wall of 2 house. If the air outside 7"
1z at 5°C and the surface temperature of the wall 1z 12°C, x,:’

determine the rate of heat loss from that wall by convection. ,«_«_1.(..-1. :

What would your answer be if the wind velocity was doubled? -

2. The outer surface of an engine iz situated in a place where oll 4.0
leakage can occur. When leaked ofl comes in contact withahot  — 71 me
surface that has a2 temperature above itz autoignition
temperature, the oil can ignite spontanecusly. Conzider an
engine cover that 1z made of a stainless steel plate with & b e
thickness of 1 cm and a thermal conductivity of 14 Wim'K. i
The mner surface of the engine cover is exposed to hot air with
& convection heat transfer coefficient of 7 Wimz K at a
temperature of 333°C. The engine cuter surface is cooled by
air blowing in paralle] over the 2-m-long surface at 7.1 m/s, in
an environment where the ambient air is at §0°C. To prevent fire hazard in the event of oil leak
on the engine cover, a layer of thermal barrier coating (TBC) with a thermal conductivity of
1.1 Wim-K is applied cn the engine cover outer surface. Would a TBC layer with a thickness
of 4 mm in conjunction with 7.1 m/s air cooling be sufficient to keep the engine cover surface
from going above 180°C to prevent fire hazard? Evaluate the air properties at 120°C.

3. Al5-cm = 15-cm cirowt board dissipating 20 W of power uniformly 1 cooled by air, which
gpproaches the cirewt board at 20°C with a velocity of 6 m/s. Disrezarding anv heat transfar
from the back surface of the board, detzrmine the surface temperature of the electronie
components {a) at the lezding edge and (&) at the end of the board. Azsume the flow to be
turbulent since the electronic components are expected to act as turbulators. For air properties
evaluations assume a film temperature of 35°C. Is thiz 2 good assumption?

4 A long zluminum wire of diameter 3 mm is extruded at 2 3 L _
temperature of 280°C. The wira is subjected to cross air flow at . - —
20°C at a velocity of § m's. Determine the rate of heat transfer EETTY f '
from the wire to the zir per meter lenzth when it 1s first exposed A -
to the air.

A

Consider a 10-cm-diameter 100-W lightbulb cooled by a fan that £3
blows air at 30°C to the bulbk zt a velocity of 2 m/s. The
surrounding surfaces are also at 30°C, and the emissivity of the
glass is 0.9, Assuming 10 percent of the energy passes through o -
the glass bulb as light with negligible absorption and the rest of Yo
the energy iz absorbed and dissipated by the bulb itzelf e .
determine the equilibrium temperature of the glass bulb. Aszume '
a surface temperature of 100°C for evaluation of g. Is this a good assumption?

.
@7 h4 77
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Convection Formulas

Tuesday, March 19, 2024 11:07 AM
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External forced convections I,
. v
Q.. =hd,(T-L) — —
G =T 1) = IR
=55 Tuduei )
1. Flow over a flat plate y g amimar s 2 T
Tx T——
If T. = constant, Kr il
Nuszelt numbers for average heat transfer coefficients £
Lanerineny M Illllll (hiafed Bl Pr! Ky A [
Laminar = turbulent 'I" 0037 Re ST1IPr :r I.II ;-:“ i
If g: = constant,
Musselt numbers for local heat transfer coefficients (Nu., =h.x'k)
Laniainiay Mu, o= AF3 Re My Py == e K a1
Tituiben: Mu, = 000308 Re ™ By i = Py = i [V
2
For flow over a cyfinder
hi) (.62 Re' Pr ! Re , -
Nu T TR [1 + ((0L.4Pr7) ij TR .000 ety > &
The fiuid properties are evaluated at the fim temperafure T, = T, + T

3.
For flow over a sphere
144
) . . . L
_"du_l_i % 2+ [0.4 Re'? 4 ||||-!1.HL.-_-|E.IJ-_(." J
s

1.5 = Re = B0 and 0.7 = Pr = 380
The fluid properties are evaluated at the free-stream temperature T,
except for u,, which is evaluated at the surface temperature T,.
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Internal forced convections

o lan = (LA ¢ Pri}
Entry length: [ S RePri
L, rarbuberd 10
Two commaon cases:
T T,
T ]:rlmnn: Fully ul\:'_'-r:lq:n:d
I'E_'I:s'h'ﬂ | negm-n
I |

T, = constant
|
[

4, = comsLant

Fryr P ¥FFFFrRFYTFYTFTrEY

LY
T e
T, = constamt I EEEEEERE!
T T, hA,
Surface t rature:
T T, n'n'r, N smpsrEE q,
q"l - "“T. - Tﬂi ......... - T: E r. + ’r
O, =hAAT,, ;

(1) Fully developed laminar flow in a circular tuke
{(2) g. = const. - Nu=436; (b) T = const. - Nu=3.66.

{2) Laminar flow in 2 circular tube with constant surface temperature and in the entry region:
00635 (IVL) Re Pr

Nu = 3.66 4 :
" "1+ 0.0400D/L) Re Pr

{3) Fully developed turbulent flow m circular tubes:

N { {134 Re — 10005 Pr ”-\ =pPr = :1}[”]
n I+ 12,7 (8 Pe™ = 1) i P <Re<5Xx ]“ll
Sl trilfves: F=107900n Re — 164372 3000 = Re =< 5 = 10

{4) Fully developed turbulent flow (Re = 10,00} m noncirenlar pipes: I = 44./p
Nu = 0.023 R Pro i = 04 for heating and (0.3 for cooling  of fluids in pipe

2
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b Uit Marss

Q =1l T iy = T

i.m

1 Reo IniDJDy Ry,

T L O = e i T, T, o)
jr:-"l".--l- -’1. - 2kl - A, + .I'?IIAI (T ] o asigl

) = mh,  when phase change occurs

L‘} o ”.-4_,, a‘.':'I-Iru

AT, — AT,
where AT = Ll 2

= n (AT /AT,
Cold | rr_i.u.
il ¥

Hot '\Ml
flnd
. Cross-flow or multipass
T,, | shell-and-ube heat exchanger

TMUUL
ah‘l r-.'.l'--

Het tramsfer rate:
Q = UAFAT,, oy Wwhere F=f(F. R)inFig 11-12
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Thursday, March 21, 2024

Internal Forced Convection

11:27 AM

EXAMPLE 8—1 Heating of Water in a Tube by
Steam

Water enters a 2.5-cm-internal-diameter thin copper tube of a heat
exchanger at 15°C at a rate of 0.3 kg/s, and is heated by steam
condensing outside at 120°C. If the average heat transfer coefficient is
800 W /m?2-K, determine the length of the tube required in order to heat
the water to 115°C ( Fig. 8-16). Assume water is at high enough
pressure so that it leaves the heat exchanger as a liquid at 115°C.

Steam
/ T, = 120°C
______________ 115%€
Water
15°C D=25cm
0.3 kg/s \\/ S

FIGURE 8-16 Schematic for 5 Example 8-1.

