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Chapter 10 Boiling and Condensation

Review Problems

10-72 Steam at a saturation temperature of Ts, = 40°C condenses on the outside of a thin horizontal tube.
Heat is transferred to the cooling water that enters the tube at 25°C and exits at 35°C. The rate of
condensation of steam, the average overall heat transfer coefficient, and the tube length are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The tube can be taken to be isothermal at the bulk
mean fluid temperature in the evaluation of the condensation heat transfer coefficient. 3 Liquid flow
through the tube is fully developed. 4 The thickness and the thermal resistance of the tube is negligible.
Properties The properties of water at the saturation

temperature of 40°C are hyy = 2407x10% J/kg and p, = Steam
0.05 kg/m®. The properties of liquid water at the film 40°C
temperature of Ty = (Ty +T,)/2=(50 + 20)/2 = Cooling
. t
35°C and at the bulk fluid temperature of we Sr
T, = (T, +Tou) / 2= (25 + 35)/2 = 30°C are (Table A- 25°C
9),
At 35°C: AL30°C: bbb
— 3
£y =994.0 kg/m® p) =9960 kg/m Condensate
— _ —6 a2
n 20720X1073kg/ms V| —,U|/p| =0801x10"m /5
C, =41781/kgC Cpi =4178 J/kg-“C
k =0623W/meC ki =0615W/m*°C
Pr=5.42

Analysis The mass flow rate of water and the rate of heat transfer to the water are

Myater = VA = (996 kg/ m3®)(2 m/s)[7(0.03 m)? /4] =1408 kg /s

Q= MC, (Tour — Tin) = (1408 kg /5)(4178 J / kg-° C)(35—25)°C = 58,820 W
The modified latent heat of vaporization is

hig =y +0.68C (T — T)
= 2407 x10° J/ kg +0.68 x 4178 J / kg-°> C(40—30)°C = 2435x10° J / kg
The heat transfer coefficient for condensation on a single horizontal tube is
ap1 (o1 — p I k?
(Tt =T5)D

070 (98M/s?)(994kg/m®)(994-0.05 kg/m)(2435x10° Jkg)(0.623W/m-°C)’ He
' (0.720x10% kg/m -s) (40— 30)°C(0.03m)

ho = hhorizontal = 0'72{

=9292W/m? .°C

The average heat transfer coefficient for flow inside the tube is determined as follows:

_ V,,D _ (2 m/s)(0.036m) — 74.906

v 0.801x10°
Nu = 0.023Re%® Pr%4 = 0.023(74,906) %8 (5.42)%* = 359
h— kNu (0615 W/ m-°C) x 359
! D 0.03m
Noting that the thermal resistance of the tube is negligible, the overall heat transfer coefficient becomes

Ue+  _ ! — 4106 W/mZ2.°C
1 +1/h,  1/7357+1/9292

Re

=7357 W/m?-°C

The logarithmic mean temperature difference is: ATy = ?ZIT_/AATTE 7= 155_/55) =910°C
N(AT, /AT,) In

The tube length is determined from
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Chapter 10 Boiling and Condensation

Q 58,820W _16.7m
h(zD)AT,, (4106 W/m? -°C)z(0.03m)(9.10°C)
Note that the flow is turbulent, and thus the entry length in this case is 10D = 0.3 m is much shorter than
the total tube length. This verifies our assumption of fully developed flow.

Q=hAAT,, > L=
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Chapter 10 Boiling and Condensation

10-73 Saturated ammonia at a saturation temperature of T = 25°C condenses on the outer surface of

vertical tube which is maintained at 15°C by circulating cooling water. The rate of heat transfer to the
coolant and the rate of condensation of ammonia are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The tube is isothermal. 3 The tube can be treated as a
vertical plate. 4 The condensate flow is turbulentr over the entire tube (this assumption will be verified). 5
The density of vapor is much smaller than the density of liquid, p, << p .

