8.8 At a particular axial station, velocity and ternperature

profiles for laminar flow in a parallel plate channel have
the form

u(y) = 0.75[1 — (yy)
T(y) = 5.0 + 95.66(y/y,)* — 47.83(yly,)"
with units of rys and °C, respectively.

y
Y

4

Yor |

Flud —»

Determine corresponding values of the mean velocity,
U, and mean (or bulk) temperature, T,,, Plot the veloc-
ity and temperature distributions. Do your values of u,,
and T,,, appear reasonable?
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PROBLEM 8.8
KNOWN: Velocity and terperature profiles for laminar flow in a tube of radius r, = 10 mm
FIND: Mean (or bulk) temperature, Ty, at this axial position
SCHEMATIC:

u(r), 7(r)

ASSUMPTIONS: (1) Laminar incormpressible flow, (2]! Constant properties.
ANALYSIS: The prescribed velocity and temperature profiles, (mys and K, respectively) are
wD = 0.1 [1-(v'rn)’] T() = 344.8 + 75.0 (yr,)* - 18.8 ()’ (1,2)

Far incormpressihle flow with constant ¢, in a circular tube, from Eg, 8.27, the mean terperature and U,
the mean velocity, from Eq. 8.8 are, respectively,

Tm Lnj’ur Tr rdr umirt’ur rdr (3,9
U  °
Substituting the velocity profile, Eq. (1), into Eq. (4) and integrating, find
1
U %1(2, 30.1 1 /p? ypdryg 201 % /I 2 i i/ 4 0.05m/s
0
Substituting the profiles and u,into Eq. (3), find
§ ——2—1§ ; 011 1/ 2 3448 750 vy, 2 188 53 gy dig
0.051m's 12

Ty 4; 8y, 0T > 1881y ° M8 yp’ 7s0ry° 1881y dig

Ty 4 17240 1875 313 8620 1250 235 367K <

The velocity and termperature profiles appear as shown below. Do the values of U and Tr, found above
commpare with their respective profiles as you thought? Is the fluid being heated or cooled?

0.1 40 -
1

0.08 420

| a + 1
0.06 ~—f——{———>—1— 400 | —|
280 -

0.04 4—————1—1N—

Welocity, ulr) (m/s)
Temperature, T{r} (K}

0,02 —— RS D 360

[ ; 340 T
0 02 04 06 0B 1 0 02 04 06 08 1

Radial coordinate, rfo Radial coordinate, rjffo
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8.13 Comsider a cylindrical nuclear fuel rod of length L and
diameter D that is encased in a concentric tube. Pressiunr-
ized water flows through the annular region between the
rod and the tube at a rate m and the outer surface of
the tube is well insulated. Heat generation occurs within
the fuel rod, and the volumetric generation rate is known
to vary sinusoidally with distance along the rod. That is,
q(x) = q, sin (wx/L), where g, (W/nr) is a constant. A
uniform convection coefficient h may be assumed to
exist between the surface of the rod and the water.

Coolant

—

Tmis m, %—s

Fuel rod, D
= q,sin (rx/L)

(@ Obtamn expressions for the local heat fhux q"(x) and
the total heat transfer g from the fuel rod to the water.

(b) Obtain an expression for the variation of the mean
temperature T,(x) of the water with distance x
along the tube,

(c) Obtain an expression for the variation of the rod sur
face termperature T(x) with distance x along the tube.
Develop an expression for the x location at which
this temperature is maximized.
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PROBLEM 8.13

KNOWN: Geometry and coolant flow conditiors associated with a nuclear fuel rod  Axial
variation of heat generation within the rod.

FIND: (a) Axial vanation of local heat flux and total heat trarsfer rate, (b) Axial variation of mean
coolant termperaiure, () Axial variation of rod suface termperature and location of meximum
tenperature.

SCHEMATIC:

Rod Q= 9, sin(mx/L),
LD

ASSUMPTIONS: (1) Steady-state carditiors, (2) Corstant fluid properties, (3) Urniform surface
corvection coefficiert, (4) Negligible axial conduction in rod and fluid, (5) Negligible kinetic energy,
potential energy and flow work changes, (6) Outer surface is adiabatic.