SOLUTION Water is heated by steam in a circular tube. The tube
length required to heat the water to a specified temperature is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Fluid properties
are constant. 3 The convection heat transfer coefficient is constant. 4 The
conduction resistance of copper tube is negligible, so the inner surface
temperature of the tube is equal to the condensation temperature of
steam.

Properties The specific heat of water at the bulk mean temperature of
(15 +115)/2 = 65°C is 4187 J /kg-K. The heat of condensation of
steam at 120°C is 2203 kJ /kg (& Table A-9).

Analysis Knowing the inlet and exit temperatures of water, the rate of
heat transfer is determined to be

Q = mey(T,—T) = (0.3kg/s)(4.187 kI /kg-K)(115°C — 15°C)

= 125.6kW
The log mean temperature difference is Page 503
AT, = T,—T,=120°C —115°C =5°C
AT; = T,—T;=120°C —15°C = 105°C
ATy = AL =Ty __5-105 _4r8sec
In(AT,/AT;) In(5/105)
The heat transfer surface area is
Q= hAAT, — A = LA i =4.78 m?
hATim (0.8 kW /m?K)(32.85°C)

Then the required tube length becomes

Heat Transfer Page 19
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Then the required tube length becomes

AT-T;
" _ Ay 478m? T (471, IT.
A=rBl— L= Che e =tim I,(4TeT;)

Discussion The bulk mean temperature of water during this heating
process is 65°C, and thus the arithmetic mean temperature difference is
AT, = 120 — 65 = 55°C. Using AT, instead of AT}, would give

L = 36 m, which is grossly in error. This shows the importance of using
the log mean temperature in calculations.
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EXAMPLE 8-3 Flow of Oil in a Pipeline Through a
Lake

Consider the flow of oil at

20°C
in a 30-cm-diameter pipeline at an average velocity of 2 m/s (
@ Fig. 8-26). A 200-m-long section of the horizontal pipeline passes
through icy waters of a lake at 0°C. Measurements indicate that the
surface temperature of the pipe is very nearly 0°C. Disregarding the
thermal resistance of the pipe material, determine (a) the temperature of
the oil when the pipe leaves the lake, (b) the rate of heat transfer from
the oil, and (¢) the pumping power required to overcome the pressure
losses and to maintain the flow of the oil in the pipe.

- —_—— =

-~ -—

< ~ — Icylake,0°C_ — T

< 200 m >|

FIGURE 8-26 Schematic for (2 Example 8-3.

SOLUTION Oil flows in a pipeline that passes through icy waters of a
lake at 0°C. The exit temperature of the oil, the rate of heat loss, and the
pumping power needed to overcome pressure losses are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The surface
temperature of the pipe is very nearly 0°C. 3 The thermal resistance of
the pipe is negligible. 4 The inner surfaces of the pipeline are smooth. 5
The flow is hydrodynamically developed when the pipeline reaches the
lake.

Properties We do not know the exit temperature of the oil, and thus
we cannot determine the bulk mean temperature, which is the
temperature at which the properties of oil are to be evaluated. The mean
temperature of the oil at the inlet is 20°C, and we expect this
temperature to drop somewhat as a result of heat loss to the icy waters of
the lake. We evaluate the properties of the oil at the inlet temperature,
but we will repeat the calculations, if necessary, using properties at the
evaluated bulk mean temperature. At 20°C we read (@ Table A-13)

p = 8881kg/m® y = 9.429 x 10~ *m?/s
k = 0145W/mK ¢, = 1880J/kg-K Pr = 10,863
Analysis (a) The Reynolds number is
S VgD _ (2m/s)(0.3m) i

v 9.429 X 10 " * m?/s

which is less than the critical Reynolds number of 2300. Page 513

Therefore, the flow is laminar, and the thermal entry length in
this case is roughly

L; ~ 0.05Re Pr D = 0.05 X 636 X 10,863 x (0.3 m) &~ 103,600 m
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this case is roughly

L; = 0.05Re Pr D = 0.05 X 636 X 10,863 X (0.3 m) ~ 103,600 m

which is much greater than the total length of the pipe. This is typical of
fluids with high Prandtl numbers. Therefore, we assume thermally
developing flow and determine the Nusselt number from

NG = hTD i 0.065(D/L) Re Pr .
1+0.04 [(D/L) Re Pr|
0.065(0.3/200) X 636 X 10,863
2/3
14 0.04 [(0.3/200) x 636 x 10,863

3.66 +

= 37.3

Note that this Nusselt number is considerably higher than the fully
developed value of 3.66. Then,

b= EDNu - %’"—"‘(37.3) = 18.0W/m2K
Also,
A; = DL =x(0.3m)(200 m) = 188.5 m?
m = PAV g = (888.1 kg/m’)[%n(o.s m)2](2 m/s) =125.6kg/s

Next we determine the exit temperature of oil,

T, = T,~(T,-T) exp( - hAS/r}:c,,)

(18.0 W/m?K)(188.5 m?)
" (1256 kg/s)(18811/ kg K)

0°C —[(0-20)°c] exp[

19.71°C

Thus, the mean temperature of oil drops by a mere 0.29°C as it crosses
the lake. This makes the bulk mean oil temperature 19.86°C, which is
practically identical to the inlet temperature of 20°C. Therefore, we do
not need to reevaluate the properties.

(b) The log mean temperature difference and the rate of heat loss from
the oil are

_ T,—T, _20—-1971 _
Al = T,—T, | 0—1971"
T,—T; 0-20

—19.85°C
In

Q = hA, ATy, = (18.0 W/m?K)(188.5 m2)( — 19.85°C) = — 6.75 x 10°W

Therefore, the oil will lose heat at a rate of 67.5 kW as it flows through
the pipe in the icy waters of the lake. Note that ATy, is identical to the
arithmetic mean temperature in this case, since AT; = AT,.

(¢) The laminar flow of oil is hydrodynamically developed. Therefore, the
friction factor can be determined from

64 64
f—ﬁ—a—o.lmﬁ

Then the pressure drop in the pipe and the required pumping Page 514
power become

LAV 200m(888.1kg/m3)(2m/s)’

An L anbar 2
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2
LAV 200 m (8881 kg/m*)(2m/s) I
AP = fp—=01006— = =1.19%x 10°N/m
map (125.6kg/s)(119 X 10°N/m”)
pump = —— = 3 =16.8 kW
P 888.1 kg /m

Discussion We need a 16.8-kW pump just to overcome the friction in
the pipe as the oil flows in the 200-m-long pipe through the lake.

EXAMPLE 8-5 Heating of Water by Resistance
Heaters with Turbulent Flow in a Tube

Water is to be heated from 15°C to 65°C as it flows through a 3-cm-
internal-diameter 5-m-long tube ( Fig. 8-32). The tube is equipped
with an electric resistance heater that provides uniform heating
throughout the surface of the tube. The outer surface of the heater is well
insulated, so in steady operation, all the heat generated in the heater is
transferred to the water in the tube. If the system is to provide hot water
at a rate of 10 L/min, determine the power rating of the resistance heater.
Also estimate the inner surface temperature of the tube at the exit.