Properties The properties of ammonia at the saturation temperature of 25°C are hgy = 1166x10° J/kg and
py = 7.809 kg/m®. The properties of liquid ammonia at the film temperature of T, = (T, +T,)/2=(25 +

15)/2 = 20°C are (Table A-11), /-\
7 D=3.2 cm)

3
p1 =6102kg/m Ammonia
1 =1.519x10 kg/m -s 25°C
v, = u | p, =0.2489x10°m?/s Condenser ,
ondensate =
C, =4745J/kg-°C Liupe =2M
k, =0.4927W/m-°C 15°C
Pr| =1.463 v
Analysis (a) The modified latent heat of vaporization is
hi =hg +0.68C (T —Ts)
=1166x103 J/kg + 0.68x 4745J/kg - °C(25—15)°C =1198x10° J/kg
Assuming turbulent flow, the Reynolds number is determined from
Re k 1/3
g
Re =Re ¢ = ! —| =
verteall® 8750+ 58 Pr 0% (Re %7~ 253) 1 h [vz J
1/3
B 2149 (0.4827W/m-°C) 9.81m/s?
8750+58x1.4637%5(2149%™ —253)(1.519x10~* kg/m.s)(1198x10° J/kg) | (0.2489x107® m? /s)?
=2140

which is greater than 1800, and thus our assumption of turbulent flow is verified. Then the condensation
heat transfer coefficient is determined from

1/3
- B Rek, 9
verticalturbulent 8750+ 58Pr 05 (Re 0.75_ 253) V|2

2149x (0.4827W/m - °C) ( 9.81m/s?

1/3
- =4871 W/m? .°C
8750+58x1.4637%°(2149%7 —253) | (0.2489x10° mZ/S)ZJ

The heat transfer surface area of the tube is A, = zDL =7(0.032m)(2m) = 0.2011m?. Then the rate of
heat transfer during this condensation process becomes

Q =hA (T —Ts) = (4871W/m? -°C)(0.2011m?)(25-15)°C = 9794 W
(b) The rate of condensation of ammonia is determined from

. 0 9794J/s

m oo~ I%B _g175x10°% kgls
condensaon =yt 1198x10° Jkg
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Chapter 10 Boiling and Condensation

10-74 There is film condensation on the outer surfaces of 8 horizontal tubes arranged in a horizontal or
vertical tier. The ratio of the condensation rate for the cases of the tubes being arranged in a horizontal tier
versus in a vertical tier is to be determined.

Assumptions Steady operating conditions exist.

Analysis The heat transfer coefficients for the two cases are related to the heat transfer coefficient on a
single horizontal tube by

Horizontal tier: hhorizontal tier of N tubes = hhorizontal, 1 tube @ @ @ @ @ @ @ @

_ hhorizontal, 1 tube

Vertical tier: Nyertical tier of N tubes = N Horizontal tier

Therefore,

000

mhorizontal tier of N tubes
mverticaltier of N tubes

h Vertical tier
— horizontal tier of N tubes

hverticaltier of N tubes

Ratio =

hhorizontal,ltube

- 1/4
hhorizontal,ltube I'N
=N 1/4

=8 =1.68

O000O
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Chapter 10 Boiling and Condensation

10-75E Saturated steam at a saturation pressure of 0.95 psia and thus at a saturation temperature of Ty, =
100°F (Table A-9E) condenses on the outer surfaces of 144 horizontal tubes which are maintained at 80°F

by circulating cooling water and arranged in a 12 x 12 square array. The rate of heat transfer to the coo
water and the rate of condensation of steam are to be determined.

Saturated
steam

Assumptions 1 Steady operating conditions exist.
2 The tubes are isothermal.

Properties The properties of water at the
saturation temperature of 100°F are hg = 1037
Btu/lbm and p, = 0.00286 Ibm/ft’. The properties
of liquid water at the film temperature of
Ti =T +T)/2=(100 + 80)/2 = 90°F are

(Table A-9E),

P =0.95 psia

n = 144 tubes r 80°F

py = 6212 Ibm/ ft?