ANALYSIS: (a) Perfonming an energy balance for a control volume abott the rod,

Ein" EU'L]I+Eg=0 -dq+Eg=0
ar

-qp Da)+ gy sin(p ¥L) (p D?*/4) =0 €=qq(DM)sin(p xL). <
The total heat transfer rate is then

q=b:; qep Ddx=[p D2/4]q0 E):; sin(p x/L) dx

1+1)

L _ quUL(
0 4

2 i
_pD &L pxb
=t - —cos—=

R %Sp L ¢

2
q: %qﬂ‘ (1) <

{b) Perfonming an energy balance for a control volume about the coolart,
My Ty +dg=1acy (T + dIy) =0.

Hence
mcp ATy =dg=(p D dx) g€

dTm_pD %D , ap x&
d thep 4 &L g

Contirued ... ..
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PROBLEM 8.13 (Cont.)

Integratirg,
2
_pD” §q X . PX
Tl X)- T = 0 sin — dx
m(x)- Tmi == mep 0 L
2 : .
LD Xu
Tpa(X) = T + 1 aq—gggl-cospLH
@ <
(c) From Newtor?'s law of cooling,
q¥=h(Ts- Typ)-
Herce
T =2+Ty
2
D . X LD Xu
Ty =B sin B g+ rggp ? o pLH

To detenire the location of the meximum surface temperature, evaluate

; 5
4% - BDp (P X, ID° Go P g PX
dx 4hl, L 4 nep L L

or

AL

-

=
5

-

Herce
mcp
DhL

mc 0
p Dth

anPX=.
L

Xm .

COMMENTS: Note from Eq. (2) that

whichis equivalert to the resuit obtained by corbining Eq; (1) and Eq. 8.37.
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8.15 A flat-plate solar collector is used to heat atmospheric
air flowing through a rectangular charmel. The bottom
surface of the channel is well insulated, while the top
surface is subjected to a uniform heat flux ¢}, which is
due to the net effect of solar radiation absorption and
heat exchange between the absorber and cover plates.

(@ Beginning with an appropnate differential control
volure, obtain an equation that could be used to
determine the mean air ternperature T,,(x) as a func-
tion of distance along the channel. Solve this equation
to obtain an expression for the mean ternperature of
the air leaving the collector.
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% P
Transparent
J\

cover plate

Absorber
plate
| >
Tmo

Rectangular —

channel
Air
Ty T

(b) With air inlet conditions of m= 0.1kg/s and
Timi = 40°C, what is the air outlet terperature if
L=3m w=1m and ¢, = 700 W/n? The spe-
cific heat of airis ¢, = 1008 J/kg - K.
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PROBLEM 8.15
KNOWN: Surface heat flux for air flow through a rectangular charnel.
FIND: (a) Differential equation describing variation in air mean temperature, (b) Air ouflet
termperature for prescribed conditions.
SCHEMATIC:

ASSUMPTIONS: (1) Negligihle change in Kinetic and potential enexgy of air; (2) No heat loss
through bottorn of charnel, (3) Uniform heat flux at top of charnel.

PROPERTIES: Table A-4, Air(T » 50°C, 1 am): Cp = 1008 JikgXK.
ANALYSIS: (a) For the differential confrol volurme about the air;
Ein=Eout
tcp Ty + gf (Wodx) =mhcy (T +d Try)

ATm _ g8>w
dx mcp
Separating and integrating between the lirits of x = 0 and x, find
qB(w>x)
I‘ncp

qf (wL)
Trin=Tmi + y <
mo mil " Cp

Tr( %) = Ty +

(b) Substituting runmerical values, the air outlet termperature is
(700 wxmz) (1°3)m?
0.1 kg/s (1008 J/kgK)

Tmo = 40°C+

T o =60.8°C. s

COMMENTS: Due to increasing heat loss with increasing Ty, the net fux gff will actuelly
decrease slightly with increasing x.
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8.17 Water at 300 K and a flow rate of 5 kg/s enters a hlack,
thin-walled tube, which passes through a large fumace
whose walls and air are at a temperature of 700 K. The
diameter and length of the tube are 0.25 m and 8 m,
respectively. Convection coefficients associated with
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m Problems

water flow through the tube and air flow over the tube
are 300 W/ - K and 50 W/t - K, respectively.

Tube, D=0.25m .
5= 8 Mgl T—A;'BOK
Water < y |
I
|
|

U _Y

) (

| /Furnace, Ti,, =700 K 8.21

(a) Write an expression for the linearized radiation
coefficient corresponding to radiation exchange
between the outer surface of the pipe and the fur
nace walls. Explain how to calculate this coeffi-
cient if the surface temperature of the tube is
represented by the arithmetic mean of its inlet and
outlet values.