4, = constant

YY YV VY Y YV Yy

AT o o
D=3cm
EEEEEEEEER
< 5m ]

FIGURE 8-32 Schematic for (5 Example 8-5.

SOLUTION Water is to be heated in a tube equipped with an  pyge 52

electric resistance heater on its surface. The power rating of the
heater and the inner surface temperature at the exit are to be determined.

Assumptions 1 Steady flow conditions exist. 2 The surface heat flux is
uniform. 3 The inner surfaces of the tube are smooth.

Properties The properties of water at the bulk mean temperature of
Ty = (T; + T,)/2 = (15 + 65)/2 = 40°C are (& Table A-9)

o= 992.1 kg /m? (o 41791 /kg-K
0.631 W/m-K Pr = 4.32
ulp =0.658 x107° m2/s

P
]

Analysis The cross-sectional and heat transfer surface areas are

Ac= iﬂ'Dz - %n(o.oa m)’ = 7.069 x 1074 m?
Ag = DL = 7(0.03 m)(5 m) = 0.471 m?

The volume flow rate of water is given as

/ = 10 L /min = 0.01 m3/min. Then the mass flow rate becomes

m = pV = (992.1 kg/m?)(0.01 m*/min ) = 9.921 kg /min = 0.1654 kg/s
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. 27
A= %,”DZ = %n(0.03 m)® =7.069 x 10~* m? Thest *.
As =7DL = 7(0.03m)(5 m) = 0.471 m? 'i,S . heTs-Ta) = L(Ts,u.? ’T(,\)

The volume flow rate of water is given as

/ = 10 L /min = 0.01 m3/min. Then the mass flow rate becomes

m = pV = (992.1 kg /m*)(0.01 m*/min) = 9.921 kg /min = 0.1654 kg /s

To heat the water at this mass flow rate from 15°C to 65°C, heat must be
supplied to the water at a rate of

Q = me,(T, — Ty)
(0.1654 kg /s)(4.179 kJ /kg-K )(65 — 15)°C
- 34.6 kI /s = 34.6 kW

All of this energy must come from the resistance heater. Therefore, the
power rating of the heater must be 34.6 kW.

The surface temperature T of the tube at any location can be determined
from
4

"15=h(Ts_Tm)_’Ts=Tm+F

where / is the heat transfer coefficient and T, is the mean temperature
of the fluid at that location. The surface heat flux is constant in this case,
and its value can be determined from

Q _ 346kW

=<=""_"_ =7346kW/m?
9 Ag 0471 m?

To determine the heat transfer coefficient, we first need to find the mean
velocity of water and the Reynolds number:

V 0010 m3/min
Vg = =—=——o—— = 1415m/min = 0.236 m/s
M A 7.069 x 1074 m2
VaeD  (0.236 m /s)(0.03 m
neD_( / )_(6 ) 10,760
Y 0.658 x 10”° m?/s _
which is greater than 10,000. Therefore, the flow is turbulent, Page 522

Re =

and the entry length is roughly

Ly=L;=%10D=10X0.03=03m

which is much shorter than the total length of the tube. Therefore, we
can assume fully developed turbulent flow in the entire tube and
determine the Nusselt number from

Nu = hTD = 0.023 Re®® Pr'* = 0.023(10,760) " (4.32)"* = 69.4 y ( 2)(Re- 0o)P;
W Ly D
Then, 1+ 12 ? 3)
k. 0631 W/mK 2
e e = ) = L W/m K fo an(aRe-LB¥) = 0%wE

and the inner surface temperature of the tube at the exit becomes

-~ —— o e 2
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and the inner surface temperature of the tube at the exit becomes

] 2
Ts=Tp +&= 65°C +—73’460W/m

=115°C
h 1460 W /m2.K

Discussion Note that the inner surface temperature of the tube will be
50°C higher than the mean water temperature at the tube exit. This
temperature difference of 50°C between the water and the surface will
remain constant throughout the fully developed flow region.
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1. Consider the flow of o1l at 10°C in a 40-cm-dizmeter pipeline at an average veloeity of 0.5
m'zs. A 1500-m-long section of the pipeline passes through icy waters of a lake at (°C.
Measurements mdicate that the surface temperature of the pipe iz wvery nearly 0°C.
Disregarding the thermal resistance of the pipe material, determnine {4) the temperature of
the oil when the pipe leaves the lake, (#) the rate of heat transfer from the oil.

2. Water 15 to be heated from 10°C to 80°C as it flows through a 2-cm-intemnal-diameter, 13-
m-long tube. The tube iz equipped with an electric resistamce heater, which provides
uniform hezting throughout the surface of the tube. The outer surface of the heater is well
meulated, zo that in steady operation all the heat generated in the heater 1z transferred to
the water in the tube. If the system is to provide hot water at a rate of 5 L/min, determine
the power rating of the resistance heater. Also, estimate the inner surface temperature of
the pipe at the exit.

3. Hot air at atmospheric pressure and 83°C enters a 10-m-long unimsulated square duct of
cross section (.15 m = 0.15 m that passes through the attic of a house at arate of 0.1 m'/s.
The duct iz observed to be nearly 1zothermal at 70°C. Determine the exit temperature of
the air and the rate of heat loss from the duct to the air spece n the attie. Evaluate air
properties at a bulk mean temperature of 73°C. Iz this a good assumption?
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EXAMPLE 11-2 Effect of Fouling on the Overall
Heat Transfer Coefficient

A double-pipe (shell-and-tube) heat exchanger is constructed of a
stainless steel (k = 15k WIm-K] inner tube of inner diameter

D; = 1.5 em and outer diameter D, = 1.9 cm and an outer shell of inner
diameter 3.2 cm. The convection heat transfer coefficient is given to be
h; = 800 W/m2K on the inner surface of the tube and

h, = 1200 W/m?-K on the outer surface. For a fouling factor of

Ry, j = 0.0004 m?-K /W on the tube side and Ry o = 0.0001 m2K/W
on the shell side, determine (a) the thermal resistance of the heat
exchanger per unit length and (5) the overall heat transfer coefficients U;
and U, based on the inner and outer surface areas of the tube,
respectively.

SOLUTION The heat transfer coefficients and the fouling factors on the
tube and shell sides of a heat exchanger are given. The thermal resistance
and the overall heat transfer coefficients based on the inner and outer
areas are to be determined.

Assumptions The heat transfer coefficients and the fouling factors are
constant and uniform.

Analysis (a) The schematic of the heat exchanger is given in

Fig. 11-12. The thermal resistance for an unfinned shell-and-tube heat
exchanger with fouling on both heat transfer surfaces is given by

Eq. 11-8 as

1 1 1 1

ERIn (DY DD INR
_i i -1  Rui In(D/D) Rpo 1
UA;, Ud; UA, hd o A

13 o T AT AT R=

where

Ay =aDL = 7(0.015m)(1 m) = 0.0471 m?
A, = aD,L = m(0.019m)(1 m) = 0.0597 m?
Substituting, the total thermal resistance is determined to be  p,,. 6338
- 1 0.0004 m*-K /W
(800 W/m?K)(0.0471 m?) = 0.0471m*
+—_In(0019/0.015)
27(15.1 W/m-K)(1m)
0.0001 m?-K /W 1
0.0597 m? (1200 W/m?.X )(0.0597 m?)
= (0.02654 + 0.00849 + 0.0025 + 0.00168 + 0.01396)K /W
= 0.0532°C/W

Note that about 19 percent of the total thermal resistance in this case is
due to fouling and about 5 percent of it is due to the steel tube separating
the two fluids. The rest (76 percent) is due to the convection resistances.

