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10-2
Boiling Heat Transfer

10-1C Boiling is the liquid-to-vapor phase change process that occurs at a solid-liquid interface when the surface is heated
above the saturation temperature of the liquid. The formation and rise of the bubbles and the liquid entrainment coupled with
the large amount of heat absorbed during liquid-vapor phase change at essentially constant temperature are responsible for the
very high heat transfer coefficients associated with nucleate boiling.

10-2C The different boiling regimes that occur in a vertical tube during flow boiling are forced convection of liquid, bubbly
flow, slug flow, annular flow, transition flow, mist flow, and forced convection of vapor.

10-3C Both boiling and evaporation are liquid-to-vapor phase change processes, but evaporation occurs at the liquid-vapor
interface when the vapor pressure is less than the saturation pressure of the liquid at a given temperature, and it involves no
bubble formation or bubble motion. Boiling, on the other hand, occurs at the solid-liquid interface when a liquid is brought
into contact with a surface maintained at a temperature T sufficiently above the saturation temperature T, of the liquid.

10-4C Boiling is called pool boiling in the absence of bulk fluid flow, and flow boiling (or forced convection boiling) in the
presence of it. In pool boiling, the fluid is stationary, and any motion of the fluid is due to natural convection currents and the
motion of the bubbles due to the influence of buoyancy.

10-5C The boiling curve is given in Figure 10-6 in the text. In the natural convection boiling regime, the fluid motion is
governed by natural convection currents, and heat transfer from the heating surface to the fluid is by natural convection. In the
nucleate boiling regime, bubbles form at various preferential sites on the heating surface, and rise to the top. In the transition
boiling regime, part of the surface is covered by a vapor film. In the film boiling regime, the heater surface is completely
covered by a continuous stable vapor film, and heat transfer is by combined convection and radiation.

10-6C In the film boiling regime, the heater surface is completely covered by a continuous stable vapor film, and heat transfer
is by combined convection and radiation. In the nucleate boiling regime, the heater surface is covered by the liquid. The
boiling heat flux in the stable film boiling regime can be higher or lower than that in the nucleate boiling regime, as can be
seen from the boiling curve.

10-7C The boiling curve is given in Figure 10-6 in the text. The burnout point in the curve is point C. The burnout during
boiling is caused by the heater surface being blanketed by a continuous layer of vapor film at increased heat fluxes, and the
resulting rise in heater surface temperature in order to maintain the same heat transfer rate across a low-conducting vapor film.
Any attempt to increase the heat flux beyond ¢, will cause the operation point on the boiling curve to jump suddenly from
point C to point E. However, the surface temperature that corresponds to point E is beyond the melting point of most heater

materials, and burnout occurs. The burnout point is avoided in the design of boilers in order to avoid the disastrous explosions
of the boilers.
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10-8C Pool boiling heat transfer can be increased permanently by increasing the number of nucleation sites on the heater
surface by coating the surface with a thin layer (much less than 1 mm) of very porous material, or by forming cavities on the
surface mechanically to facilitate continuous vapor formation. Such surfaces are reported to enhance heat transfer in the
nucleate boiling regime by a factor of up to 10, and the critical heat flux by a factor of 3. The use of finned surfaces is also
known to enhance nucleate boiling heat transfer and the critical heat flux.

10-9C Yes. Otherwise we can create energy by alternately vaporizing and condensing a substance.

10-10 Water is boiled at Ty, = 120°C in a mechanically polished stainless steel pressure cooker whose inner surface
temperature is maintained at T = 130°C. The heat flux on the surface is 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 120°C are (Tables 10-1 and A-9)

Py =943.4kg/m*®  hy =2203x10°% J/kg

p, =1.121kg/m® 4, =0.232x107° kg/m-s
o =0.0550N/m ¢ = 4244 J/kg-°C S
Pr, =1.44 130°C
Also, Cy =0.0130 and n = 1.0 for the boiling of water on a - - (
mechanically polished stainless steel surface (Table 10-3). Note that T T T T T T T T T
we expressed the properties in units specified under Eq. 10-2 in Heating

connection with their definitions in order to avoid unit manipulations.

Analysis The excess temperature in this case is AT =T, — T, =130-120 =10°C which 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

1/2 1Y
o {gm.—m} Cp1 (T ~Toa)
nucleate 111 fg o Csf hfg Prln

1/2 3
=(0.232><10‘3)(2203XlOS){9-81(943-4'1-121)} [ 4244(130-120) j

0.0550 0.0130(2203x10%)1.44
= 228,400 W/m? =228.4kW/m?

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




10-4

10-11 The nucleate pool boiling heat transfer rate per unit length and the rate of evaporation per unit length of water being
boiled by a rod that is maintained at 10°C above the saturation temperature are to be determined.

Assumptions 1 Steady operating condition exists. 2 Heat losses from the boiler are negligible.

Properties The properties of water at the saturation temperature of 100°C are ¢ = 0.0589 N/m (Table 10-1) and, from Table
A-9,

p1 = 957.9 kg/m? hyg = 2257 x 10° J/kg
—_ 3 — -3
py=0.5978 kg/m w1 =0.282 x 10 kg/m-s P Tt
Pr,=1.75 Cpoi = 4217 J/kg-K T Nt SE—

Also, C = 0.0130 and n = 1.0 for the boiling of water on platinum Water, 100°C
surface (Table 10-3). T

Analysis The excess temperature in this case is AT = Ty — Tg, = 10°C, == —
which is less than 30°C for water from Fig. 10-6. Therefore, nucleate Q

boiling will occur. The heat flux in this case can be determined from the
Rohsenow relation to be

. g(pl _pv) Y2 Cp|(|-s _Tsat) ’
Unucleate = xulhfg o

Platinum-plated rod

Csihig Pr’
= (0.282x107%)(2257 x 103){9-81(957.9 ~0.5978) T’ ? 4217(10)
0.0589 (0.013)(2257 x10°)(L.75)

=1.408x10° W/m?

Finally, the nucleate pool boiling heat transfer rate per unit length is

Qboiting! L = DGy cteate = 7(0.010 M)(1.408x10° W/m?) = 4420 W/m
The rate of evaporation per unit length is

r‘hevaporatim _ (Qboiling/ I—) _ 4420 J/s-m

3 =1.96x10 3 kg/s-m
L hg 2257 x10° J/kg

Discussion The value for the rate of evaporation per unit length indicates that 1 m of the platinum-plated rod would boil water
at a rate of about 2 grams per second.
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10-12 Water is boiled at a saturation (or boiling) temperature of Ty, = 120°C by a brass heating element whose temperature is
not to exceed T, = 125°C. The highest rate of steam production is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the boiler are negligible. 3 The boiling regime is
nucleate boiling since AT =T, —T,,; =125-120 =5°C which is in the nucleate boiling range of 5 to 30°C for water.

Properties The properties of water at the saturation temperature of 120°C are (Tables 10-1 and A-9)

p) =943.4kg/m?
p, =1.12kg/m?

o =0.0550 N/m Water T=125°C

Pr, =1.44 120°C |
3 = il

h¢y =2203x10% J/kg Heating element

u; =0.232x107% kg-m/s
Cpp = 4244 J/kg-°C

Also, C =0.0060 and n = 1.0 for the boiling of water on a brass surface (Table 10-3). Note that we expressed the
properties in units specified under Eq. 10-2 in connection with their definitions in order to avoid unit manipulations.

Analysis Assuming nucleate boiling, the heat flux in this case can be determined from Rohsenow relation to be

1/2 T 3
g — uh, [g(p, —Pv)} Cp (Ts —Tsat)
nucleate g o Csfhfg Prln

1/2 3
:(0'232X10—3)(2203X103)|:9.81(943.4—1.12):| { 4244(125 -120) J

0.0550 0.0060(2203x10°)1.44
= 290,300 W/m?
The surface area of the heater is
A, = 7DL = 7£(0.02 m)(0.65 m) = 0.04084 m?
Then the rate of heat transfer during nucleate boiling becomes

Qboiting = AsUnucteate = (0.04084 m?)(290,300 W/m?) =11,856 W

(b) The rate of evaporation of water is determined from

. Qboiling 11,856 J/s (36005

m = 3 j:19.4kg/h
2203x10° J/kg\ 1h

evaporation h
fg

Therefore, steam can be produced at a rate of about 20 kg/h by this heater.
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10-13 Water is boiled at 1 atm pressure and thus at a saturation (or boiling) temperature of T, = 100°C in a mechanically
polished stainless steel pan whose inner surface temperature is maintained at T; = 110°C. The rate of heat transfer to the water
and the rate of evaporation of water 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)

Py =957.9kg/m?® P=1atm
=0.60 kg/m®

Py g 100°C

PR =175 '/ 110°C

hyy =2257x10° J/kg

1y =0.282x107% kg-m/s T T T T T T T T T

Cpy = 4217 Jlkg-°C Heating

Also, C;; =0.0130 and n = 1.0 for the boiling of water on a mechanically polished 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.

Analysis The excess temperature in this case is AT =T, — T, =110-100 =10°C which 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

1/2 1Y
. 9o =) [ Cpa (Ts ~Tsa)
Onucleate :,ulhfg n
o Csiheg Py

3
9.8(957.9-0.60)}1/2{ 4217(110-100) J

=(0.282x1073)(2257 xlOs){ e
0.0589 0.0130(2257x10%)1.75

=140,700 W/m?
The surface area of the bottom of the pan is
A, =7D? | 4=7(0.30m)? / 4=0.07069 m?
Then the rate of heat transfer during nucleate boiling becomes
Qboiting = Alnuceate = (0.07069 m?)(140,700 W/n¥) = 9945 W
(b) The rate of evaporation of water is determined from

s Quoiting  9945J/s
ORI T 2257x10°% Jlkg

=0.00441kg/s

That is, water in the pan will boil at a rate of 4.4 grams per second.
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10-14 The nucleate pool boiling heat transfer coefficient of water being boiled by a horizontal platinum-plated rod is to be
determined.

Assumptions 1 Steady operating condition exists. 2 Heat losses from the boiler are negligible.