1) =1842 lbm/ft-h

v, = u; | p; =0.02965 ft? / h
o1 = 0.999 Btu/lom-°F

k; = 0358 Btu/ h-ft-°F

00,00000,0600

C

Analysis (a) The modified latent heat of vaporization is

h?g = hfg +0.68C pl (rsat _Ts)
—1037Btwlbm +0.68x (0.999 Btw/Ibm -°F)(100—80)°F
=1051Btw/lbm

The heat transfer coefficient for condensation on a single horizontal tube is

901 (o1 — p ) K3 1/4
h:hhorizzojz{ PP~ Py |]

H (rsat -Ts )D

072 {(32.2ft/32 )(62.12 Ibm/ft *)(62.12—0.00286 Ibm/ft *)(1051Btw/lIbm )(0.358 Btu/h - ft - °F)

34

[(1h/3600s)2](1.842 lom/ft - h)(100—80)°F(1.2/12ft)
=1562Btuh -ft* -°F
Then the average heat transfer coefficient for a 4-tube high vertical tier becomes

1 1

Mhoriz, N tubes = Whmrizv Ltube = 12T(1562 Btu/h-ft?.°F) =839 Btu/h-ft?.°F

The surface area for all 144 tubes is

A, = N o DL = 1447(1.2 /12 ft)(15ft) = 678.6ft2
Then the rate of heat transfer during this condensation process becomes

Q =hA, (T, —T,) = (839Btuh.ft? - °F)(678.6 ft?)(100—80)°F = 11,387,000Btu’/h
(b) The rate of condensation of steam is determined from

Q 11,387,000 Btu/h
hi 1051 Btu/Ibm

mcondensation -

=10,830Ibm/h
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Chapter 10 Boiling and Condensation

10-76E Saturated steam at a saturation pressure of 0.95 psia and thus at a saturation temperature of Ty, =
100°F (Table A-9E) condenses on the outer surfaces of 144 horizontal tubes which are maintained at 80°F
by circulating cooling water and arranged in a 12 x 12 square array. The rate of heat transfer to the cooling

water and the rate of condensation of steam are to be determined.

Assumptions 1 Steady operating conditions exist.
2 The tubes are isothermal.

Saturated
steam

Properties The properties of water at the
saturation temperature of 10°F are hg = 1037
Btu/lbm and p, = 0.00286 Ibm/ft’. The properties
of liquid water at the film temperature of
Ti =T +T)/2=(100 + 80)/2 = 90°F are

P =0.95 psia

n = 144 tubes r 80°F

(Table A-9E),

py = 6212 Ibm/ ft?

1) =1842 lbm/ft-h

v, = u; | p; =0.02965 ft? / h
o1 = 0.999 Btu/lom-°F

k; = 0358 Btu/ h-ft-°F

0000000000

C

Analysis (a) The modified latent heat of vaporization is

h?g = hfg +0.68C pl (rsat _Ts)
—1037Btwlbm +0.68x (0.999 Btw/Ibm -°F)(100—80)°F
=1051Btw/lbm

The heat transfer coefficient for condensation on a single horizontal tube is

901 (o1 — p ) K3 1/4
h:hhorizzojz{ PP~ Py |]

H (rsat -Ts )D

072 {(32.2ft/32 )(62.12 Ibm/ft *)(62.12—0.00286 Ibm/ft *)(1051Btw/lIbm )(0.358 Btu/h - ft - °F)

34

[(1h/3600s)2](1.842 lom/ft - h)(100—80)°F(2.0/12t)
=1374Btuh -ft* -°F
Then the average heat transfer coefficient for a 4-tube high vertical tier becomes

1 1
Mhoriz, N tubes = Whmrizv Ltube = 12T(1374 Btu/h-ft?.°F) =739 Btu/ h-ft?>-°F

The surface area for all 144 tubes is

A, = Ny DL = 1447(2/12 ft)(15ft) = 1131ft2
Then the rate of heat transfer during this condensation process becomes