Cold fluid
Outer layer of fouling
Tube wall
Hot Inner layer of fouling
fluid Cold fluid

v
Hot q
fluid [ ~ =
L/
\ |

—»{ y 0>

[

1
D;=15cm
h;= 800 W/m*K
Ry = 0.0004 m*K/W
D,=19cm
h,= 1200 W/m*K V-
Ry, = 0.0001 m*K/W

FIGURE 11-12 Schematic for @ Example 11-2.

(b) Knowing the total thermal resistance and the heat transfer surface
areas, the overall heat transfer coefficients based on the inner and outer

enrfanac af tha tuhas ara
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FIGURE 11-12 Schematic for = Example 11-2.

(b) Knowing the total thermal resistance and the heat transfer surface
areas, the overall heat transfer coefficients based on the inner and outer
surfaces of the tube are

1 1 >
S B -— = 399W/m’-K
©RA T (0.0532 K/W)(0.0471 m2)
and
U=t =— 1  _aswm?K

DISCUSSION Note that the two overall heat transfer coefficients
differ significantly (by 27 percent) in this case because of the
considerable difference between the heat transfer surface areas on the
inner and the outer sides of the tube. For tubes of negligible thickness,
the difference between the two overall heat transfer coefficients would be
negligible.

EXAMPLE 11-4 Heating Water in a Counterflow
Heat Exchanger

A counterflow double-pipe heat exchanger is to heat water from 20°C to
80°C at a rate of 1.2 kg/s. The heating is to be accomplished by
geothermal water available at 160°C at a mass flow rate of 2 kg/s. The

inner tube is thin-walled and has a diameter of 1.5 cm. If the overall heat
transfer coefficient of the heat exchanger is 640 W /m?-K, determine the
length of the heat exchanger required to achieve the desired heating.

SOLUTION Water is heated in a counterflow double-pipe heat
exchanger by geothermal water. The required length of the heat
exchanger is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat
exchanger is well insulated so that heat loss to the surroundings is
negligible. 3 Changes in the kinetic and potential energies of fluid
streams are negligible. 4 There is no fouling. 5 Fluid properties are
constant,

Properties We take the specific heats of water and geothermal fluid to
be 4.18 and 4.31 kI /kg-K, respectively.

Analysis The schematic of the heat exchanger is given in
Fig. 11-21. The rate of heat transfer in the heat exchanger can be
determined from

Q= [mep(Tou = Tw)| = (12kg/s)(418 kI /kg-K)(80 - 20)°C = 301 kW

wates

Noting that all of this heat is supplied by the geothermal water, the outlet
temperature of the geothermal water is determined to be

Q = m"—‘p(Tin = Tou)
geothermal

Tow = T,-,,—_i
mey

300 kW

= 10°C-—-
(2kg/s)(431 kI kg K)

Knowing the inlet and outlet temperatures of both fluids, the  pyge 697
logarithmic mean temperature difference for this counterflow
heat exchanger becomes

ATy = Tj, iy = Te, ow = (160 = 80)°C = 80°C
ATy = Ty, out — Te in = (125 — 20)°C = 105°C

and

ATy = T T |
In(AT,)/AT; ) In(80/105)

Hot
geothermal .
— 'lfal}C
- 2kgls (9

Heat Transfer Page 32

) .
O R=fe G {,T“_‘,_ "/;"\
T\,"= LTe'-n t L,r—*) IZ ’50’(

@ | 1L4189) L30-20) =30pkw
Q-

Ay Coh CTy Ty out)

<
A\
{

T“:W*: TL)" 7 (T-l.,"" fT;‘/'”+7/Z , T"l,ﬂ'+ v,,kn’._d|l

~My (I'l
bwu,) T‘I.,l-" 140 S.,+
bugss TL,., ? lzwa

AT AT -AT AT

In GT. IAT‘l)
AT,

AT,z A

| = loa

do B 55 wid L Yewte
T;’.AJ-"ZS

[24.4-20 = gyt

160 - $0 =% 0°¢



{47, 1412)

Knowing the inlet and outlet temperatures of both fluids, the  pyge 697 A Ti 160 - %0 =3 0 *c
logarithmic mean temperature difference for this counterflow
heat exchanger becomes A Tm: ql’\ 7%

AT, = Th, in = Te. o = (160 — 80)°C = 80°C L= loa

ATy = Tj, gut — T, in = (125 — 20)°C = 105°C

and

AT, — AT, 80 — 105
AT = me = TR RO Ry e
"™ T (AT, /AT;)  In(80/105)

Hot
geothermal .
water ¢1f’0 C
2kg/s
Cold ¢
water |
—( 1N >
20°C \ | 80°C
Lk \p=15cm

FIGURE 11-21 Schematic for 5 Example 11-4.

Then the surface area of the heat exchanger is determined to be

To provide this much heat transfer surface area, the length of the tube
must be

2
T TIPS TE S PR L L

7D 7(0.015m)

The correction factor is less than unity for a crossflow and multipass shell-and-
tube heat exchanger. That is, F < 1. The limiting value of F = 1 corresponds to
the counterflow heat exchanger. Thus, the correction factor F for a heat
exchanger is @ measure of deviation of the ATy, from the corresponding values for
the counterflow case.

The correction factor F for common crossflow and shell-and-tube heat exchanger
configurations is given in %' Fig. 11-19 versus two temperature ratios Pand R
defined as

_h—h
TTi—h (11-27)

and

T, —T (m-“)
R=21T-72_ tube side

L1 i
Y (Hup)xhcl]\nlc (11-28)

where the subscripts 1 and 2 represent the inlet and outler, respectively. Note
that for a shell-and-tube heat exchanger, T and ¢ represent the shell- and tube-side
temperatures, respectively, as shown in the correction factor charts.It makes no
difference whether the hot or the cold fluid flows through the shell or the tube.
The determination of the correction factor F requires the availability of the inlet
and the outlet temperatures for both the cold and hot fluids. w
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(d) Single-pass cross-flow with one fluid mixed and the other unmixed

FIGURE 11-19 Correction factor F charts for common shell-and-tube and crossflow heat exchangers.
Source: Bowman, Mueller. and Nagle, 1940,

EXAMPLE 11-6 Cooling of Water in an Automotive
Radiator

A test is conducted to determine the overall heat transfer “Page 699
coefficient in an automotive radiator that is a compact T
crossflow o-air heat exch with both fluids (air and water)
unmixed (@ Fig. 11-23). The radiator has 40 tubes of internal diameter
0.5 cm and length 65 cm in a closely spaced plate-finned matrix. Hot
water enters the tubes at 90°C at a rate of 0.6 kg/s and leaves at 65°C.
Air flows across the radiator through the interfin spaces and is heated
from 20°C to 40°C. Determine the overall heat transfer coefficient U; of
this radiator based on the inner surface area of the tubes.