Properties The properties of water at the saturation temperature of 100°C are ¢ = 0.0589 N/m (Table 10-1) and, from Table
A-9,

p1 = 957.9 kg/m? hyg = 2257 x 10° J/kg
py = 0.5978 kg/m® w=0.282 x 10 kg/m-s
Pr,=1.75 Col = 4217 \]/kgK P=1atm

Also, Cg = 0.0130 and n = 1.0 for the boiling of water on platinum B
surface (Table 10-3). Water, 100°C

Analysis The excess temperature in this case is AT = Ty — Tg, = 10°C, ST
which is less than 30°C for water from Fig. 10-6. Therefore, nucleate i 4
boiling will occur. The heat flux in this case can be determined from the Es L
Rohsenow relation to be Platinum-plated rod |

1/2 TP
SR CEVSY T
nucleate 1 g o Csf hfg Pﬁn

1/2
— (0.282x1073)(2257 103){9'81(957'9 - 0-5978)} { 4217(10)

0.0589 (0.013)(2257 x10°)(1.75)
=1.408x10° W/m?
Using the Newton’s law of cooling, the boiling heat transfer coefficient is

q
h= nucleate

Anucleate = h(Ts _Tsat) - T, -T.,

_ 1.408x10° W/m?

=14,100 W/m? - K
(110 -100) K

Discussion Heat transfer coefficient on the order of 10* W/m*-K can be obtained in nucleate boiling with a temperature
difference of just 10°C.
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10-15 The nucleate boiling heat transfer coefficient and the value of Cg for water being boiled by a long electrical wire are to
be determined.

Assumptions 1 Steady operating condition exists. 2 Heat losses from the boiler are negligible.

Properties The properties of water at the saturation

temperature of 100°C are o = 0.0589 N/m (Table 10-1) . P~ 1 atm -

and, from Table A-9, -S|
p1=957.9 kg/m” hyy = 2257 x 10° J/kg Han = &
py = 0.5978 kg/m® w=0.282 x 10 kg/m-s ;
Pri=1.75 Cp = 4217 J/kg-K

Also, n = 1.0 is given.

Analysis The excess temperature in this case is AT = Ty — Tg, = 28°C, which is less than 30°C for water from Fig. 10-6.
Therefore, nucleate boiling will occur. The nucleate boiling heat transfer coefficient can be determined using

_ qboiling
Ts _Tsat

Qboilingzh(Ts ~Teat) - h

Also, we know
Quoiling/ L = DG poiling = 4100 W/m

4100 W/m _ 4100 W/m

o= = =1.305x10% W/m?
Gpoiting D 7(0.001m)

Hence, the nucleate boiling heat transfer coefficient is

n _ 1.305x10° W/m

= 46,600 W/m? - K
(128 —100) K

The value of the experimental constant C can be determined from the Rohsenow relation to be

1/2 17T
G = [g(m—pv)} Cor (Ts ~Tsar)
boiling 11 fg o Csf hfg Prln

or

1/3

Cs = ’ulhfg |:g(p| _pv)j|l/2l:CP|(TS _Tsat):|3
sf —

qboiling o hfg PrIn

1/3

3
o _)(0.282x 107)(2257 x10°) [9.81(957.9 —0.5978) T’ ?[" 4217(128 -100)
! 1.305x10° 0.0589 (2257 x103)(1.75)
=0.0173

Discussion The boiling heat transfer coefficient of 46,600 W/m?-K is within the range suggested by Table 1-5 for boiling and
condensation (2500 to 100,000 W/m?-K).
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10-16 Water is boiled at sea level (1 atm pressure) and thus at a saturation (or boiling) temperature of Tg, = 100°C by a
stainless steel heating element. The surface temperature of the heating element and its power rating are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the coffee maker are negligible. 3 The boiling regime is
nucleate boiling (this assumption will be checked later).

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

pr =957.9kg/m® P=1atm

p, =0.60kg/m® ﬁg‘::re N
o =0.0589 N/m N_

Pr =175 Water, 100°C

hyy = 2257x10° Jikg 1t

14y =0.282x10° kg-m/s 1]
¢, = 4217 J/kg-°C ~—_

Also, C =0.0130 and n = 1.0 for the boiling of water on a stainless steel surface (Table 10-3). Note that we expressed the
properties in units specified under Eq. 10-2 connection with their definitions in order to avoid unit manipulations.

Analysis The density of water at room temperature is very nearly 1 kg/L, and thus the mass of 1 L water at 18°C is nearly 1
kg. The rate of energy transfer needed to evaporate half of this water in 25 min and the heat flux are

mhy  (0.5kg)(2257 ki/kg)

=QAt=mh,, > Q= =0.7523kW
Q=Q v Qe y (25 605)
A, = DL = 7(0.004 m)(0.20 m) = 0.002513 m?
4= Q _ O.7523KW__ 999 36 kwim? = 299,360 W/m?

A,  0.002513m?

The 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.

Assuming nucleate boiling, the temperature of the inner surface of the pan is determined from Rohsenow relation to be

3
g(pl _pv):|1/2 CPJ (TS _Tsat)
o Csihgg Pr

Qnucleate =H h fg |:

1/2 3
.81(957.9-0. 4217(T, —100

0.0589 0.0130(2257 x 103)1.75
It gives
T, =112.9°C
which is in the nucleate boiling range (5 to 30°C above surface temperature). Therefore, the nucleate boiling assumption is
valid.

The specific heat of water at the average temperature of (14+100)/2 = 57°C is ¢, = 4.184 kJ/kg-°C. Then the time it
takes for the entire water to be heated from 14°C to 100°C is determined to be

mc, AT (1kg)(4.184 ki/kg - °C)(100 —14)°C

=0At=mc AT — At=
Q=Q P 0.7523kJ/s

=478s=7.97min
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10-17 Water is boiled at sea level (1 atm pressure) and thus at a saturation (or boiling) temperature of T, = 100°C by a
copper heating element. The surface temperature of the heating element and its power rating are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the coffee maker are negligible. 3 The boiling regime is
nucleate boiling (this assumption will be checked later).

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

P=1atm

py = 957.9 kg/m® Coffee ———~_
Py = 0.60 kg/mS maker \\_/

o =0.0589 N/m
Pr, =1.75 Water, 100°C
1L

hyy =2257x10° J/kg

1y =0.282x107% kg-m/s @

Cp =4217J/kg-°C

Also, Cy =0.0130 and n = 1.0 for the boiling of water on a copper surface (Table 10-3 ). Note that we expressed the
properties in units specified under Eq. 10-2 connection with their definitions in order to avoid unit manipulations.

Analysis The density of water at room temperature is very nearly 1 kg/L, and thus the mass of 1 L water at 18°C is nearly 1
kg. The rate of energy transfer needed to evaporate half of this water in 25 min and the heat flux are

mhy  (0.5kg)(2257 ki/kg)

=OAt=mh.. —> O= =0.7523 kW
Q=Q LI (25x 605)
A, = DL = 7(0.004 m)(0.20 m) = 0.002513 m?
4= Q _ O7523KW__ 999 36 kwim? = 299,360 W/m?

A,  0.002513m?

The 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.

Assuming nucleate boiling, the temperature of the inner surface of the pan is determined from Rohsenow relation to be

12 o) 8
g = i h, {g(m —Pv)} Cpt (Ts —Tear
nucleate g o Csfhfg Pl’|n

1/2 3
: 9-0. 4217(T, —100
299,360 = (0.282 x10%)(2257 ><103)|:9 81(%57.9-0 60)} ( (T ) J

0.0589 0.0130(2257 x10%)1.75
It gives
T, =112.9°C

which is in the nucleate boiling range (5 to 30°C above surface temperature). Therefore, the nucleate boiling assumption is
valid.

The specific heat of water at the average temperature of (14+100)/2 = 57°C is ¢, = 4.184 kJ/kg-°C. Then the time it
takes for the entire water to be heated from 14°C to 100°C is determined to be
mc AT _ (1kg)(4.184 kJ/kg - °C)(100 —14)°C
) 0.7523kJ/s

=478s=7.97min

Q=QAt=mc,AT — At=
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10-18 Water is boiled at sea level (1 atm pressure) and thus at a saturation (or boiling) temperature of T, = 100°C in a
teflon-pitted stainless steel pan placed on an electric burner. The water level drops by 10 cm in 30 min during boiling. The
inner surface temperature of the pan is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the pan are negligible. 3 The boiling regime is nucleate
boiling (this assumption will be checked later).

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

py =957.9kg/m® P=1atm
p, =0.60kg/m®
o =0.0589 N/m 100°C
Water
Pr, =1.75
s
hyy =2257x10°% J/kg —
SRR
Cp =4217J/kg-°C Heating

Also, C =0.0058 and n = 1.0 for the boiling of water on a teflon-pitted stainless steel surface (Table 10-3). Note that we

expressed the properties in units specified under Eq. 10-2 connection with their definitions in order to avoid unit
manipulations.

Analysis The rate of heat transfer to the water and the heat flux are
. Mevay  pAV  (957.9kg/m®)(z x(0.2m)? /4x0.10m)

m =
YAt At 15x605s
Q = Mgyaph g = (0.03344 kg/s)(2257 ki/kg) = 7.547 kW

A, =7D? | 4=7(0.20m)? / 4=0.03142 m?
4=Q/ A, = (7547 W)/(0.03142 m?) = 240,200 W/m*

=0.003344 kg/s

The 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. Assuming nucleate boiling, the temperature of the inner
surface of the pan is determined from Rohsenow relation to be

3
a(p —PV)TIZ Cp,l (Ts —Tea)
g Csthgg Pr

Anucleate = 440 fg {

1/2 3
.8(957.9-0. 4217(T, 1
240,200 = (0.282x1073)(2257 x103){9 8(957.9-0 60)} ( (T, —100) J

0.0589 0.0058(2257 x10°)1.75
It gives
T, = 105.3°C

which is in the nucleate boiling range (5 to 30°C above surface temperature). Therefore, the nucleate boiling assumption is
valid.
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10-19 Water is boiled at sea level (1 atm pressure) and thus at a saturation (or boiling) temperature of T, = 100°C in a
polished copper pan placed on an electric burner. The water level drops by 10 cm in 30 min during boiling. The inner surface
temperature of the pan is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the pan are negligible. 3 The boiling regime is nucleate
boiling (this assumption will be checked later).

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

pr =957.9kg/m® P=1atm
p, =0.60kg/m®
o =0.0589 N/m 100°C
Water
P, =175 +
hyy =2257x10° J/kg f

4 =0.282x107° kg-m/s T T T T T T T T I

Cp =4217J/kg-°C Heating
Also, C;; =0.0130 and n = 1.0 for the boiling of water on a copper surface (Table 10-3). Note that we expressed the
properties in units specified under Eq. 10-2 connection with their definitions in order to avoid unit manipulations.