Q =hA (T, —Ts) = (739 Btwh.ft? - °F)(1131ft*)(100—80)°F = 16,716,000Btu/h
(b) The rate of condensation of steam is determined from

, Q 16,716,000 Btu/h

=—= =15,900 Ibm/h
hfg 1051 Btu/lbm

mcondensation -
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Chapter 10 Boiling and Condensation

10-77 Water is boiled at Ty = 100°C by a chemically etched stainless steel electric heater whose surface
temperature is maintained at T; = 115°C. The rate of heat transfer to the water, the rate of evaporation of

water, and the maximum rate of evaporation are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the heater and the boiler are

negligible.
Properties  The properties of water at the saturation temperature of
100°C are (Tables 10-1 and A-9)

0 =9579 kg/ m3 hgy = 2257 x10% J / kg

py =060 kg/m3 1 =0282x103 kg-m/s

o =00589 N/m Cpi =

etched stainless steel surface (Table 10-3). Note that we expressed the
properties in units specified under Eg. 10-2 in connection with their
definitions in order to avoid unit manipulations.

N
4217 3/ kg-°C

Pr =175 Water, 100°C

Also, C; =0.0130 and n = 1.0 for the boiling of water on a chemically F ]‘
115°C

Steam
100°C

Analysis (a) The excess temperature in this case is AT =T, — T, =115-100=15°Cwhich is relatively
low (less than 30°C). Therefore, nucleate boiling will occur. The heat flux in this case can be determined

from Rohsenow relation to be

12 ¢ (T =Te) )
. - .h a(p —py) pl\ls = Isat
qnucleate_/ll fg o C.h Prn
sf Mg |

12
:(0.282><103)(2257><103)[9'8(957'9_0'60)} [ 4217(115-100)

0.0589
= 474,900 W/m?

The surface area of the bottom of the heater is A, = 7ZDL = 7(0.002m)(0.8m) = 0.005027m?.

Then the rate of heat transfer during nucleate boiling becomes
Qboiting = AsUnucteate = (0.005027m?)(474,900W/m?) = 2387 W
The rate of evaporation of water is determined from

M _ _Qboinng _ 2387Js
SVEPOrAIN Tk 2257x10° kg

=1.058x107° kg/s=3.81kg/h

(b) For a horizontal heating wire, the coefficient C,, is determined from Table 10-4 to be

_ 1/2 B 12
Lx o[ 9P —p) )T (0_001)(wj ~0.399<1.2
o 0.0589

C =0.12L*%% =0,12(0.399) %% =0.151
Then the maximum or critical heat flux is determined from

Gmax = Cerig[080% () — py )IV* = 0151(2257 x 10°)[0.0589 x 9.8 x (0.6)* (957.9 — 0.60)]"/*
=1,280,000 W/ m?

10-66
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Chapter 10 Boiling and Condensation

10-78E Steam at a saturation temperature of Tg, = 100°F condenses on a vertical plate which is maintained
at 80°C. The rate of heat transfer to the plate and the rate of condensation of steam per ft width of the plate
are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The plate is isothermal. 3 The condensate flow is
wavy-laminar over the entire plate (this assumption will be verified). 4 The density of vapor is much
smaller than the density of liquid, p, << p; .

Properties The properties of water at the saturation temperature of 100°F are h¢y = 1037 Btu/lom and p, =
0.00286 lbm/ft®. The properties of liquid water at the film temperature of T; = (T, +T,)/2 = (100 + 80)/2

= 90°F are (Table A-9E),

3 Steam
P = 6212 Ibm/ ft 100°F

4y =1842 lbm/ft-h
v, = u; | p; =0.02965 ft? / h

Cpi =0.999 Btu/lom°F
k, =0.358 Btu/h-ft-°F 6 ft

e e e e e e m— =

Analysis The modified latent heat of vaporization is

h:g = hfg +0.68C pl (Tsat _Ts)
—1037Btwlbm +0.68x (0.999 Btw/Ibm -°F)(100—80)°F
=1051Btu/lbm