(b) Determine the outlet termperature of the water, T;,,,.
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PROBLEM 8.17
KNOWN: Water at prescribed termperature and flow rate erters a 0.25 mdiameter; black thinrwalled tube of 8-
mlength, which passes through a large furnace whose walls and air are at a tenperature of Tae=T = 700K,
The corvection coefficierts for the internal water flow and external fumace air are 300 W’,fm2 K and 50 mez K,
respectively.
FIND: (a) Anexpression for the linearized radiation coefficient for the radiation exchange process between the
outer surface of the pipe and the fumace walls; represent the tube by an average termperature and explain howto

calculate this value, and (b) detenmine the outlet ternperanare of the water; Ty,
SCHEMATIC:

T = 700 K Chin y

h, = 50 W/m2K
\ Qevo Qrad Tfu 700 K RCV,D

\——D 0.25m,L=8m,g=1 !
T, = 300K h; = 300 WimZK Tmo T = (Tm,itTm,o)2

ASSUMPTIONS: (1) Steady-state conditions; (2) Tube is small object with large, isothermal surmoundings; (3)
Fumace air and walls are at the same termperature; and (3) Tube is thinrwalled with black surface.

PROPERTIES: Table A-6, Water (Tm= (Tpyj + Tmo)/2 = 331 K): ¢p=4192]/kg K.
ANALYSIS: (@) The linearized radiation coefficient follows fromEq. 1.9 with =1,

hod Tt The T¢ Tgp
where Ty represents the average tube wall surface termperature, which can be evaluated from an energy balance
on the tube as represented by the thermal circuit above.

Tm Tmi Tmo /2

1
1/Reyo 1/Rpd

Tm Tt Tt Thr

Revi  VReyo 1/Rpag

The thermal resistances, withAg;=PL = DL, are

Rigt Revi

Rcv,i 1/ hjAg Rcv,o 1/hoAg Rrad 1l'lflrat:l
(b) The outlet termperature can be calculated using the energy balance relation, Eq. 8.46b, withTfr=T ,
T Tmo _1

where cp is evaluated at Try  Using JHT, the following results were obtained
Revi 6631 10 °K/W  Reyo 3978 10 *K/W  Rpg 4724 10 4 K/W
T BIK T, 418K
Tmo 362K <

COMMENTS: Sirce T = Ty, it was possible to use Eq. 8.46bwith Ry, Howwould you write the energy
balance relationif T  Ty?
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8.34 A liquid food product is processed in a continuous-
flow sterilizer. The liquid enters the sterilizer at a tem-
perature and flow rate of 7, ;, = 20°C, m = 1 kg/s,
respectively. A time-at-temperature constraint requires
that the product be held at a mean temperature of
T.,, = 90°C for 10 s to kill bacteria, while a second con-
straint 1s that the local product temperature cannot
exceed T,,, = 230°C in order to preserve a pleasing
taste. The sterilizer consists of an upstream, L, = 5 m
heating section characterized by a uniform heat flux,
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an intermediate insulated sterilizing section, and a
downstream cooling section of length L, = 10 m. The
cooling section is composed of an uninsulated tube
exposed to a quiescent environment at 7, = 20°C.
The thin-walled tubing is of diameter D = 40 mm.
Food properties are similar to those of liquid water

at T = 330 K.
Heating Insulated ' |
section sterilizing section Cooling section JL
Food product e i —— s
?Eu.i.i'r = 20°C AL = m-‘—-‘- Lf = i L{' = 10 m_’|T
m=1 kg/s h = D =40 mm
— Y

(a) What heat flux is required in the heating section to
ensure a maximum mean product temperature of
T, = 90°C?

(b) Determine the location and value of the maximum
local product temperature. Is the second constraint

satisfied?

(c) Determine the minimum length of the sterilizing
section needed to satisfy the time-at-temperature

constraint.

(d) Sketch the axial distribution of the mean, surface,
and centerline temperatures from the inlet of the
heating section to the outlet of the cooling section.
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8.52 Exhaust gases from a wire processing oven are dis-
charged into a tall stack, and the gas and stack surface
termperatures at the outlet of the stack must be esti-
mated. Knowledge of the outlet gas termperature T;,,, is
useful for predicting the dispersion of effluents in the
thermal plume, while knowledge of the outlet stack sur-
face termperature Ty, indicates whether condensation of
the gas products will occur. The thinrwalled, cylindrical
stack is 0.5 min diameter and 6.0 m high The exhaust
gas flow rate is 0.5 kgfs, and the inlet temmperature is

600°C.
Thermal plume
QOutlet - Tl = o
Diameter, —> | [*— B :::
05m
' Height, 6 m
ko Stack g
>
Building
- g [ ]n
o -
L Stack base ’

Inlet ='= -+ -

[ Oven exhaust gases |

(a) Consider conditions for which the ambient air ten
perature and wind velocity are 4°C and 51mfs,
respectively. Approximating the thenmophysical
properties of the gas as those of atrmospheric air, esti-
mate the outlet gas and stack surface temperatures
for the given conditions.