Analysis The rate of heat transfer to the water and the heat flux are

o _Mevp _ pAV _ (957.9 kg/m*)(z % (0.2m)? /4x0.10m)

VAL At 15x60s
Q = Meyaph g = (0.03344 kg/s)(2257 ki/kg) = 7.547 kW
A, =7D? | 4=7(0.20m)? / 4=0.03142 m?
4=Q/ A, = (7547 W)/(0.03142 m?) = 240,200 W/m*

=0.003344 kg/s

The 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. Assuming nucleate boiling, the temperature of the inner
surface of the pan is determined from Rohsenow relation to be

12 3
. a(or —py) Cp,l (Ts —Tsat)
Unucleate = £ hfg P

Csihgg Pr

3
9.8(957.9—0.60)}1’2( 4217(T, —100) J

240,200 = (0.282x107%)(2257 x10° ){
0.0589 0.0130(2257x10°)1.75

It gives
Ts=111.9°C

which is in the nucleate boiling range (5 to 30°C above surface temperature). Therefore, the nucleate boiling assumption is
valid.
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10-20 Water is boiled at Tg, = 120°C in a mechanically polished stainless steel pressure cooker whose inner surface
temperature is maintained at T, = 132°C. The boiling heat transfer coefficient is 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 120°C are (Tables 10-1 and A-9)
Py =943.4kg/m*®  hy, =2203x10° J/kg
p, =1.121kg/m® 4, =0.232x10° kg/m-s
o =0.0550N/m ¢, =4244J/kg-°C Water
Pr, =1.44

120°C

( 132°C
Also, Ci =0.0130 and n = 1.0 for the boiling of water on a mechanically

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

Analysis The excess temperature in this case is AT =T, — T, =132 —120=12°C which 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

1/2 1Y
Qoo = h {g(m —pv)} Cot (Ts —Tsar)
nucleate 111 fg o Csf hfg Prln

1/2 3
— (0.232x10°%)(2203 x 103){9'81(943'4 -1 121)} [ 4244(132 —120) J

0.0550 0.0130(2203 x10%)1.44
= 394,600 W/m?

The boiling heat transfer coefficient is

h= qnucleate _ 394,600 W/m2

= =32,880 W/m? -°C =32.9kW/m? -C
T, -T (132-120)°C

Anucleate = h(rs _Tsat)
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10-21E Water is boiled at a temperature of Tg = 250°F by a nickel-plated heating element whose surface temperature is
maintained at T = 280°F. The boiling heat transfer coefficient, the electric power consumed, and the rate of evaporation of
water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the boiler are negligible. 3 The boiling regime is
nucleate boiling since AT =T, — T, = 280—250 = 30°F which is in the nucleate boiling range of 9 to 55°F for water.

Properties The properties of water at the saturation temperature of 250°F are (Tables 10-1 and A-9E)

Py =58.82 lbm/ft>

_ 3
p, =0.0723 Ibm/ft \Water B
o =0.003755 Ibfft =0.1208 Ibm/s’ 250°F s !
Pr, =1.43 g L[]
Heating element
h¢y =946 Btu/lbm

¢y =1.015Btu/lbm-°F

Also, g =32.2 ft/s* and C¢ =0.0060 and n = 1.0 for the boiling of water on a nickel plated surface (Table 10-3). Note that
we expressed the properties in units that will cancel each other in boiling heat transfer relations.

Analysis (a) Assuming nucleate boiling, the heat flux can be determined from Rohsenow relation to be

3
9(p _pv)}ll2 Cp.l (Ts —Tsar)
o Csthgg Pr"

Anucleate = Hi hfg |:

1/2 3
:(0_556)(946){32.2(58.82—0.0723)} (1.015(280—250)J

0.1208 0.0060(946)1.43
=3,475,221Btu/h-f 2

Then the convection heat transfer coefficient becomes

G=h(T. T} — h=—_4 _ 3,475,221Btu/h- ft 2
- s~ Usat - -

=115,840 Btu/h-ft? - °F
T, —Te (280 — 250)°F

(b) The electric power consumed is equal to the rate of heat transfer to the water, and is determined from

W, =Q =gA, = (7DL)q = (7 x 0.5/12 ft x 21)(3,475,221 Btu/h- ft 2) = 909,811 Btu/h
=266.7 KW  (since LkW =3412 Btu/h)

(c) Finally, the rate of evaporation of water is determined from

. ~ Qvoiling 909,811 Btu/h

o o =961.7 Ibm/h
evaporatin hfg 946 Btu/lbm
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10-22E Water is boiled at a temperature of Tg,; = 250°F by a platinum-plated heating element whose surface temperature is

maintained at T = 280°F. The boiling heat transfer coefficient, the electric power consumed, and the rate of evaporation of
water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the boiler are negligible. 3 The boiling regime is
nucleate boiling since AT =T, —T,; = 280—250=30°F which is in the nucleate boiling range of 9 to 55°F for water.

Properties The properties of water at the saturation temperature of 250°F are (Tables 10-1 and A-9E)

P, =58.82 lbm/ft3
p, =0.0723 Ibm/f3

Water
o =0.003755 Ibfit =0.1208 Ibm/s? s T=280°F
250°F :
Pr, =1.43 : Il ||
hy, =946 Btu/lbm \ Heating element
[¢]

¢y =1.015Btu/lbm-°F

Also, g =32.2 ft/s* and C¢ =0.0130 and n = 1.0 for the boiling of water on a platinum plated surface (Table 10-3). Note
that we expressed the properties in units that will cancel each other in boiling heat transfer relations.

Analysis (a) Assuming nucleate boiling, the heat flux can be determined from Rohsenow relation to be

1/2 1)
o {gm—pv)} Cp1 (s ~Toa)
nucleate I fg o Csf hfg Pl’|n

= (0.556)(946){

3
32.2(58.82— 0.0723)}”2 1.015(280 — 250)
0.1208 0.0130(0.1208x10°)1.43

= 341,670 Btu/h-t 2

Then the convection heat transfer coefficient becomes

. 2
g=h(T, ~T,,) —» h=—3d  _34LEOTOBWN-RT ) o) Brin.f2 . oF

T, —Teu (280 — 250)°F
(b) The electric power consumed is equal to the rate of heat transfer to the water, and is determined from

W, =Q =¢A, = (7DL)q = (7 x 0.5/12f x 2 )(341,670 Btu/h- ft 2) = 89,449 Btu/h
=26.2 kW  (since LkW = 3412 Btu/h)

(c) Finally, the rate of evaporation of water is determined from

. Qboiling 89,449 Btu/h

m = = =94.6 Ibm/h
,  946Btu/lbm

evaporatian h
f
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3
10-23E Prob. 10-22E is reconsidered. The effect of surface temperature of the heating element on the boiling heat
transfer coefficient, the electric power, and the rate of evaporation of water is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
T_sat=250 [F]
L=2 [ft]
D=0.5/12 [ft]
T_s=280 [F]

"PROPERTIES"

Fluid$='steam_IAPWS'

P_sat=pressure(Fluid$, T=T_sat, x=1)

rho_l=density(Fluid$, T=T_sat, x=0)

rho_v=density(Fluid$, T=T_sat, x=1)
sigma=SurfaceTension(Fluid$, T=T_sat)*Convert(Ibf/ft, lbm/s"2)
mu_I|=Viscosity(Fluid$, T=T_sat, x=0)

Pr_I=Prandtl(Fluid$, T=T_sat, P=P_sat+1) "P=P_sat+1 is used to get liquid state"
C_I=CP(Fluid$, T=T_sat, x=0)

h_f=enthalpy(Fluid$, T=T_sat, x=0)

h_g=enthalpy(Fluid$, T=T_sat, x=1)

h_fg=h_g-h_f

C_sf=0.0060 "from Table 10-3 of the text"

n=1 "from Table 10-3 of the text"

g=32.2 [ft/s"2]

"ANALYSIS"

ll(a)ll
g_dot_nucleate=mu_I*h_fg*(((g*(rho_I-rho_v))/sigma)*0.5)*((C_I*(T_s-T_sat))/(C_sf*h_fg*Pr_I"*n))"3
g_dot_nucleate=h*(T_s-T_sat)

"(b)"

W_dot_e=q_dot_nucleate*A*Convert(Btu/h, kW)

A=pi*D*L

II(C)ll

m_dot_evap=Q_dot_boiling/h_fg

Q_dot_boiling=wW_dot_e*Convert(kW, Btu/h)
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Ts h ) We mevap
[Fl | BwhtF] | nan | by 4500
260 | 12919 9912 | 35.77 4000
262 | 18603 17.13 | 61.82 A
264 | 25321 272 | 98.17 3500
266 | 33073 406 | 1465 = 0
268 | 41857 57.81 | 208.6 < 3000
270 | 51676 793 | 286.2 g 2500
272 | 62528 105.5 | 380.9 =
274 | 74413 137 | 4945 S 2000
276 | 87332 1742 | 628.8 s
278 | 101285 2176 | 785.3 . 1500
280 | 116271 267.6 | 965.9 »
282 | 132290 3248 | 1172 1000
284 | 149343 389.6 | 1406 sool
286 | 167430 4625 | 1669 |
288 | 186550 5439 | 1963 0= ‘ ‘ ‘ ‘ ‘ ‘ ‘
290 | 206704 634.4 | 2290 260 265 270 275 280 285 290 295 300
292 | 227891 734.4 | 2650 T, [F]
294 | 250111 844.4 | 3047 S
296 | 273366 964.8 | 3482
298 | 297653 1096 | 3956
300 | 322974 1239 | 4472
350000 T T T T T T T T T T T T T T T 1300
1200
300000 11100
11000
T 250000 1900
o 800 =
)
[y 4
% 200000 200 E
S 1600 o
= 150000 ] o
o, 500 *S
< 100000 1400
300
50000 1200
100
0= ' ' ' ' ' ' .o
260 265 270 275 280 285 290 295 300
Ts [F]
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10-24 Hot mechanically polished stainless steel ball bearings are cooled by submerging them in water at 1 atm. The rate of
heat removed from a ball bearing at the instant it is submerged in the water is to be determined.
Assumptions 1 Steady operating conditions exist at the instant of submersion. 2 Surface temperature is uniform. 3 The boiling
regime is nucleate boiling since ATeycess = Ts — Tsat = 25°C, which is in the nucleate boiling range of 5 to 30°C for water.