90°C
Air flow
(unmixed) Q) Q L > 40°C
20°C Q Q Q
Q QS Q
65°C
Water flow
(unmixed)

FIGURE 11-23 Schematic for &) Example 11-6.

SOLUTION During an experiment involving an automotive radiator,
the inlet and exit temperatures of water and air and the mass flow rate of
water are measured. The overall heat transfer coefficient based on the
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SOLUTION During an experiment involving an automotive radiator,
the inlet and exit temperatures of water and air and the mass flow rate of
water are measured. The overall heat transfer coefficient based on the
inner surface area is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Changes in the
kinetic and potential energies of fluid streams are negligible. 3 Fluid
properties are constant.

Properties The specific heat of water at the average temperature of

(90 +65)/2 = 77.5°C is 4.195kJ /kg-K () Table A-9).
Analysis The rate of heat transfer in this radiator from the hot water to

the air is determined from an energy balance on water flow,

Q-
I

[m,(ri,. S )]mr = (0.6 kg/s)(4.195 ki /kg-K)(90 — 65)°C
- 6293 kW

The tube-side heat transfer area is the total surface area of the tubes and
is determined from (where # is the number of tubes)

A; = naDL = (40)x(0.005 m )(0.65 m) = 0.408 m?

Knowing the rate of heat transfer and the surface area, the overall heat
transfer coefficient can be determined from

Q

Q=UAFATiy, cr — U; = AFiTm o

where F'is the correction factor and AT, ¢ is the log mean
temperature difference for the counterflow arrangement. These two
quantities are found to be

ATy = Ty in— Te ou = (90— 40)°C = 50°C
AT; = T out — T in = (65-20)°C = 45°C
AT, — AT, _ 50—45 "
AT, = —1 1 = ___—_=475C
- CF = n(ATy/AT;)  In(50/45)
and
p=2zh S =0 0 2
Ti—t, 20-9
F =097
o hi=Ty 20=40 /o
=1, 65-90 (& Fig. 11-19¢)
Substituting, the overall heat transfer coefficient U; is Page 700
determined to be -
5930 W. =3347W/m? - K

U= = =
' T AFATim cr  (0.408 m2)(0.97)(47.5°C)

Discussion Note that the overall heat transfer coefficient on the air
side will be much lower because of the large surface area involved on that
side.
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. A double-pipe heat exchanper is constructed of a copper (¥ =380 W/m-K) mner tube of internal

diameter [, = 1.2 cm and extemal diameter 0. = 1.8 cm and an outer tube of diameter 3.0 cm.
The convection heat transfer coefficient is reported to be & =700 Wim'-K on the inner surface
of the tube and A = 1400 Wim™E on its outer surface. For a fouling factor Ky, = 0.0003
m* KW on the tube gide and By = 0.0002 m* KW on the shell zside, determine (@) the thermal
resistance of the heat exchanger per unit length and (5) the overall heat transfer coefficients U
and U based on the inner and outer surface areas of the tube, respectively.

A thin-walled double-pipe counter-flow heat exchanger 15 to be used to cool oil (g, = 2200
Jkg K) from 150°C to 40°C at a rate of 2 ka's by water (¢, = 4180 I'kz K) that enters at 22°C
2t a rate of 1.5 kg's. The diameter of the tube 15 2.5 cm, and its length is 6 m. Determine the
overall heat transfer coefficient of this heat exchanger.

A single-pass cross-flow heat exchanger with both fluids unmixed has water entering at 16°C
and exiting at 33°C, while ol (¢, =193 klkg K and p = 870 kg/m ) flowing at 0.1% m'/min
enters at 38°C and exits at 29°C. If the surface area of the heat exchanger is 20 m”, determine

the value of the overall heat transfer coefficient.
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Thermal Radiation

Thursday, April 11, 2024
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FIGURE 12-3 The clectromagnetic wave spectrum

Visible

Ultraviolet

X-rays

The wavelength ranges of different colers

Color Wavelength Band
Viglet 040 - D44 m
Bue 044- 049 um
Green 0.4% - 0,54 um
Yallow 054 - 0,60 pm
Crange 060 - 0.67 jm
Red 063 - 0.76 pkm
<
- /

Eoa L A1) = 5 L./JT'G

h X[e

takbody .
b 4,"“ ploak in 1401

where

€y = 2whe} = 374177 % 10° Wopm/m?
€y = heylk = 143878 % 10° pm-K

Also, Tis the absolute temperature of the surface, 4 is the wavelength of the
radiation emitted, and k = 1.38065 % 10~ ** J /K is Bolrzmann’s constant. This
relation is valid for a surface in @ vacwam or a gas, For other media, it needs to
be modified by replacing Oy with Oy /n®, where # is the index of refraction of
the medium. MNote that the term spectra! indi on

gth.

It is left as an exercise to show that integration of the spectral blackbody
emissive power Ey,; over the entire wavelength spectrum gives the soral
blackbody emissive power Ep:

Ey(T) = [ Byl T)dd = o7* (W/m?) (12-6)

£+

Mug T 7 28978 unk
T;u\” $1%0 K

)rw},sulm, 2,50 un
ble ’70‘))
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FIGURE 12-9 The variation of the blackbody emissive power with wavelength for several temperatur

As the temperature increases, the peak of the curve in < Fig. 12-9

shifts toward shorter

gths. The

h at which the peak

occurs for a specified temperature is given by Wien's displacement law a:

AT) = 2897.8 pm-K

I pUwer



EXAMPLE 12-2 Light Emitted by the Sun and by a
Lightbulb

Charge-coupled device (CCD) image sensors, which are common in Blackbody radiation functions Jr;,