(b) | The gas outlet termperature is sensitive to variations
in the ambient air temperature and wind velocity.
For T, = —25°C, 5°C, and 35°C, cormpute and plot
the gas outlet temperature as a function of wind
velocity for2 = V= 10 ms.
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PROBLEM 8.52

KNOWN: Flow rate and termperature of Freon passing through a Teflon tube of prescribed imner and
outer diameter: Velocity and temperature of air in cross flow over tube.

FIND: Heat transfer per unit tube length

SCHEMATIC:
Tefilon, Tg m=01kgls - T
-I;;FHDK _.. = 3
Di=25mm - (-‘-'r, ) th; A
G— V=25m/s
D,=28mm S T=300K

ASSUMPTIONS: (1) Steady-state corditions, (2) One-dimensional radial conduction, (3) Corstant
propetties, (4) Fully developed flow:.

PROPERTIES: Table A-4, Air(T = 300K, 1 atm): n=15.89 ° 1{)-5I mzfs, k= 00263 Wim¥, Pr=
0.707: Table A-5, Freon (T = 240K): m=3.85 * 10 Nos/ne, k = 0,069 W/miK, Pr = 5.0; Table A-3,
Teflon(T » 300K): k= 0.35 WmkK.

ANALYSIS: Corsidering the thermal circuit shown above, the heat rate is

Ty - Tm
(lﬂkp Do)+ gn(Dy /D;)/ 2pkg+ (1/hyp Dj)
Repj = —L s =13,228

p Dim  p(0.025m) 3.85 1074 N >g/m?
ard the flow is timbulent. Hence, from the Dittus-B oelter correlation

4 _ 0.069 mexfc
0.025

VD, _ (25m/5)0.028m
n 1589 10°% m2/s
it follows from Eq. 7.56 and Table 7.4 that

hy = -lio 023 Refys pr™ 0.023(13,228)*5 (5)%4 = 240 Wyneé K.

With Repg = = 4.405 " 10*

- ; 06

R, =026 Re}E P03 - waz&(z;.rms ’ 10“] (0.707)%%7 = 131 Wjm® K.
D ’ 28 m

Hence

gt= Ty -Tm

-1 -1
(131 W/ xKp 0.028 m) +(n(28/25)/ 2p (0.350 W/mxK ) + (240 Wint *Kp0.025 m)

(300- 240)K

=312W <
L= (0.087 +0.052 +0.053) KanyW A

COMMENTS: The thnae thenmal resistances are comparable. Note that Ts o = Ty - q¢hypD, =
300K - 312 Wjmy131 W/m K p 0.028 m= 273 K.

Scanned by CamScanner



8.53 A hot fluid passes through a thin-walled tube of 10-mm
diameter and 1-m length, and a coolart at 7., = 25°C
1s In cross flow over the tube. When the flow rate is
m = 18kg/h and the inlet temperature is T,,; = 85°C,
the outlet termperature is 7,,,, = 78°C.

Assuming fully developed flow and thermal corr
ditions in the tube, determine the outlet temperature,
T if the flow rate is increased by a factor of 2. That
is, m = 36 kg/h, with all other conditions the same.
The thermophysical properties of the hot fluid are
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p=1079kg/n?, c,=2637]/kg K, u=0.0034N-
s/, and k = 0.261 W/m- K.

__Tube, D =10 mm,
L=1m
Coolant

I, = 25°C

{ Hot fluid ?

Tyni= 85°C

M= 18 kg/h
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PROBLEM 8.53

KNOWN: 0il flowing slowly through alorg, thin-walled pipe suspended in a room
FIND: Heat loss per unit length of the pipe, qfom-

SCHEMATIC:

ho=11Wm? Ta To

[

’——-} "N N =—NANN—P
Tm :2 OGC — 9(_-0;“( gmnv Ifh,er 1/-‘1011'1)
" - — .T_ - —

=—
Pipe,D+30mmd = Tn=150°C

ASSUMPTIONS: (1) Steady-state conditions, (2) Tube wall therrmal resistance regligihle, (3)
Fully developed flow; (4) Radiation exchange hetween pipe and room negligile.