Properties At 1 atm, the saturation temperature of water is Ty = 100°C. The properties of water at To,; = 100°C are ¢ =
0.0589 N/m (Tables 10-1) and, from Table A-9,

Py =957.9 kg/m?® heg = 2257x10° J/kg
p, =0.5978 kg/m? 1 =0.282x107 kg/m-s
Pr, =1.75 Cpr = 4217 Jkg - K

Also, Cs = 0.0130 and n = 1 for the boiling of water on a mechanically polished stainless steel surface (Table 10-3).

Analysis The instant a ball bearing is submerged in the water, with ATeess = 25°C, nucleate boiling would occur. The heat
flux can be determined from Rohsenow relation to be

1/2 1Y
G = ph {g(pu —pv)} Cpt(Ts ~Tea)
nucleate 111 fg o Csf hfg Pl’ln

1/2
~ (0.282x107)(2257 x 103){981(957-9 - 05978)} [ 4217(125 -100)

0.0589 0.0130(2257 x10°)1.75
=2.1998 x10°® W/m?

The heat transfer surface area is
A, = 7D? = 7(0.05m)? =0.007854 m?
The rate of heat removed from a ball bearing at the instant it is submerged in the water is

Qboiling = AsGnucleste = (0.007854 m?)(2.1998x10° W/m?) =17.3 KW

Discussion Note that a 5-cm-diameter stainless steel ball can release 17.3 kW of heat at the instant it is submerged in water.
This high value of heat rate removal, even with a temperature difference of only 25°C, is a result from nucleate boiling.
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10-25 A polished copper tube is used to generate 1.5 kg/s of steam at 270 kPa. The surface temperature of the tube, with the
interest to minimize the excess temperature, is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The boiling regime is nucleate boiling since ATeyess IS to be minimized
(this assumption will be verified).

Properties At 270 kPa, the saturation temperature of water is T, = 130°C. The properties of water at Ty, = 130°C are ¢ =
0.05295 N/m (Tables 10-1) and, from Table A-9,

Py =934.6 kg/m? hyy =2174x10° J/kg
p, =1.496 kg/m® 1 =0.213x107 kg/m -
Pr, =1.33 Cp =4263J/kg- K

Also, Cs = 0.013 and n = 1 for the boiling of water on a mechanically polished copper surface (Table 10-3).

Analysis The heat flux can be determined from the rate of vaporization to be

q _ Myapotg _ Muapoly _ (1.5 ky/s)(2174x10° Jkg) _1384510° W/
nucleate A, DL 7(0.05m)(15m)

In the interest of minimizing the excess temperature, the boiling regime would be nucleate boiling. The heat flux can be
expressed using the Rohsenow relation,

a(p _pv):|l/2[cp,| (TS _Tsat)]3

o Cihig PR

Anucleate = 41 hfg |:

1/2
6-1. 4263(T, —130
1.384x10°% W/m? = (0.213x107%)(2174 ><103)|:9'81(934 6-1 496)} { AE )

0.05295 0.0130(2174 x10°)1.33
Solving for T; yields
T, =147°C

Discussion With T; = 147°C, the excess temperature would be since ATexcess = Ts — Tsae = 17°C, which is in the nucleate
boiling range of 5 to 30°C for water. Thus the assumption of nucleate boiling regime is verified.
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10-26 H A long hot mechanically polished stainless steel sheet is being cooled in a water bath. The temperature of the
stainless steel sheet leaving the water bath is to be determined whether or not it has the risk of thermal burn hazard.

Assumptions 1 Steady operating conditions exist. 2 Surface temperature is uniform. 3 The boiling regime is nucleate boiling
SiNCe ATeycess = Ts — Tsat = 25°C, which is in the nucleate boiling range of 5 to 30°C for water.

Properties The specific heat and the density of stainless steel are given as c,s = 450 J/kg-K and ps = 7900 kg/m®,
respectively.

At 1 atm, the saturation temperature of water is Ty = 100°C. The properties of water at Ty, = 100°C are o = 0.0589 N/m
(Tables 10-1) and, from Table A-9,

Py =957.9 kg/m?® hyy = 2257 x10° J/kg Furnace
p, =0.5978 kg/m? 1 =0.282x1072 kg/m s % Stainless
Pr, =1.75 Cpl = 4217 J/kg- K 2m/s steel sheet ~

Also, C4 = 0.013 and n = 1 for the boiling of water on a
mechanically polished stainless steel surface (Table 10-3).

Analysis The mass of the stainless steel sheet being conveyed \
enters and exits the water bath at a rate of

Water bath, | atm

m= p, Vwt

The rate of heat that needs to be removed from the sheet so that it leaves the water bath below 45°C is

Qremoved = rhCp,ss (Tin _Tout)
Then,

Qremoved = pssVWtcp,ss (Tin —Tour)
=(7900 kg/m3)(2 m/s)(0.5m)(0.005 m)(450 J/kg - K)(125 - 45) K
=1.422x10° W

With ATecess = 25°C, nucleate boiling would occur in the water bath. The heat flux can be determined from Rohsenow
relation to be

a(p, —pv)}“z[cp,' (T, —Tsat)f

Anucleate = 44 hfg |:
o CSf hfg Pl’|n

1/2
— (0.282x107%)(2257 103){931(957-9 - 05978)} [ 4217(125-100)

0.0589 0.0130(2257 x10°)1.75
=2.1998x10° W/m?
The heat transfer surface area of the sheet submerged in the water bath is
A, =2(1m)(0.5m) + 2(1m)(0.005 m) =1.01m?
The rate of heat that could be removed from the sheet in the water bath is

Quoiling = AsUnucteate = (1.01M?)(2.1998 x10° W/m?*) = 2.222x10° W > Qeroyeq =1.422x10° W

Discussion The rate of heat that could be removed from the stainless steel sheet in the water bath via nucleate boiling is
greater than the heat that needs to be removed from the sheet so that it leaves the water bath below 45°C. Thus, there is no
risk of thermal burn on the stainless steel sheet as it leaves the water bath.

Note that this analysis is simplified to steady state conditions, but the actual cooling process is transient.
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10-27 Water is boiled at the saturation (or boiling) temperature of T, = 90°C by a horizontal brass heating element. The
maximum heat flux in the nucleate boiling regime is to be determined.

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

Properties The properties of water at the saturation temperature of 90°C
are (Tables 10-1 and A-9)

pr =9653kg/m*>  hy, =2283x10° J/kg Water; 90°C

p, =04235kg/m® 1 =0.315x10° kg/m-s | T EES
0 =0.0608 N/m ¢ =4206J/kg-°C K Heating.element

Pr, =1.96

Also, C =0.0060 and n = 1.0 for the boiling of water on a brass heating (Table 10-3). Note that we expressed the

properties in units specified under Egs. 10-2 and 10-3 in connection with their definitions in order to avoid unit
manipulations. For a large horizontal heating element, C, = 0.12 (Table 10-4). (It can be shown that L* = 1.58 > 1.2 and thus
the restriction in Table 10-4 is satisfied).

Analysis The maximum or critical heat flux is determined from

0 max :Ccrhfg [09/7\? (o1 _pv)]1/4

=0.12(2283x10°%)[0.0608 x 9.81x (0.4235) % (965.3 — 0.4235)]*' 4
=873,200 W/m? =873.2kW/m?
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10-28 The electrical current at which a nickel wire would be in danger of burnout in nucleate boiling is to be determined.
Assumptions 1 Steady operating condition exists. 2 Heat losses from the boiler are negligible.

Properties The properties of water at the saturation temperature of 100°C are ¢ = 0.0589 N/m (Table 10-1) and, from Table
A-9,

p1 = 957.9 kg/m?®
heg = 2257 x 10° J/kg » —

_ 3 Nickel wire S
py = 0.5978 kg/m e ( o

- P=1atm -

———— e ]

Analysis The danger of burnout occurs when the heat (
flux is at maximum in nucleate boiling, which can be
determined using

rmax :Ccrhfg [ng\f (o _,Dv)]l/4

Using Table 10-4, the parameter L* and the constant C,, are determined to be

1/2 1/2
L*:L{M} _ (olOOOS){9.81(957.9—0.5978)} 01997

o 0.0589
which correspond to
Cy =0.12L*92° =0.12(0.1997) *% = 0.1795
Hence, the maximum heat flux is

Gy = (0.1795)(2257 x 10°)[(0.0589)(9.81)(0.5978)? (957.9 — 0.5978)] /4
=1.519x10° W/m?
We know that

G IR IR
A, DL

Thus, the electrical current at which the wire would be in danger of burnout is

=192 A

. 1/2 6 2 12
| _[Gm D[ _ | (1519x10° W/n?)(0.001m)
(R/L) 0.129 /m

Discussion The electrical current at which burnout could occur will decrease if the resistance of the wire increases.
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10-29 Water is boiled at a temperature of T = 100°C by hot gases flowing through a tube submerged in water. The
maximum rate of vaporization is to be determined.

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

Properties The properties of water at T = 100°C are ¢ = 0.0589 N/m (Tables 10-1) and, from Table A-9, p; = 957.9 kg/m®,
py = 0.5978 kg/m®, hyy = 2257 x 10° J/kg.

Analysis The maximum rate of vaporization occurs at the maximum heat flux.
For a horizontal cylindrical heating element, the coefficient C,, is determined from Table 10-4 to be

1/2 1/2
e[ 90 =P | _ (g 050/ 2) 2879 -05978) I 540515
2 - 0.0589

C. =0.12 (since L*>1.2and thuslarge cylinder)

Then the maximum heat flux is determined from

Grex =CerhiglogoZ (o1 — o Y

=0.12(2257 x10°)[0.0589 x 9.81x (0.5978)% (957.9 — 0.5978)]*'* =1.0155x10°® W/m?

The heat transfer surface area is

A, = 7DL = 7(0.05m)(10 m) =1.5708 m?
Then, the rate of heat transfer during nucleate boiling becomes

Qboiling = Al = (1.5708 m*)(1.0155x10° W/m?) =1.5952x10° W
The maximum rate of vaporization of water is determined from

Qboiling _ 1.5952x10° J/s

= = =0.707 kg/s
YRT hyy 2257x10°% J/kg

m

Discussion The rate of vaporization can be increased by increasing the tube diameter, thereby increasing the heat transfer
surface area.

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




10-24

10-30 Water is boiled at a temperature of T, = 160°C by a 3 m x 3 m horizontal flat heater heated by hot gases flowing
through an array of tubes embedded in it. The maximum rate of vaporization is to be determined.