Condensate

Assuming wavy-laminar flow, the Reynolds number is determined from

1/3710-820
3.70Lk) (T ~T,) [ g J }

2
H hfg 4]

Re=Re verticalwavy — |:4'81+

o _ o 2 2 us 082
:[ 4.1, 3:70% (6 Tt)x (0.358 Btuh -ft- °F) x (100-80) F( 32.2ft/s (3600s) J } 001

(1.8421bm/ft - h)(1051Btwlbm ) (0.02965ft? /h)?  (1h)?

which is between 30 and 1800, and thus our assumption of wavy laminar flow is verified. Then the
condensation heat transfer coefficient is determined from

1/3
h=Nyers -t | %
verticalwavy 1.08Re 1.22 _5.2 VI2

~ 201x(0.358Btu/h - ft- °F) 32.2ft/s>  (3600s)2
1.08(20)+%% -5.2 (0.02965ft2 /h)?  (1h)?

1/3
j =813Btuh -ft* -°F
The heat transfer surface area of the plate is
A, =W x L = (6 ft)(1ft) = 6 ft?
Then the rate of heat transfer during this condensation process becomes
Q =hA (T, —T,) = (813Btwh - ft2 - °F)(6 ft*)(100—80)°F = 97,530Btu/h
The rate of condensation of steam is determined from

: Q 97530Btu/h

M on=—=—=—""—""_-928lbm/h
‘condensation hfg 1051 Btu/ Iom
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10-79 Saturated refrigerant-134a vapor condenses on the outside of a horizontal tube maintained at a
specified temperature. The rate of condensation of the refrigerant is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The tube is isothermal.

Properties The properties of refrigerant-134a at the saturation temperature of 35°C are hyy = 168.2x10°
Jkg and p, = 43.41 kg/m®. The properties of liquid R-134a at the film temperature of
T¢ = (T +T,) /2 =(35 + 25)/2 = 30°C are (Table A-10),

Py =1188kgm?® R-134a 250C
w1y =1.888x107* kg/m.s wC
VI = H /p| = 01590X10_6 mZ/S Dtube= 1.5cm
C i =1448 Jkg.°C Liupe =7 M
k, =0.0808W/m.°C
Analysis The modified latent heat of vaporization is l l l l l
Condensate

h:g = hfg +0.68C pl (Tsat =Ts)
=168.2x10° J/kg + 0.68x1448J/kg - °C(35—25)°C =178.0x10° Jkg

The heat transfer coefficient for condensation on a single horizontal tube is

* 1/4
9o, (o) — py)hy I(ls
h= hhorizontal =0.72 i
1y (T —T5)D

/
_0.75g (981m/s?)(1188kg/m®)(1188-4341kgm?)(1780x10° Jkg)(0.0808W/m °C)* He
| (1.888x 10~ kg/m -s)(35—25)°C(0.015m)

=1880W/m? -°C

The heat transfer surface area of the pipe is

A, = 7DL = 7(0.015m)(7 m) = 0.3299m?
Then the rate of heat transfer during this condensation process becomes

Q =hA (T —T,) = (1880W/m? -°C)(0.3299m?) (35— 25)°C = 6200W
The rate of condensation of steam is determined from

. 0 6200J/s

m =< =TT _0.0348kg/s = 2.09kg/min
condensaton hfg 178.0X103 J/kg g/ g
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10-80 Saturated refrigerant-134a vapor condenses on the outside of a horizontal tube maintained at a
specified temperature. The rate of condensation of the refrigerant is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The tube is isothermal.