PROPERTIES: Table A-5, Urused engire oil (T, = 150°C = 423K): k= 0.133 W/mX.
ANALYSIS: The rate equation, for a unit length of the pipe, can be written as

_(Tm-Ty)
orv RF
where the thermral resistance is cormprised of two elermerts,
1) 1 1 =1 106

R: + = —+—+'
D TwD 7D &y ho 5

The corvection coefficient for intemel flow; by, must be estirmated from an appropriate conrelation
From practical considerations, we recogriize that the oil flow rate cannot be large enough to achieve
turbulent flow conditiors. Hence, the flow is laminar, and if the pipe is very long, the flow will be
fully developed. The appropmiate comrelation is

Nup = hiTD= 3.66

hy = Nup K/D = 3.66” 0.133% /0.030 m =162 W/ K.
The heat rate per unit length of the pipe is

(150- 20)°C

1 1 +lij e XK
p(0.030m) &162 115 W

COMMENTS: This problem requires naking a judgrmert that the il flowwill be laminar rather
than turbulert. Why is this a reasorable assumptior? Recogrize that the conrelation applies to a
constant surface termperature condition

Afory = = 80.3 W/m <
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8.59 | A heating contractor must heat 0.2 kg/s of water from
15°C to 35°C using hot gases in cross flow over a thin-

walled tube.

D = 20, 30, or 40 mm

T.. = 250 to 500°C Pe
T)no= 35°C

L=3 4,or6m

Your assignment is to develop a series of design
graphs that can be used to demonstrate acceptable
cormbinations of tube dimensions (D and L) and of hot
gas conditions (7., and V) that satisfy this require-
ment. In your analysis, consider the following para-
meter ranges: D = 20, 30, or4d0mm L = 3,4, or6 m
T. = 250, 375, or 500°C; and 20 = V= 40 s,
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PROBLEM 8.59

KNOWN: Thick-walled pipe of thermal conductivity 60 W/mK passing hot water with Rep = 20,000,
a mean termperature of 80°C, and cooled extemally by air in cross-flow at 20 ny's and 25°C.

FIND: Heat trarsfer rate per unit pipe length, q¢

SCHEMATIC: D
m =25mm
o
A\
V=20m/s
= — _ o
RE_D =20000 D =20mm 7;7— 80°C

ASSUMPTIONS: (1) Steady-state conditiors, (2) Intemal flow is turdbulent and fully developed.
PROPERTIES: Table A-6, Water (T = 80°C = 353K): k= 0.670 WimK, Pr= 2.20; Table A-4,
Air(Ty = 25°C » 300K, 1 amm): n=15.89 ° 10-6 mzls, k= 0.0263 WK, Pr= 0.707.

ANALYSIS: The heat rate per unit length, corsidering thenmal resistances to intermal flow; wall
conduction (Eq 3.28) and extermeal flow; with A = pDL, is

q¢=@i/hp Dj+(1/2p K)In(Do/Dj)+1/hep Do * (Tm- Ty ).

Internal Flow: Using the Dittus-Boelter conelation with n= 1/3 for turhulert, fully developed flow,
where ReDi = 20,000

h; = (kD) Nup = (k/D;)0.023Re™> prl/3
hy = (0.670 W/m»K/0.020 m)0.023(20,000)*' > 2.201/3 = 2765 Wim? xK.

External Flow: Using the Zhukauskas correlation for cross-flow over a circular cylinder with PPrg »
1, find first

Rep =

)41’ 5

VDo _ 20mys” 0.025 m

n o 1589 10%m?2/s
and from Talle 7.4, C = 0,26 and m = 0.6, wheren = 0.37,

Nup = % = CRePr (PP )/

= 31,466

0.37

hy = (0.0263 W/mvK/0.025 m)0.26(31,466)%6(0.707)%%7 =120 wim? k.

Herce, the heat rate is
o g{uz?ss WimZK * p0.020 m)+ (1/2p 60 W/medK )In(25/20)
1

+(1/120 Wi * p0.025 m]g (80- 25)°C

1 [+]
W/m»K (80- 25)° C

qe= 35.756 "10"3+5919" 104 +1.061" 10" 15

qt= 489 W/m <
COMMENTS: Note that the extemal flow represents the major thenmal resistance to heat transfer.
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