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

Properties The properties of water at T = 160°C are ¢ = 0.0466 N/m (Tables 10-1) and, from Table A-9, p; = 907.4 kg/m®,
pv = 3.256 kg/m?®, he, = 2083 x 10° J/kg.

Analysis The maximum rate of vaporization occurs at the maximum heat flux.
For a horizontal flat heating element, the coefficient C,, is determined from Table 10-4 to be

1/2 1/2
e [9=p) ) @ 9.81(907.4-3.256) |"* _ 0 -
o 0.0466

C. =0.149 (since L*> 27 and thuslarge flat heater)

Water, 160°C

Then the maximum heat flux is determined from e — Heater

[@I@I@I@IOI@I@IO; Tube array

Amax = CorNgg [09,05 (P —,Dv)]l/4 e
=0.149(2083x10°)[0.0466 x 9.81x (3.256) % (907.4 — 3.256)] *'*
=2.5252x10° W/m?
The heat transfer surface area is
A, =LxL=3mx3m=9m?
Then, the rate of heat transfer during nucleate boiling becomes
Qboiling = A =(9M?)(2.5252x10° W/m?) =2.2727x107 W
The maximum rate of vaporization of water is determined from

~ Quoiting _ 2.2727x107 Js
YT hyy 2083x10° J/kg

m =10.9kg/s

Discussion The rate of vaporization can be increased by increasing the surface area of the plate.
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10-31 Water is to be boiled at 1 atm by a spherical heater and a square horizontal flat heater of the same surface area, and
which heater geometry would produce higher maximum rate of vaporization is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the heaters are negligible.

Properties At 1 atm, the saturation temperature of water is Ty = 100°C. The properties of water at Ty, = 100°C are ¢ =
0.0589 N/m (Tables 10-1) and, from Table A-9, p; = 957.9 kg/m®, p, = 0.5978 kg/m®, hy, = 2257 x 10° J/kg.

Analysis The maximum rate of vaporization occurs at the maximum heat flux.
For a spherical heating element, the coefficient C,, is determined from Table 10-4 to be

1/2 1/2
Lx_D(9(p - p) _ )| $8U0579-08978) 1F o0 o6
2 o 0.0589

C. =0.11 (since L*>4.26and thuslarge sphere)

Then the maximum heat flux is determined from
Grax = Cerhiglogp? (o1 = p )1V
=0.11(2257 x10%)[0.0589 x 9.81 x (0.5978) 2 (957.9 — 0.5978)]*# = 9.3092 x 10° W/m?
The heat transfer surface area for a sphere is
A =7D? = 7(1m)® =3.142m?
The maximum rate of vaporization of water is determined from

) : 2 5 2
Qboiling _ A _ (3.142m%)(9.3092x10° W/m®) _ 1296 kg/s _(spherical heater)

m =
T hy hig 2257 x10° J/kg

The width of a square with the same surface area as the spherical heater is
A =1?=3142m? — L=17726m

For a horizontal flat heating element, the coefficient C,, is determined from Table 10-4 to be

1/2 1/2
L*:L[MJ _ (1.7726)[9.81(957.9—0.5978)} 7078527

o 0.0589
C. =0.149 (since L*> 27 and thuslarge flat heater)

Then the maximum heat flux is determined from
Gmax =Corh fg [ng\/2 (o1 —py )]1/4
=0.149(2257 x10%)[0.0589 x 9.81 x (0.5978) 2 (957.9 — 0.5978)]"* =1.261x10° W/m?

The maximum rate of vaporization of water is determined from

), ; 2 6 2
Qboiling _ A _ (3.142m%)(1.261x10° W/m ) _ 1 755 kgls (square heater)

m =
RO hy hig 2257 x10° J/kg

Discussion For the same surface area, the square heater would produce about 35% higher in the maximum rate of
vaporization than the spherical heater. This is because, for the same surface area, the square heater has a C,, coefficient that is
about 35% higher than that of the spherical heater.

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




10-26

10-32 Water is boiled at a temperature of Ty = 180°C by a 3 m x 3 m nickel plated flat heater that is heated by hot gases
flowing through an array of tubes embedded in it. The surface temperature that produced the maximum rate of steam
generation is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the heater are negligible. 3 The boiling regime is
nucleate boiling.

Properties The properties of water at Tg, = 180°C are o = 0.0422 N/m (Tables 10-1) and, from Table A-9,

p, =887.3kg/m® hyy =2015x10° J/kg
p, =5.153kg/m* 4 =0.150x1072 kg/m - s
Pr, =0.983 Cp =4410J/kg- K

Also, C = 0.0060 and n = 1 for the boiling of water on a nickel surface (Table 10-3).
Analysis The maximum rate of steam generation occurs at the maximum heat flux.
For a horizontal flat heating element, the coefficient C,, is determined from Table 10-4 to be

1/2 1/2
e [9=p) ) (3] 28U8873-5159 T _ o0
- 0.0422

C. =0.149 (since L*> 27 and thuslarge flat heater)

Then the maximum heat flux is determined from
Ormax =Cer hfg [ng3 (P =Py )]1/4
=0.149(2015 x 10°%)[0.0422 x 9.81x (5.153) 2 (887.3 - 5.153)]*/* = 2.9794 x10° W/m?
The heat flux for nucleate boiling can be expressed using the Rohsenow relation to be

3
. . g(p. —,DV) 12 Cp,l (Ts _Tsat)
Umax = Unucleate :ﬂlhfg n
o Csthyg Pry

1/2
. 3-5. 4410(T, —180
2.9794x10° W/m? = (0.150 x1072)(2015 x103)[981(887 3-5 153)} [ T )

0.0422 0.0060(2015 % 10)0.983
Solving for T; yields

T, =187.5°C
The convection heat transfer coefficient can be determined as

 _ 2:9794x10° W/m’
(187.5-180) K

G=h(T, —Tg) =3.97x10° W/m? - K

Discussion Note that a heat transfer coefficient of about 400 kW/m?K can be achieved in nucleate boiling with a temperature
difference of less than 10°C.
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10-33 Water is boiled at 1 atm pressure and thus at a saturation (or boiling) temperature of T, = 100°C by a mechanically
polished stainless steel heating element. The maximum heat flux in the nucleate boiling regime and the surface temperature of
the heater for that case are to be determined.

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

Properties The properties of water at the saturation temperature of P=1atm
100°C are (Tables 10-1 and A-9)
5 Water, 100°C: , T =2
Py =957.9kg/m hyy =2257x10°% J/kg | £ [ I | G
— 3 L
pu = 060kg/m py =0.282x107° kg-m/s N Heating element
o =0.0589 N/m ¢,1 = 4217 J/kg-°C

Pr, =1.75

Also, C =0.0130 and n = 1.0 for the boiling of water on a mechanically polished stainless steel surface (Table 10-3). Note

that we expressed the properties in units specified under Egs. 10-2 and 10-3 in connection with their definitions in order to
avoid unit manipulations. For a large horizontal heating element, C, = 0.12 (Table 10-4). (It can be shown that L* = 3.99 >
1.2 and thus the restriction in Table 10-4 is satisfied).

Analysis The maximum or critical heat flux is determined from

Omex = Ccrhfg [ng\? (pl _pv)]1/4
=0.12(2257x10°%)[0.0589 x 9.8 x (0.6)? (957.9 — 0.60)]*/*
=1,017,000W/m?

The 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 the Rohsenow relation
together with other properties gives

1/2 T 8
g — i, {g(/ﬁ —Pv)} Cpt (Ts —Tear)
nucleate [°] o Csfhfg Prln

3
9.8(957.9-0.60)}1/2[ 4217(T, —100) J

1,017,000 = (0.282x102)(2257 x103)[
0.0589 0.0130(2257x10°)1.75

It gives
T, =119.3°C

Therefore, the temperature of the heater surface will be only 19.3°C above the boiling temperature of water when burnout
occurs.
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3
10-34 Prob. 10-33 is reconsidered. The effect of local atmospheric pressure on the maximum heat flux and the
temperature difference T, —Tgy i to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
D=0.03 [m]
P_sat=101.3 [kPa]

"PROPERTIES"

Fluid$='steam_IAPWS'
T_sat=temperature(Fluid$, P=P_sat, x=1)
rho_l=density(Fluid$, T=T_sat, x=0)
rho_v=density(Fluid$, T=T_sat, x=1)
sigma=SurfaceTension(Fluid$, T=T_sat)
mu_I|=Viscosity(Fluid$, T=T_sat, x=0)
Pr_I=Prandtl(Fluid$, T=T_sat, P=P_sat+1[kPa])
c_|=CP(Fluid$, T=T_sat, x=0)
h_f=enthalpy(Fluid$, T=T_sat, x=0)
h_g=enthalpy(Fluid$, T=T_sat, x=1)
h_fg=h_g-h_f

C_sf=0.0130 "from Table 10-3 of the text"

n=1 "from Table 10-3 of the text"

C_cr=0.12 "from Table 10-4 of the text"

0=9.8 [m/s”2] “gravitational acceleraton"
"ANALYSIS"
g_dot_max=C_cr*h_fg*(sigma*g*rho_v"2*(rho_I-rho_v))"0.25
g_dot_nucleate=q_dot_max
g_dot_nucleate=mu_I*h_fg*(((g*(rho_I-rho_v))/sigma)"0.5)*((c_I*(T_s-T_sat))/(C_sf*h_fg*Pr_I"n))"3
DELTAT=T_s-T_sat

Peat G e AT 1025 : : : : : : : 20.2
[kPa] | tkw/m?] | [C] 1201

70 871.9 | 20.12 990 1o
7165 | 880.3 | 20.07 ,

7329 | 8886 | 20.02 - 1109
7494 | 8968 | 19.97 £ 955 1o
76,59 | 9049 | 19.92 S 1198 O
7824 | 9128 | 19.88 X, 1197
79.88 | 9207 | 19.83 x 920 . lieg
8153 | 9284 |19.79 £t Temp. Dif. g
8318 |936.1 | 19.74 - 1195
84.83 | 9436 | 19.7 li0a
86.47 | 9511 | 19.66 e
88.12 | 9585 | 19.62 gsob— v . .~ g3
89.77 965.8 19.58 70 75 80 85 90 95 100 105
91.42 | 973 19.54 Psa [kPa]

93.06 | 980.1 | 195

9471 | 987.2 | 19.47

96.36 | 994.1 | 19.43

98.01 | 1001 | 19.4

99.65 | 1008 | 19.36

101.3 [ 1015 | 19.33
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10-35 A 10 cm x 10 cm flat heater is used for vaporizing refrigerant-134a at 350 kPa. The surface temperature of the heater
is given as 25°C and the heater is subjected to a heat flux of 0.35 MW/m?. The coefficient C is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the heater are negligible. 3 The boiling regime is
nucleate boiling since ATeycess = Ts — Tsat = 20°C.