madern digital cameras, respond differently to light sources with different ,1]", um- K f lT, pm iR f,1
spectral distributi Daylight and i light sources may be =
approximated as blackbodies at the effective surface temperatures of 200 0.000000 6200 0754140
5800 K and 2800 K, respectively. Determine the fraction of radiation 400 0.000000 6400 0769234
emitted within the visible spectrum wavelengths, from 0.40 um (violet) 3 i
0 0.76 um (red), for each of the lighting sources, 600 0.000000 6600 0783199
SOLUTION For specified blackbody temperatures, the fraction of 800 0.000016 6800 0796129
visible radiation emitted by the sun and the filament of an incandescent ’ ’
lightbulb are to be determined. 1000 0.000321 7000 0.808109
Assumptions The sun and the incandescent light filament behave as 1200 0.002134 7200 0.819217
blackbodies. i i
Analysis The visible range of the clectromagnetic spectrum extends 1400 0.007790 7400 0.829527
from 4; = 040 um to A; = 0.76 um. For the sun at T = 5800 K, the 1600 0.019718 7600 0.839102
blackbody radiati i 10 A, Tand 2,T are
determined from (@ Table 12-2 to be (& Fig. 12-15) 1800 0.039341 7800 0.848005
. 2000 0.066728 8000 0.856288
4T =(040um)(SR00K) =2320pm K = [, o0, =0124509
AT = (076pm)(SS00K) = 408 pm K = f, o =0.550015 2200 0100888 8500 0.874608
- 2400 0140256 9000 0.890029
=
Ey 2600 0183120 9500 0.903085
Joa-ome=Jo-0zs~Jo-04 2800 0227897 10,000 0.914199
3000 0.273232 10,500 0.923710
3200 0.318102 11,000 0.931890
3400 0.361735 11,500 0.939959
3600 0.403607 12,000 0.945098
3800 0.443382 13,000 0.955139
0 94076 A, pm 4000 0.480877 14,000 0.962898
FIGURE 12-15 Graphical representation of the fraction of radiation emitied in the visible ra
4200 0.516014 15,000 0.969981
Then the fraction of visible radiation emitted by the sun becomes
4400 0.548796 16,000 0.973814
L35, daptg = 0-550015-0.124509 = 0,426 0r 42.6 percent 4600 0.579280 18.000 0.980860
For an incandescent lightbulb at 7" = 2800 K, the blackbody radiation
functions corresponding to A, T and A,T are determined from 4800 0.607559 20,000 0.985602
@ Table 12-2 0 be 5000 0.633747 25,000 0.992215
AT = (040um)(2800K) = 1120gm K = f, 0 =0001409 5200 0.658970 30,000 0.995340
Al (OBNmXTONK) =212 X2 ), tons = M00 5400 0.680360 40,000 0.997967
Then the fraction of radiation the lightbulb emits in the visible range 5600 0701046 50,000 0.998953
becomes " .
5800 072058 75,000 0.999713
/- o = 0088590 - 0.001409 = 0.087 or &.7 percent 6000 0737518 100,000 0.999905

Discussion Note that almost half of the radiation emitted by the sun
is in the visible range, and thus the sun is a very efficient light source. But
less than 10 percent of the radiation emitted by the incandescent
lightbulb is in the form of visible light, and thus incandescent lightbulbs
are inefficient as light sources. Consequently, they are being replaced by
the highly efficient fluorescent and LED light sources,
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g =constant, 0 £ 4 < 4

g, =1 £ = constant, 4; €4 < 4;
£y = constant, 4; £4 < co (12-35)
£y
£ L)

Actual
variation

A iy A
FIGURE 12-24 Approximating the actual variation of emissivity with wavelength by a step function,

Then the average emissivity can be determined from [5' Eq. 12-34 by page 766
breaking the integral into three parts and utilizing the definition of the
blackbody radiation function as

A < :.fs'EMd,l s:f:fEMdﬁ Caf::Em'di
1) = 5 + B + 5,
= afy_ (D+ef,  (D+af, _(T) (12-36)
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Exam 2 Study guide

Tuesday, April 16, 2024 11:29 AM

=

Exam+2+-+
Study+gui...
ME 35253 Exam 2 Name: oo (Ts-Ta)
is”
_I.A_i.ratatemperatl.l.reo_ﬂﬂ“C is blowing a_laspeedof]né hn.-‘hacrossz_ilungelem-ical]jne Gm ﬂ— ) U-o .‘;‘g,,_ 000D . 3g1.472 Wit
in diameter. If an electric current of 60 A is passed through the electrical line and the electrical P et i 21X .008)
resistance of the electrical line is 0.002 ohm per meter length, (2) prove that heat flux at the surface 2 As As ’ LS ’
of the wire at steady state is 382 Wim”; (b) determine the surface temperature of the wire. (22.8 _
°C) Tsr Te T
h

Tr:(T, *'E-)’z

2. A smooth rectangular tube whose surface temperature 1s maimtained at $0°C 15 used to heat a

water flow from 13°C (at the entrance) to 75°C (at the outlet). If the cross section of the rectangular boey Ts ° 10

tube iz 5 cm by 3 cm and the mass flow rate of water in the tube iz 0.3 kg/s. Determine the length

of tube. (9.8 m) L Tpe _Z__ﬂ .10
—yt — Z

Water B N -5
o v 1 shav® g 9304
Jb ooy

. ; Vw48 rioY ¢ Sw o’ P lamiras
Re: Lsiexio™?

3. Water and oil exchange heat in a single-pass cross-flow heat exchanger as shown in the
following figure. Water enters at 18°C and exits at 35°C, and o1l (¢, = 1.93 klkg-K and p = 870

¥ L
Ly q 5 - 2z
) Wy . : Azarig)(730%)7 = 4. %b
kg/m”) flows at 0.1% m'/min enters at 40°C and exits at 31°C. If the surface area of the heat Nus 2 W3 ReTEDS S8 s )

K
exchanger is 19 m®, determine the value of the overall heat transfer coefficient. (354 W/m’K)
h= Nuk 2 (075 1)
e Mv a0 g s
.00t
417
Tye T ¢t B2z 20+ 2812
e 7 e T T ¢ 207 . ha

To= 7187 close ‘1'"5[" fo nesd

fer Secon ) Yesatbion

T
2.
*
L
L ATe? A.‘,;bihh'-"
7 Q:hlp CTe-™
3. (32-‘ hA}ATIﬁ
1Lt 12 AR
S
k= Y P 440.1 "
Pz Jen Lp= 8o V=%
4 o [ﬂ- = -
v _Lqﬁ;"‘gj’ L ooz Mo’
0,z3Ac y( .05*%.02) -
Ty h e e = . 7
- E— N F 2050 +1C.2D) 0378~
£ s
% ,;,:PVAL-J V=A:‘/': A\a.le)L’J)
AImua _ Res vl = p375 L2 45q5a pw,000 Twhint
s 0 o ;—_I v t.otno”
. {any multiple of 2. tube passes
L Iog,» 106-07%) = 213
Azsune P ‘“‘""/"l
Nu"ikah 2 025 e tfr'ﬂ: 755874
T A l he Mk, 755l L apyas
f'-'l I N 0. 0775
Rl Y Ir-': 53 04 05 06 07 88 09 10 P=::_I-.
() Two-shell prasses and 4, 8, 12, elc. (any maltiple of 4), tube pusses ' -
Ts-le
o 7% - _h4y _hdL T .
— — Ts T = T == - _ 5-Te (Mo
L I A G ()
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05l L1 | L1 Wb iy jnenil -1,
o o 02 03 04 05 06 07 08 09 10 P=! !
() Two-shell passes and 4, 8, 12, elc. (any maltiple of 43, tube passes

T s o
. e, W [y
E LT
‘! ‘| ...,
= A 0604 02—
E i AN
4 1t AR
o
1
] ol 02 03 04 a5 06 07
() Single-pass cross-low with both Muie:
J-1
. ™ 4\
,§ ALY 1 —_’b’ —
E A 2 ' 2
] DN Y
: I (
3 A |
\ | | T,
05 L LL . 1 1 |
oo 02 03 04 05 06 07 08 09 10 P=
(e Simgle-pass cross-Now with one Muid mived ane e other grmised ! Fig. 11-12