Properties The properties of refrigerant-134a at the saturation temperature of 35°C are hy = 168.2x10°
Jkg and p, = 43.41 kg/m®. The properties of liquid R-134a at the film temperature of
T¢ = (T +T,) /2 =(35 + 25)/2 = 30°C are (Table A-10),

Py =1188kgm?® R-134a
1y =1.888x10* kg/m.s e~ 2C
v =i | p; =0.1590x10"° m?/s Dy = 3 cm
C i =1448 Jkg.°C Liupe =7 M
k, =0.0808W/m.°C
Analysis The modified latent heat of vaporization is l l l l l
Condensate

h:g = hfg +0.68C pl (Tsat =Ts)
=168.2x10° J/kg + 0.68x1448J/kg - °C(35—25)°C =178.0x10° Jkg

The heat transfer coefficient for condensation on a single horizontal tube is

* 1/4
9o, (o) — py)hy I(ls
h= hhorizontal =0.72 i
1y (T —T5)D

/
_0.75q (981m/s?)(1188kg/m®)(1188-4341kgm?)(1780x10° Jkg)(0.0808W/m °C)* He
| (1.888x 10~ kg/m -s)(35—25)°C(0.03m)

=1581W/m?-°C
The heat transfer surface area of the pipe is
A, = DL = 7(0.03m)(7m) = 0.6597m?
Then the rate of heat transfer during this condensation process becomes
Q =hA (T —Ts) = (1581W/m? -°C)(0.6597m?)(35— 25)°C =10,428 W
The rate of condensation of steam is determined from

. 0 10,428J/s

m on =—— =——————=0.05858kg/s = 3.52kg/min
condensaon T 178.0x10% Jkg
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10-81 Saturated steam at 270 kPa pressure and thus at a saturation temperature of T, = 130°C (Table A-9)
condenses inside a horizontal tube which is maintained at 110°C. The average heat transfer coefficient and
the rate of condensation of steam are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The tube is isothermal. 3 The vapor velocity is low so
that Reyapor < 35,000.

Properties The properties of water at the saturation temperature of 130°C are hyy = 2174x10°% J/kg and p,
= 1.50 kg/m®. The properties of liquid water at the film temperature of T; = (T, st + 1) /2=(130 + 110)/2 =

120°C are (Table A-9),

P, =9434 kg/ m° g;%a?kpa 1100(:
1) =0232x107kg/ m.s

vy = | py =0246x10°m? /s Duupe = 3 CM
C, =4244 ) /kg.°C Liube =6m

k, =0683W/m.°C

Analysis The condensation heat transfer coefficient is l
determined from Condensate
9o, (o1 — py )k} 3 o
h = hinternal = O'SS{H(hfg +§C pl (Teat =T )j:|

_o55q 98 m/s?)(943.4 kg/m?)(943.4-1.50) kg/m ®)(0.683W/m-°C) 3
' (0.232x107° kg/m -5)(130—110)°C

x (2174><103 Jkg + g (4244 kJ/kg -°(:)(130—110)°(:)T/4
= 3345W/m? .°C

The heat transfer surface area of the pipe is

A, = DL = 7(0.03m)(6m) = 0.5655m*
Then the rate of heat transfer during this condensation process becomes

Q =hA (T, —T;) = (3345W/m? .°C)(0.5655m?)(130—110)°C = 37,831W
The rate of condensation of steam is determined from
Q _ 37,831Us

hyg 2174x10% J/kg

m =0.0174kg/s

condensaton —
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10-82 Saturated steam condenses on a suspended silver sphere which is initially at 30°C. The time needed
for the temperature of the sphere to rise to 50°C and the amount of steam condenses are to be determined.

Assumptions 1 The temperature of the sphere changes uniformly and thus the lumped system analysis is
applicable. 2 The average condensation heat transfer coefficient evaluated for the average temperature can
be used for the entire process. 3 Constant properties at room temperature can be used for the silver ball.