Properties At 350 kPa, the saturation temperature of R134a is 5°C (Table A-10). The properties of R134a at T, = 5°C are
from Table A-10,

— 3
Py =1278kg/m? hy =194.8x10°% J/kg

p, =17.12kg/m® 1y =2.589%107* kg/m-s
, =17.
Pr, =3.802 cpy =1358J/kg- K

o =0.01084 N/m
Also, n = 1.7 for the boiling of R134a is given.

Analysis The heat flux for nucleate boiling can be expressed using the Rohsenow relation to be

1/2 1Y
g — u4h [9(/% —Pv)} Cp,l(rs sat)
nucleate 1'% 1g o Csf hfg Pl’|n

Using the Rohsenow relation to solve for Cg yields

Cpt (Ts _Tsat)[g(pl _pv)}lm( Hhg jlls

heg PR oy

Csf =

Unucleate

1358(25 - 5) {9.81(1278 ~17.12) T’G[ (2.589x107*)(194.8x10%)

1/3
= =0.00772
(194.8x10%)(3.8027) 0.01084 0.35x10° j

For a horizontal flat heating element, the coefficient C,, is determined from Table 10-4 to be

1/2 1/2
L L[g(p, —p\,)j :(0'1){9.81(1278—17.12)} 1068527
o

0.01084
Cy =0.149 (since L*> 27 and thuslarge flat heater)

The maximum heat flux in the nucleate boiling regime can be determined from
Gmax =Cerh fg [O'glov2 (o1 = py )]1/4
=0.149(194.8 x10%)[0.01084 x 9.81x (17.12)? (1278 - 17.12)]"/*
= 4,087 x10° W/m? > 0.35 MW/m?

Discussion Since gmay > 0.35 MW/m?, the Rohsenow relation for nucleate boiling is appropriate for this analysis.
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10-36 Water is boiled at a temperature of Ty, = 150°C by hot gases flowing through a mechanically polished stainless steel
pipe submerged in water whose outer surface temperature is maintained at T, = 165°C. The rate of heat transfer to the water,
the rate of evaporation, the ratio of critical heat flux to current heat flux, and the pipe surface temperature at critical heat flux
conditions are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the boiler are negligible. 3 The boiling regime is
nucleate boiling since AT =T, — T, =165—-150=15°C which is in the nucleate boiling range of 5 to 30°C for water.

Properties The properties of water at the saturation temperature of 150°C are (Tables 10-1 and A-9)

3
py =916.6 kg/m hyg =2114x10% J/kg
_ 3
py = 2.55kg/m 4y =0.183x107° kg-m/s
o =0.0488 N/m Cp =4311J/kg-°C

Also, C;; =0.0130 and n = 1.0 for the boiling of water on a mechanically polished stainless steel surface (Table 10-3). Note

that we expressed the properties in units specified under Eq. 10-2 in connection with their definitions in order to avoid unit
manipulations.
Analysis (a) Assuming nucleate boiling, the heat flux can be determined from Rohsenow relation to be

3
. g(p — py) v Cp,l (Ts = Tea) Vent
Unucleate = £ hfg n
o Csthig Pry Boiler
1/2 3
 (0183x10-)(2114 Xlos){9.81(916.6—2.55)} 4311(165—153) ()
0.0488 0.0130(2114 x10°)1.16
=1,384,060 W/m? Water, 150°C
The heat transfer surface area is
A, = 7DL = 7(0.05 m)(50 m) = 7.854 m? Tspipe = 165°C

Then the rate of heat transfer during nucleate boiling becomes
Qboiling = A\Gpucteate = (7-854 M?)(1,384,060 W/m?) =10,870,400 W =10,870kW
(b) The rate of evaporat.ion of water is determined from Hot
M s Qboiling _ 10,870 kJ/s
SAORIN T B 2114 kJkg
(c) For a horizontal cylindrical heating element, the coefficient C, is determined from Table 10-4 to be

1/2 1/2
L* = L(M] _ (0_025)(wj =10.7>1.2

gases

=5.142kg/s

o 0.0488
C. =0.12 (since L*>1.2and thuslarge cylinder)
Then the maximum or critical heat flux is determined from
Qrax = Ccrhfg [ngv2 (o1 _pv)]l/4
=0.12(2114x10%)[0.0488x 9.8 x (2.55) % (916.6 — 2.55)]/* =1,852,000 W/m?
Therefore,
Omax 1,852,000
qcurrent - 1’384'060

(d) The surface temperature of the pipe at the burnout point is determined from Rohsenow relation at the critical heat flux
value to be

3
; 9(p —py) 12 Cp,i (Toer = Tsar)
Unucleatecr = HI hfg n
o Csihyg Py

=1.338

3
9.8(916.6—2.55)}1/2[ 4311(T, ,, —150) J

1,852,000 = (0.183x107%)(2114 x103){
0.0488 0.0130(2114x10°%)1.16

T, o =166.5°C
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10-37 Water is boiled at a temperature of Ty, = 160°C by hot gases flowing through a mechanically polished stainless steel
pipe submerged in water whose outer surface temperature is maintained at T, = 165°C. The rate of heat transfer to the water,
the rate of evaporation, the ratio of critical heat flux to current heat flux, and the pipe surface temperature at critical heat flux
conditions are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the boiler are negligible. 3 The boiling regime is
nucleate boiling since AT =T, —T,; =165—-160=5°C which is in the nucleate boiling range of 5 to 30°C for water.

Properties The properties of water at the saturation temperature of 160°C are (Tables 10-1 and A-9)
pr =907 4 kg/m’ hyy =2083x10° J/kg
P, =3.256 kg/m*
o =0.0466 N/m
Pr, =1.09
Also, Ci; =0.0130 and n = 1.0 for the boiling of water on a mechanically polished stainless steel surface (Table 10-3). Note

4 =0.170x1073 kg - m/s
Cpr = 4340 J/kg - °C

that we expressed the properties in units specified under Eq. 10-2 in connection with their definitions in order to avoid unit
manipulations.
Analysis (a) Assuming nucleate boiling, the heat flux can be determined from Rohsenow relation to be

1/2 3
g _uh {g(pl —pv)} Cpt (Ts —Teat)
nucleate 1M g o Cy hfg Prln Vent
" 3 Boiler
_(0.170x 10’3)(2083 y 103){9.81(907.4 - 3.256)} 4340(165 - 1630)
0.0466 0.0130(2083x10°)1.09 \\_/
=61,390 W/m?
The heat transfer surface area is Water, 160°C

A, = DL = 7(0.05m)(50 m) = 7.854 m?
Then the rate of heat transfer during nucleate boiling becomes

Qboiting = Asdnucieate = (7.854 m?)(61,390 W/m?) = 482,200W
(b) The rate of evaporation of water is determined from

Quoiling  482.2kJ/s Hot
m im = = =0.2315kg/s
evaporatin hfg 2083 kJ/kg g gases

(c) For a horizontal cylindrical heating element, the coefficient C, is determined from Table 10-4 to be
1/2 1/2
oot 9 =P ) (g ops)f 9BLO07A-3256) |77 _ 1695015
o 0.0466
C. =0.12 (since L*>1.2and thuslarge cylinder)
Then the maximum or critical heat flux is determined from

Gmex =Corhiglovpy (o1 = p )M
=0.12(2083x10%)[0.0466 x 9.81x (3.256)? (907.4 — 3.256)]"* = 2.034x10% W/m?

Ts pipe = 165°C

Therefore,
Grex  2.034x10° W/m?
qcurrent 61,390 W/m2

(d) The surface temperature of the pipe at the burnout point is determined from Rohsenow relation at the critical heat flux
value to be

1/2 3
2.034><106 :/1|hfg|:g(pl pv):| p.l (Ts,cr nsat)
c Csthigg Pr

=33.13

=(0.170 x107%)(2083 x 103){

3
9.81(907.4— 3.256) }1’2 4340(T, , —160)
0.0466 0.0130(2083 x10°)1.09

Tyor =176.1°C
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10-38 Steam is generated by a 1 m x 1 m flat heater boiling water at 1 atm with an excess temperature above 300°C. The
range of the steam generation rate that can be achieved by the heater is to be determined.

Assumptions 1 Steady operating conditions exists. 2 Heat losses from the heater are negligible. 3 The boiling regime is film
boiling since ATeycess > 300°C, which is much larger than 30°C.

Properties At 1 atm, the saturation temperature of water is Ty = 100°C. The properties of water at Ty,; = 100°C are ¢ =
0.0589 N/m (Tables 10-1) and, from Table A-9, p; = 957.9 kg/m®, p, = 0.5978 kg/m®, hy, = 2257 x 10° J/kg.

Analysis For a horizontal flat heating element, the coefficient C, is determined from Table 10-4 to be

1/2 1/2
e [9 =) ) " 9.81(957.9-0.5978) |"* _ .00 . -
o 0.0589

C. =0.149 (since L*> 27 and thuslarge flat heater)

The range of steam generation rate not exceeding the burnout point can be determined from the minimum and maximum
boiling heat fluxes.

The minimum rate of vaporization occurs at the minimum heat flux, which can be determined from

1/4
og(p —pv)}

Gmin = 0.09p,h
" "0 (o +p0)?