2
TABLE A-9

yporties of salurated water
Ohure
Enthwigy  Specific Thermat Fromam £ egmiom
Saturation Demity of Hest Conductivity Dynmic Vinconity Nt Costhicmst
g Pressure o' Vaporaation . LW K » g ~ A
1< FubPr  Lgea  Vapor W, bikg LQue vagor e Ligud
0.01 0611) 9998 00048 2901 10
5 08721 9999 00068 2490 *10*
10 12276 9997 00094 2478 x10°
15 17051 9991 00128 2466 1
20 2330 09RO 00173 2454 10
b 1160 0970 00231 2442 10t
30 4246 9960 D04 2431 x10
1] @0 00397 2410 104
a0 %21 00012 2407 «10*
an W01 00635 2308 «10t
50 0881 0OB31 2383 *10*
8 T T
&0 1904 OHI3 00304 2340 x101
o 903 MDA 01614 246 «10t
70 19 9775 01083  23% «10t
% 3858 9747 02821 %21 “10'
80 4730 0718 02935 2¥06 10t LIB <0
Ll s783 968.1 3536 2200 «10% 1176« 30
o 7014 9653 04235 2289 « 107 LI9 x 30
9% 8455 0615 05045 2270 *107 1230« 30
100 10138 0579 00O7TA 2287 107 1227 %30
110 14327 9506 0A263 2230 *107 1261 = 10
120 15808 434 LI 2203 10" 129620
1% 2701 9346 1496 174 «10' 13910
140 %1y 9217 1965 a8 «10' 138« 0
1% ama 0166 2546 2114 107 139 v 20
180 wra 0074 A% 2083 «10' 14M 10
170 7011 W27 A9 200 « 107 1468 v 30
W Lot W23 BABY 2010 « 104 1802 % 10
19 1A KIRA  63ma 1970 100 1837 « 10
200 L$5aA 8643 7852 194l «10' 1571 x30
20 2318 8403 1160 1859 «10* Ledl « 10
2 3344 8137 16,73 1767 100 L0230
w0 ause .7 160 166 «107 1788« 30
2 6al2 THOR 2318 1544 «10% 189030
T R 1408 «107 1965« 10
20 11274 667.1 6457 12%% 7900 «107 2088410
340 14,686 6105 0262 1020 8240 11870 0469 0110 0070 10" 2295« 30
360 18651 620.3 1440 720 14690 25800 0427 0178 0060« 10" 2671 « 10
els 22 1703170 0 0043 « 10" 431~ 30

Note 1, Kinsmart: sisconty o and S difusrety w can o cakiulated irom See defnbons, » = Wi and u = N, = wFr The Semgonmre 001, 10T and
374 14T atw o e, bt arnd Craicak it oempnnharms of waiet rasgmctively. Ther jragmiions Ssted atonms Gomngd T wagnor durmyl o fon ol of ay
B B Sy N e e v

Nt 2 Thve unit h 30 " o spmcific fowl by meaubusberd by ARG K, arat e Ut Wim G o Iberme coniuctvily s st 5 Wi &

Source: Viscowty and ermsal conductivty date are bm J. V. Sergers and 1 TR Watson, Joumel of Myscal and Chemcal Redrence Dute 14 (1966

P 12911922 Ceter thate e cbtaned b wanous sources o cakulahed
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TABLE A-15

Properties of air at 1 atm pressure

Specitic Tnerma! Thermal Oynamic Kinematic Prandt|
Temp. Density Heat Conductivity Diftusivity Viscosty Viscosiy Numbsr
T.°C p, hgm? Cp IKEK K, WK a. mis . kgims v, ms Pr

150 2.866 983 0.01171 4158 x 10°¢ 8,636 x 10°€ 3013 x10¢ 0.7246
100 2.038 966 001582 B.036 x 10°* 1,189 x 10 * 5837 % 10 ¢ 0.7263
-50 1.582 999 0.01979 1252 x 10 * 1.474x 10 * 9319x10* 0.7440
-40 1514 1002 0.02057 1.356 x 10°% 1,527 x 1075 1.008 x 10°% 0.7436
-30 1451 1004 0.02134 1.465 x 10°% 1.579 x 1075 1.087 x 10°5 07425
20 1.294 1005 0.02211 1578 x 10 1,630 x 10 1,169 x 102 0.7408
10 1.341 1006 0.02288 1.696 x 10 * 1.680 x 10°° 1.262 x 10°% 0.7387
] 1.292 1006 002364 1818 x10* 1229 < 10* 1338x10° 0.7362

5 1.269 1006 0.02401 1.880 x 10°* 1754 x 10°® 1.382 x 10°* 0.7350
10 1.246 1006 0.02439 1.944 x 10°* 1.778 x 10°* 1.426 x 10°* 0.7336
15 1.225 1007 0.02476 2.009 x 10* 1.802 x 10" 1.470 x 10-* 0.7323
20 1.204 1007 0.02514 2074 x 10" 1825 % 10" 1516 x 10 0.7309
25 1184 1007 002551 2141 x 107" 1.849 x 107 1.562 x 10” 0.7296
30 1.164 1007 0.02588 2208 x 10 * 1872 x10°* 1608 x 10 * 0.7282
35 1.145 1007 0.02625 2277 x 10°* 1895 x 10* 1.655 x 10°* 0.7268
a0 1127 1007 0.02662 2.346 x 107" 1918 x 107" 1.702 % 10°* 0.725%
a5 1.109 1007 0.02699 2416 x 10" 1.941 x 10°" 1.750 x 10°% 0.7241
50 1.092 1007 0.02735 2487 x 10" 1.963 x 1070 1.798 x 1075 0.7228
60 1.059 1007 0.02808 2632 % 10 2,008 x 1075 1.896 x 10°% 0.7202
70 1.028 1007 0.02881 2780 x 10°% 2,082 x 105 1996 % 10°5 07177
80 0.9994 1008 0.02953 2931 x10°* 2,096 % 10°% 2097 x 10°% 0.7154
9% 0.9718 1008 0.03024 3.086 x 10 * 2139 x10°* 2201 % 10* 0.7132
100 0.9456 1009 0.0309% 3243x10°% 2,181 x 10 2306 x 10 * 02111
120 0.8977 1011 0.03235 3565 x 10°% 2264 % 10°° 2.522 x 107 0.7073
140 08542 1013 0.03374 3.898 x 10°¢ 2345 % 10°¢ 2,745 x 10 ¢ 0.7041
160 08148 1016 0.03511 4241 %10 ¢ 2420 % 108 2975 %10 ¢ 0.7014
180 0.7788 1019 0.03646 4593 % 10 * 2,504 x 10°% 3212 x10* 06592
200 0.7459 1023 003779 4994 x 10 * 257 x10* 3456 x 10 ° 06974
250 0.6746 1033 0.04104 5890 x 10 * 2,760 % 10°* 4.091 %10 % 0.6946
300 0.6158 1044 0.04418 6.871 x 10" 2934 x 10" 4.765 x 10 0.6535
350 0.5664 1056 0.04721 7892 x 107" 3101 x 10°" 5475 % 10°* 0.6937
400 0.5243 1069 0.05015 8951 x 10" 3.261 x 107" 6.219 x 107" 0.6948
450 0.4880 1081 0.05298 1.004 x 1074 3415 x 107" 6.997 x 107" 0.6965
500 0.4565 1093 005572 1117 x 104 3,563 x 10°* 7.806 x 10°* 06985
500 0.4042 1ms 0.06093 1.352 % 10°¢ 3846 x 10°° 9.516 x 10°° 0.7037
700 0.3627 1135 0.06581 1,598 x 107 4111 x 10°° 1133 %107 0.7092
800 0.3289 1153 0.07037 1.855 x 107 4,362 x 107" 1326 x 10°* 0.714%
900 0.3008 1169 0.07465 2122 x 10 4.600 x 107" 1,529 x 10°% 0.7206
1000 02772 1184 0.07868 2398 x 1074 4826 x 10°° 1,741 x 10°% 0.7260
1500 0.1990 1234 0.09595% 3908 x 104 6817 < 10°% 2922 x 104 0.7478
2000 01663 1264 [RRRRE) 5664 x 10 ¢ 6,630 % 10°% 4270 <104 0.753%