Properties The properties of water at the saturation temperature of 100°C are hy = 2257x10% J/kg and p,
= 0.60 kg/m®. The properties of the silver ball at room temperature and the properties of liquid water at the
average film temperature of Ty = (Tg + T 5¢) / 2 = (100 + 40)/2 = 70°C are (Tables A-3 and A-9),

Silver Ball: Liquid Water:
3 3 Silver
p=10,500 kg/ m P =9775kg/ m sphere
a=174x10"°m? /s 4 =0404x10°kg/m-s fg%a”é

C,=235J)/kg°C Cp =41901J/kg°C

kj =429 W/m-°C k, =0.663W/m-°C m
Analysis The modified latent heat of vaporization is w
h:g = hfg + 0'68(:pl (Tsa = T5)
=2257x10° J/ kg +0.68 x 4190 J / kg-° C(100 — 40)° C = 2428 x10° J / kg

Noting that the tube is horizontal, the condensation heat transfer coefficient is determined from

g ( _ )h* k3 1/4
h:hsph:0.81{ PP — Py )Ny I}

#y (Tae = T)D

(9.8 M/s?)(977.5 kg/m 3)(977.5 — 0.60 kg/m?)(2428x 10° Jkg)(0.663W/m - °C)3 |
(0.404x 102 kg/m - 5)(100— 40)°C(0.015m)

=0.81

=9445W/m? .°C
The characteristic length and the Biot number for the lumped system analysis is (see Chap. 4)

3
L, Vv _a /6 _ D _0015m 00025 m
A D> 6 6
hL, _ (9445 W/ m?*-°C)(0.0025 m)
k (429 W/ m-°C)
The lumped system analysis is applicable since Bi < 0.1. Then the time needed for the temperature of the
sphere to rise from 30 to 50°C is determined to be
h 2.0
b A _ h _ 9345W/m C _ 153157
MLV pChl.  (10,500kg/m*)(235J/Kkg-°C)(0.0025m)
T(t)- -
O-T, _ bt 50-100 _o-ls3n
T,-T, 30-100
The total heat transfer to the ball and the amount of steam that condenses become

D* (0015 m)®
Mgphere = PV = pT = (10,500 kg / m3)¥

Bi = =0.055 <01

—> 1=0.22s

=0.0186 kg
Q=mC,[T(t) — T Ispnere = (0.0186 kg)(235 3/ kg->C)(50—30)°C =872 J

. 0 872J/s

m on = = —————————=0.0359x 10" kg /s
‘condensation hfg 2428 x 103 1/ kg g
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10-83 Steam at a saturation temperature of Tg = 100°C condenses on a suspended silver sphere which is
initially at 30°C. The time needed for the temperature of the sphere to rise to 50°C and the amount of steam
condenses during this process are to be determined.

Assumptions 1 The temperature of the sphere changes uniformly and thus the lumped system analysis is
applicable. 2 The average condensation heat transfer coefficient evaluated for the average temperature can
be used for the entire process. 3 Constant properties at room temperature can be used for the silver ball.

Properties The properties of water at the saturation temperature of 100°C are hgy = 2257x10° J/kg and p,
= 0.60 kg/m®. The properties of the silver ball at room temperature and the properties of liquid water at the
average film temperature of T; = (T + T a0e) / 2 = (100 + 40)/2 = 70°C are (Tables A-3 and A-9),

Silver Ball: Liquid Water:
p=10,500 kg /m® py =9775kg/m? Silver
a=174x10"°m?*/s 4, =0404x107°kg/ m-s sphere Steam
C,=235]/kg°C C, =41901/kg-C 100°C
k=429 W/m-°C k, =0663W/m=°C

Analysis The modified latent heat of vaporization is w

htg =Ny +0.68C, (T — ;)
= 2257 x10° J/ kg +0.68 x 4190 J / kg-° C(100 — 40)°C = 2428 x10° J / kg

Noting that the tube is horizontal, the condensation heat transfer coefficient is determined from