1/4
(0.0589)(9.81)(957.9 — 0.5978)

=19021 W/m?
(957.9 + 0.5978)°

=0.09(0.5978)(2257 x 103)[

The maximum rate of vaporization occurs at the maximum heat flux, which can be determined from
Grax = Cerhig[logp? (o1 = p)1V*
=0.149(2257 x10%)[0.0589 x 9.81 x (0.5978) 2 (957.9 — 0.5978)]"/# =1.261x10° W/m?
The heat transfer surface area is
A =LxL=1mx1m=1m?
Then, the rate of heat transfer during boiling is
Qboiling = Ad
Thus, the range of the steam generation rate in the film boiling regime is

Qboilingmin 5 Qboilingmax
= vapor =
hig htq

i _ ‘
AS min < mvaporg Astax
hfg hfg

@m?)A9021W/m?) _ . _(Im?)1.261x10° W/m")
2257x10% J/kkg T 2257 x10° J/kg

or 0.00843kg/s<m, . . <0.559kg/s

vapor

Discussion The maximum rate of steam generation is more than 66 times larger than the minimum rate of steam generation.
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10-39 Water is boiled at Ty, = 90°C in a brass heating element. The surface temperature of the heater is 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 90°C
are (Tables 10-1 and A-9)

py =965.3kgim®  hy, =2283x10° Jikg Mfelefs 3G :
p, =0.4235kg/m® 1, =0.315x107° kg/m-s ' 5 I” || Grmin
o =0.0608 N/m ¢, =4206J/kg-°C Heating element

Pr, =1.96
Also, Ci; =0.0060 and n = 1.0 for the boiling of water on a brass heating (Table 10-3).
Analysis The minimum heat flux is determined from

1/4
ag(p —pv)}

Gy =0.09p,h
" PO o+ p0)?

(0.0608)(9.81)(965.3 — 0.4235)
(965.3+0.4235)

1/4
= 0.09(0.4235)(2283x103)|: } =13,715 W/m?

The surface temperature can be determined from Rohsenow equation to be

a(p _pv):|l/2[cp,l (Ts _Tsat)Ja

o Csihgg Pr"

qnucleate =H h fg |:

3
9.81(965.3-0.4235)}1/2( 4206(T, —90) ]

13,715 W/m? = (0.315x102)(2283 x103){ .
0.0608 0.0060(2283x10°)1.96

T, =92.3°C
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10-40 The power dissipation per unit length of a metal rod submerged horizontally in water, when electric current is passed
through it, is to be determined.

Assumptions 1 Steady operating condition exists. 2 Heat losses from the boiler are negligible.

Properties The properties of water at the saturation temperature of 100°C are h¢y = 2257 kJ/kg (Table A-2) and p; = 957.9
kg/m?® (Table A-9).

The properties of vapor at the film temperature of P=1atm
Ti= (Tey + Ts)/2 = 300°C are, from Table A-16,

pv = 0.3831 kg/m? Cov = 1997 J/kg-K
iy = 2.045 x 10 kg/m-s  k, = 0.04345 W/m-K

Metal rod, 7, = 500°C

Analysis The excess temperature in this case is AT =T, (&=0.5)
— Tsa = 400°C, which is much larger than 30°C for

water from Fig. 10-6. Therefore, film boiling will occur.
The film boiling heat flux in this case can be determined

from

— Vapor film

1/4
gky oy (o1 = PN +0.4¢ 5, (Tg =Tl
My D(Ts _Tsat)

3 B 3 1/4
20.62{9.81(0.04345) (0.3831)(957.9 — 0.3831)[ 2257 x 10 +0.4(1997)(400)]} (400)

(Ts - Tsat)

Qfiim = Cﬁlm[

(2.045%107°)(0.002)(400)
=1.152x10° W/m?

The radiation heat flux is determined from

g = €0 (T8 =Tk ) = (0.5)(5.67x10® W/m? - K*)(773* —373*) K* = 9573 W/m?
Then the total heat flux becomes

eotar = Gritm + % Orag =1.152x10° W/m? + % (9573 W/m?) =1.224 x10° W/m?
Finally, the power dissipation per unit length of the metal rod is

Quotal / L = Do = 7(0.002 M)(1.224 x10° W/m?) = 769 W/m

Discussion The contribution of radiation to the total heat flux is about 8%.
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10-41E Water is boiled at 1 atm pressure and thus at a saturation (or boiling) temperature of Ty, = 212°F by a horizontal
polished copper heating element whose surface temperature is maintained at T; = 788°F. The rate of heat transfer to the water
per unit length of the heater is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the boiler are negligible.
Properties The properties of water at the saturation temperature of 212°F are p, =59.82 Ibm/#t3 and h¢, =970 Btu/lom

(Table A-9E). The properties of the vapor at the film temperature of T; = (T, +T,)/2=(212+788) /2 =500°F are (Table
A-16E)

P=1atm
_ 3
py =0.02571 lbm/ft Witer 2129F
1, =1.267x107° Ibm/ft -s = 0.045611bm/ft - h . Il ||
Cpy = 0.4707 Btu/lbm-°F L '

Heating element

k, =0.02267 Btu/h- 1t - °F

Also, g = 32.2 ft/s* = 32.2x(3600)? ft/h®. Note that we expressed the properties in units that will cancel each other in boiling
heat transfer relations. Also note that we used vapor properties at 1 atm pressure from Table A-16E instead of the properties
of saturated vapor from Table A-9E since the latter are at the saturation pressure of 680 psia (46 atm).

Analysis The excess temperature in this case is AT =T, — T, = 788—212 =576°F , which is much larger than 30°C or 54°F.
Therefore, film boiling will occur. The film boiling heat flux in this case can be determined to be

1/4
gk\?pv (pl _pv)[hfg +0.4c pv(rs _Tsat)]
1y D(Ts =Teq)

qfilm = O-GZI: (rs _Tsat)

2 3 _ _ 1/4
_ 0.62|:32.2(3600) (0.02267)° (0.02571)(59.82—0.02571)[970 + 0.4x0.4707(788-212)] | 70 51

(0.04561)(0.5/12)(788—-212)

=18,600 Btu/h- 2

The radiation heat flux is determined from
qrad = 80'(T54 _ngt)

=(0.05)(0.1714x10® Btu/h-ft 2 - R 4)[(788 +460R)* — (212 + 460 R)“]

=190.4 Btu/h -t 2
Note that heat transfer by radiation is very small in this case because of the low emissivity of the surface and the relatively
low surface temperature of the heating element. Then the total heat flux becomes

Grotal = Gt + % Gag =18,600 + % x190.4=18,743Btu/h -t 2

Finally, the rate of heat transfer from the heating element to the water is determined by multiplying the heat flux by the heat
transfer surface area,

Qtotal = Asqtotal = (ﬂDL)qtotal
= (7x0.5/12% x11)(18,743 Btu/h- ft ?)
=2453Btu/h
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10-42E Water is boiled at 1 atm pressure and thus at a saturation (or boiling) temperature of Ty, = 212°F by a horizontal
polished copper heating element whose surface temperature is maintained at T; = 988°F. The rate of heat transfer to the water
per unit length of the heater is to be determined.

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

Properties The properties of water at the saturation temperature of 212°F are p, =59.82 lbm/t3 and h¢, =970 Btu/lbm
(Table A-9E). The properties of the vapor at the film temperature of T; = (T, +T,)/2=(212+988) /2 =600°F are, by

interpolation, (Table A-16E) P =1atm

p, =0.02395 Ibm/#3
4, =1.416x107° Ibm/f -s = 0.05099 Ibm/# - h : Il ||
Cpy = 0.4799 Btu/Ibm- °F SR :
Heating element
k, =0.02640 Btu/h-t -°F

Water, 212°F

Also, g =32.2 ft/s* = 32.2x(3600)? ft/h®>. Note that we expressed the properties in units that will cancel each other in boiling
heat transfer relations. Also note that we used vapor properties at 1 atm pressure from Table A-16E instead of the properties
of saturated vapor from Table A-9E since the latter are at the saturation pressure of 1541 psia (105 atm).

Analysis The excess temperature in this case is AT =T, —T,, =988—212 =776°F , which is much larger than 30°C or 54°F.
Therefore, film boiling will occur. The film boiling heat flux in this case can be determined from

1/4
gk\?pv (pl _pv)[hfg +0.4C pv(Ts _Tsat)]
uyD(Ts —Tey)

1/4
062 32.2(3600)?2 (0.0264)> (0.02395)(59.82 — 0.02395)[970 + 0.4 x 0.4799(988 — 212)]
' (0.05099)(0.5/12)(988 - 212)

(rs _Tsat)

Afim = 0-62{

(988 - 212)

= 25,147 Btu/h- 2
The radiation heat flux is determined from
C.lrad = 80'(Ts4 _ngt)
=(0.05)(0.1714x107® Btu/h- 2 - R 4)[(988 +460R)* — (212 + 460 R)“]
=359.3Btu/h-
Note that heat transfer by radiation is very small in this case because of the low emissivity of the surface and the relatively
low surface temperature of the heating element. Then the total heat flux becomes

Grotal = it + % O = 25147 + % x 359.3= 25,416 Btu/h- ft 2

Finally, the rate of heat transfer from the heating element to the water is determined by multiplying the heat flux by the heat
transfer surface area,

Qtotal = AthotaI = (”DL)qtotal
=(7x0.5/12% x11)(25,416 Btu/h-ft?)
=3327 Btu/h
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10-43 The initial heat transfer rate from a hot metal sphere that is suddenly submerged in a water bath is to be determined.
Assumptions 1 Steady operating condition exists. 2 The metal sphere has uniform initial surface temperature.

Properties The properties of water at the saturation temperature of 100°C are hgy = 2257 kJ/kg (Table A-2) and p, = 957.9
kg/m® (Table A-9). The properties of vapor at the film temperature of T; = (Te + T5)/2 = 400°C are, from Table A-16,

py = 0.3262 kg/m® Cov = 2066 J/kg-K
Ly = 2.446 x 10° kg/m-s k, = 0.05467 W/m-K

Analysis The excess temperature in this case is AT = Ty — Tg,; = 600°C, which is much larger than 30°C for water from Fig.
10-6. Therefore, film boiling will occur. The film boiling heat flux in this case can be determined from

1/4
gk\:/;pv (o _pv)[hfg +0'4va(Ts —Teat)]
yD(Ts = Tey)

1/4
067 9.81(0.05467)°(0.3262)(957.9 — 0.3262)[ 2257 x10° + 0.4(2066)(600)]
' (2.446 x107°)(0.02)(600)

qfilm = Cfilm[ (Ts _Tsat)

(600)

=1.052x10° W/m?

The radiation heat flux is determined from

qrad = 80'(Ts4 _Tsit)
=(0.75)(5.67 x107® W/m? - K*)(973* —373*) K*
=3.729x10* W/m?

Then the total heat flux becomes

Grotal = Gsim +%qrad =1.052x10° W/m? +%(3.729 x10* W/m?) =1.332x10° W/m?
Finally, the initial heat transfer rate from the submerged metal sphere is

Quotal = GrowD? = (1.332x10° W/m?)z(0.02m)? =167 W

Discussion The contribution of radiation to the total heat flux is about 21%, which is significant and cannot be neglected.
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10-44 The initial heat transfer rate from a hot steel rod that is suddenly submerged in a water bath is to be determined.
Assumptions 1 Steady operating condition exists. 2 The steel rod has uniform initial surface temperature.