Notee Fox adee! gases, tie peogertion c,, &, i, and Py are indegendent of geessury, The propertes g, v
by MUBPG 18 vakass ot 16 GIvan lemperatiurs ty 4*and ty deading v And u by ¥

Source Bt 4 e tha FES A Kk and L Avarada Ongoal wourcen, Keminan, Chao, Kipes, Cas. Tathen, Wby, 1964, and
n-mqmunnmmm Vi, 4, Tharmal Conuctly, ¥. 5 Toudoualan, P F Uiy, 5. €. Sasiria, V. 11 wa-n, ¥ 5 Toduian % C Sanies, aed
P Haddamacs, ¥ Wnun, NY, 1070, 8N 0306060008

nd ot 4 pessure 1 On i) ofer hon 1 atm e detmied
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Exam 2
Thursday, April 18, 2024 12:07 PM

ME 3525 Exam 2 Name: La5¥0a ZAqran

1. A long, cylindrical, electrical heating element of diameter d = 12 mm is installed in a duct for
which air moves in cross flow over the heater at a temperature and velocity of 30 °C and 8 m/s,
respectively. If electrical energy is being dissipated at a rate of 1000 W per unit length of the heater
(i.c. 1000 W/m), (a) show that the heat flux at the surface of the heater in steady state is 26.5
kW/m?;and (b) neglecting ndiasion. estimate the swady-su;e surface temperature. (40 pts)
a. A A o I v z
oot A0 1) ie - n azm:z o6 5 Haln
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2. Glycerin flows through a tube with a mass flow rate of 0.5 kg/s. The flow of glycerin enters the
tube at 20°C and exits the tube at 40°C. If the tube surface temperature is constant, and the length
‘ and diameter of the tube are 10 m and 2.5 cm, respectively, determine (a) the total rate of heat
| transfer for the tube and (b) the surface temperature of the tube. (35 pts)
, szenydak =35
i , e (L2cian L
) ATe S B by b 2 o
e (0 Wooic Slas
2 . 24in Shyf

P(: 5 6 3 \
1758 KW
296 Win.k
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3. In an industrial facility a counter flow double pipe heat exchanger uses superheated steam at a
temperature of 250°C to heat feed water at 30°C. The superheated steam experiences a
temperature drop of 70°C as it exil heat exchanger. The water to be heated flows through
the heat exchanger tube o ligible thicknesat a constant rate of 3.47 kg/s. The convective heat
transfer coefficient on the superheafd steam and water side is 850 W/m2K and 1250 W/m* K,
respectively. To account for the foyling due to chemical impurities that might be present in the
water, one can use Rz;=0.000)/5 m*-K/W. Neglecting the fouling resistance on the steam side,

line the heat exchanger argd, A; required to maintain the exit temperature of the water to a

num of 70°C? (25 pts)
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Tuesday, April 23, 2024 11:02 AM
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ME 3525 HWg

1. The temperature of the filasment of an mecandescent lightbulb is 2300 K. Treating

the filament as a blackbody, determine the fraction of the radiznt energy emitted by 7=2800k
the filament that falls ; the visible range. Also, determine the wavelength at which

the emizsion of redistion from the fillament peaks.

2. An incandescent lightbulb 15 desired to emit at least 13 percent of its energy at
wavelengths shorter than 0.76 gan. Determine the minimum temperaturs to which -
the filament of the lightbulb must be heated if the filament behaves as a blackbody.

3. The spectral emissivity function of an opagque surfzce at 1000 K 1= approximated as
=04, 0=A<3pm
g, =& =07 FpmZi<bpm
_¢':='|:|'.3, fum=i<o

Determine the average emissivity of the surface and the rate of radiation emission from the
surface, in Wim'.

4. A surface has an absorptivity of o, = 0.72 for solar 1 _ 23y  Ge=soowim?
radiation and an emizsivity of 2 =06 at room temperature.

The zurface temperature iz observed to be 350 K when the /"\ &z =350 W/m?
direct and the diffuse components of solar radiation are

Go=330 and .= 400 Wim*, respectively, and the direct T.= 350K

radiation makes a 30° angle with the nommal of the ,;,, o072

surface. Taking the effective sky temperature to be 220 K,
determine the nst rate of radiation heat transfer to the
surface at that time in unit Wim’.

)l: . 4 b
,‘1: -7‘ un

AT= atzwe)  M°
)T 2 26 o) = 2109
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Table I2-2:
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Radiation heat transfer

Tuesday, April 30, 2024 11:53 AM

®

Chap+13+R
adiation+...
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HW10

Friday, May 3, 2024 8:43 PM

=

HW10
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ME 3525 HW10

1. Consider a hermspherical firmace with a flat circular base of diameter 0. Datermine the view
factor from the dome of this fiurmace to its base.

”
//
2. Determine the view factors £, and F>) for the very yr
long ducts shown in the following figures without : i f
using any view factor tables or charts. Neglect end g S
effects, it 1
T TN
3. Determine the view factor F)» between the rectangular surfzces shown in . o 'Q\- m
the following figurs. Lo I
L T : 3 L : m
e I
Y u—.
- — -

4. A fomace 15 of cylindrical shape with & = = 2 m. The top (surface 1), base (surface 2) and
side (surface 3) surfaces of the fumace are all black and are maintained at uniform temperatres
of 700, 1400, and 500 K| respectrvely. Determine the net rate nfradlahon heat transfer to or from
the top surface during steady operation.

3. A fumace is shaped like a long semicylindrical duct of diameter D = 5 m. The baze and dome
of the furnace have emissivities of 0.5 and 0.9 and are maintzined at _

uniform temperature of 305 K and 1000 K, respectively. Determine the . )
rzte of heat transfer from the dome to the base surface per unit length )
during steady operation.

Fr0O . flt base
Fl'b =l , )dﬂhq{';l“ /Ul(-
. VAN .
Al Fﬂ.' A1F¢I 2 F.',F A'f'.l_l:" = 1‘_01/1 U) ,"L{.-frﬂs.?;
FI,‘}%
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