0o ( Y K 14
h=hey =0.81 PP — Py )N g K
#y (T =T5)D

Cos 1{(9.8 m/s2)(977.5 kgm?)(977.5—0.60 kg/m 3)(2428x 103 Jkg)(0.663W/m-°C) | -

(0.404x1072 kg/m -s)(100—40)°C(0.03m)
= 7942W/m? .°C
The characteristic length and the Biot number for the lumped system analysis is (see Chap. 4)
3 _Vv _aD%/6_D_003m
A,  D? 6 6
_hL,  (7942W/m? -°C)(0.005m)
k (429W/m-°C)

The lumped system analysis is applicable since Bi < 0.1. Then the time needed for the temperature of the
sphere to rise from 30 to 50°C is determined to be

=0.005m

Bi =0.093<0.1

h 2.0
b= M _ h 7942Wim".“C — 06445
PCV  pCoLe  (10,500kg/m®)(235J/kg -°C)(0.005m)
T(t) - _
O-T, o 90100 _ -osaat t=052s
T, T, 30-100

The total heat transfer to the ball and the amount of steam that condenses become

D* (003 m)*
Mgphere = pV = pT = (10,500 kg / m3)¥

=0148 kg
Q =mC,[T(t) - T lpnere = (0148 kg)(235 J / kg-°C)(50 — 30)°C = 698 J

, Q  698J/s

m =< =T % _0.287x10° kg/s
‘condensation hfg 2428 x 103 1/ kg
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10-84 Saturated steam at a saturation temperature of Ty = 95°C (Table A-9)

- . . Steam
condenses on a canned drink at 5°C in a dropwise manner. The heat transfer 95°C
coefficient for this dropwise condensation is to be determined.

Assumptions The heat transfer coefficient relation for dropwise condensation -
that was developed for copper surfaces is also applicable for aluminum surfaces.

Analysis Noting that the saturation temperature is less than 100°C, the heat Drink
transfer coefficient for dropwise condensation can be determined from Griffith’s 5°C

relation to be
h = Ngropwise = 51,104 +2044T, =51,104 + 2044 x 95 = 245,284 W /m?*-°C

10-85 Water is boiled at 1 atm pressure and thus at a saturation temperature of Ty = 100°C by a nickel
electric heater whose diameter is 2 mm. The highest temperature at which this heater can operate without
burnout is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the water are negligible.
Properties The properties of water at the saturation temperature of 100°C are (Tables 10-1 and A-9)
£ =957.9 kg/ m3 hyy = 2257 x10% J / kg
py =060kg/m? 1 =0282x103 kg-m/s
o =0.0589 N/m Cp =4217 J/kg-°C "
Py =175 ]I}

1 atm

Water /TS= ?

Heating wire

Also, C; =0.0060 and n = 1.0 for the boiling of water on a nickel
surface (Table 10-3).

Analysis The maximum rate of heat transfer without the burnout is simply the critical heat flux. For a
horizontal heating wire, the coefficient C., is determined from Table 10-4 to be

_ 12 _ 12

L[ 9P =p) ) (oﬂm(Mj ~0.399<1.2
o 0.0589

C =0.12L*7%% =0,12(0.399) %% =0.151

Then the maximum or critical heat flux is determined from
Gmax = Corhig[o9l (p) — p, )17 = 0151(2257 x 10°)[0.0589 x 9.8 x (0.6) (957.9 — 0.60)]*
=1,280,000 W/ m?

Rohsenow relation which gives the nucleate boiling heat flux for a specified surface temperature can also
be used to determine the surface temperature when the heat flux is given. Substituting the maximum heat
flux into Rohsenow relation together with other properties gives

_ 1/2 C -T 3
g(pl pv):| p.l (rs sat)
o Cshyg Pr’

Onucleate = 4 hfg |:

112 3
. .9-0. 4217(T, -1
1,280,000 = (0.282><10_3)(2257><103)[9 8(957.9-0 60)} ( (T, 100 J

0.0589 0.0060(2257x10%)1.75

It gives the maximum temperature to be: T, =109.6°C

10-86 ... 10-93 Design and Essay Problems
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