Properties The properties of water at the saturation temperature of 100°C are hgy = 2257 kJ/kg (Table A-2) and p, = 957.9
kg/m® (Table A-9). The properties of vapor at the film temperature of T; = (Te + T5)/2 = 300°C are, from Table A-16,

py = 0.3831 kg/m® Cov = 1997 J/kg-K
1y = 2.045 x 10° kg/m-s k, = 0.04345 W/m-K

Analysis The excess temperature in this case is AT = T — Tg, = 400°C, which is much larger than 30°C for water from Fig.
10-6. Therefore, film boiling will occur. The film boiling heat flux in this case can be determined from

1/4
gk\?pv (o _pv)[hfg +O'4va(Ts —Tea)l
1y D(Ts = Tey)

1/4
062 9.81(0.04345)°(0.3831)(957.9 — 0.3831)[ 2257 x10° + 0.4(1997)(400)]
' (2.045x107°)(0.02)(400)

qfilm = Cﬁlml: (Ts _Tsat)

(400)

=6.476x10* W/m?

The radiation heat flux is determined from

qrad = 80'(Ts4 _Ts:t)
=(0.9)(5.67x1078 W/m? - K*)(773* - 373*) K*
=1.723x10* W/m?

Then the total heat flux becomes
Grotal = sitm + % Orag = 6.476x10* W/m? + % (1.723x10* W/m?) = 7.768 x10* W/m?
Finally, the initial heat transfer rate from the submerged steel rod is

Quotal = iDL = (7.768x10* W/m?)7(0.02 m)(0.2 m) = 976 W

Discussion The contribution of radiation to the total heat flux is about 17%, which is significant and cannot be neglected.
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10-45 Water is boiled at T, = 100°C by a spherical platinum heating element immersed in water. The surface temperature is
T, = 350°C. The rate of heat transfer is 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 (Table A-9)

hy =2257x10° J/kg

Py =957.9kg/m?

The properties of water vapor at (350+100)/2 = 225°C are (Table A-16) 350°C
p, =0.444 kg/m® Water
1, =1.749x107° kg/m-s 100°C

Cpy =1951J/kg-°C
k, =0.03581W/m-°C
Analysis The film boiling occurs since the temperature difference between the surface and the fluid. The heat flux in this case
can be determined from

1/4

gk\?pv (o1 _pv)[h fg +0.4c pv(Ts _Tsat)] T ~To)

Hy D(Ts _Tsat)

qfilm = 067[

(350-100)

(9.81)(0.03581)° (0.444)(957.9 — 0.444)[2257 x 10° + 0.4(1952)(350 ~100)| "~
=067
' (1.749x10°)(0.15)(350 —100)

= 25,207 W/m?
The radiation heat transfer is
(g = 20 (T =T 4) = (0.10)(5.67x10%)|(350+ 273)* — 100+ 273)* | = 745 W/m?

The total heat flux is
. . 3. 3 2
Uiotal = Ufitm +Z Qg = 25,207 +Z (745) = 25,766 W/m

Then the total rate of heat transfer becomes

Qiotal = Adiora = 7(0.15)% (25,766 W/m?) = 1821W
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10-46 Cylindrical stainless steel rods are heated to 700°C and then suddenly quenched in water at 1 atm. The convection heat
transfer coefficient and the total rate of heat removed from a rod at the instant it is submerged in the water are to be
determined.

Assumptions 1 Steady operating conditions exist at the instant of submersion. 2 Surface temperature is uniform. 3 The boiling
regime is film boiling since ATeycess = Ts — Tsae = 600°C, which is much larger than 30°C.

Properties At 1 atm, the saturation temperature of water is Ts; = 100°C. The properties of water at Tg, = 100°C are hyy = 2257
x 10° J/kg and p, = 957.9 kg/m® (Table A-9). The properties of vapor at the film temperature of T; = (Te + To)/2 = (100 +
700)/2 = 400°C are, from Table A-16,

p, =0.3262 kg/m* Cpy =2066 J/kg - K
1, =2.446x107° kg/m-s k, =0.05467 W/m- K

Analysis The film boiling heat flux can be determined from

1/4
gk\?pv(pl _pv)[hfg +O'4va(rs —Tsat)]
/uVD(TS _Tsat)

qfilm = Cfilm[ (Ts _Tsat)

where Cy,,, =0.62 (horizontal cylinders)

3 B 3 - 1/4
:0.62[9.81(0.05467) (0:3262)(957.9 —0.3262)[ 2257 x10° + 0.4(2066)(700~100)] | 700 101

(2.446 x107°)(0.025)(700 —100)
=92097 W/n?

Thus, the convection heat transfer coefficient is

92097 W/m?

= LT 1535 W/m? - K
(700 —100) K

Qﬁlm =h(Ts _Tsat)
The radiation heat flux is determined from
Orag = ‘C'U(Ts4 _Tsit)
=(0.3)(5.67 x107® W/m? . K*)(973* —373*)K*
=14917 W/m?
Then the total heat flux becomes

Gotal = Gfitm + % Orag = 92097 W/m? + % (14917 W/m?) =1.0328 x10° W/m?

The total rate of heat removed from a rod at the instant it is submerged in the water is
Quotal = (7DL) G = 7(0.025 m)(0.25 m)(1.0328 x10° W/m?) = 2028 W

Discussion Convection heat transfer coefficient in film boiling is generally lower than that of nucleate boiling, because the
excess temperature of film boiling is much larger than that of nucleate boiling.
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10-47 ﬁ A long cylindrical stainless steel rod with mechanically polished surface is being quenched in a water bath. The
temperature of the rod leaving the water bath is to be determined whether or not it has the risk of thermal burn hazard.

Assumptions 1 Steady operating conditions exist. 2 Surface temperature is uniform. 3 The boiling regime is film boiling since
ATexcess = Ts — Tsat = 700°C — 100°C = 600°C, which is much larger than 30°C.

Properties The specific heat and the density of stainless steel are given as c,s = 450 J/kg-K and ps = 7900 kg/m®,
respectively.

At 1 atm, the saturation temperature of water is Ts; = 100°C. The properties of water at Ty, = 100°C are hyy = 2257 x 10° J/kg
and p; = 957.9 kg/m® (Table A-9). The properties of vapor at the film temperature of T; = (Tey + T5)/2 = (100 + 700) = 400°C
are, from Table A-16,

p, =0.3262 kg/m* Cpy =2066 J/kg - K
1, =2.446x107° kg/m - s k, =0.05467 W/m- K

Analysis With ATycess = 600°C, film boiling would occur in the water bath. The heat flux can be determined from

1/4
gk\?pv(pl _pv)[hfg + 0'4va(rs —Tsat)]
IUVD(TS _Tsat)

qfilm = Cﬁlm[ (Ts _Tsat)

where C,,, =0.62 (horizontal cylinders)

(700 -100)

1/4
_ 0,67 9:81(0.05467)°(0.3262)(957.9 - 0.3262)[ 2257 x 10° + 0.4(2066)(700 ~ 100)]
' (2.446x107°)(0.025)(700 —100)

=92097 W/n?

The radiation heat flux is determined from
Orag = 80 (T —Teh) = (0.3)(5.67x107° W/m? . K*)(973* —373%) K* =14917 W/m?

Then the total heat flux becomes
. . 3. > 3 2 5 2
Giotal = Yfitm + 2 Qrag = 92097 W/m* + 2 (14917 W/m~) =1.0328 x10°> W/m

The rate of heat that could be removed from the rod in the water bath is
Quotal = AGrotal = (7D L) Gyors = 7(0.025 m)(3m)(1.0328 x10° W/m?) = 24335 W

The mass of the stainless steel rod being conveyed enters and exits the water bath at a rate of
m=p.V (zD?/4)

The rate of heat that needs to be removed from the rod so that it leaves the water bath below 45°C can be determined using
Qtotal =MC, o (Tin = Tout) = PssV (”DZ /4)c p,ss (Tin = Tou)

Thus, the speed of the rod conveying through the water bath is

_ Qtotal
Pss (#D 2 /4)c p,ss (Tin - Tout)
B 24335 W
(7900 kg/m®)[7(0.025 m)?2 / 4](450 J/kg - K)(700 — 45)K

=0.0213m/s=76.7 m/hr

Discussion To ensure that the stainless steel rod leaves the water bath below 45°C, in order to prevent thermal burn hazard,
the speed of the rod conveying through the water bath should be about 77 m/hr or slower.

Note that this analysis is simplified to steady state conditions, but the actual quenching process is transient.
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10-48 A cylindrical heater is used for boiling water at 1 atm. The film boiling convection heat transfer coefficient at the
burnout point is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the heater are negligible. 3 The boiling regime is film
boiling.

Properties At 1 atm, the saturation temperature of water is Ty, = 100°C. The properties of water at Ty,; = 100°C are ¢ =
0.0589 N/m (Tables 10-1) and, from Table A-9, p; = 957.9 kg/m®, p, & = 0.5978 kg/m®, hyy = 2257 x 10° J/kg.

The properties of vapor at the film temperature of T; = 1150°C are, from Table A-16,

p, =0.1543kg/m* Cpy =2571J/kg- K
1, =5.283x107° kg/m - s k, =0.1588 W/m- K

Analysis For a cylindrical heating element, the coefficient C,, is determined from Table 10-4 to be

1/2
|« D 9(o —pusa) | _ 0.01/2) 9.81(957.9—0.5978)
2 0.0589

C. =0.12 (since L*>1.2and thuslarge cylinder)

1/2
} =1.997>1.2
o

The burnout point occurs at the maximum heat flux, which is

Omax =Cor hfg [og p\isat (pl - pv,sa’[)]l/4

=0.12(2257 x10%)[0.0589 x 9.81x (0.5978)? (957.9 — 0.5978)]*/# =1.0155x10° W/n?
To determine the film boiling convection heat transfer coefficient, the knowledge of T, is needed, which can be determined
from the heat transfer in the film boiling region:

1/4
gk\?pv(pl - pv)[hfg + 0'4va(Ts _Tsat)]
/uVD(TS _Tsat)

. . 3. 3

Uiotal = Yfilm +quad = Cfilml: (Ts = Tear) +Zé‘O'(T54 _Tsit)
whereCy;,,, =0.62 (horizontal cylinders)

Substituting the values,

9.81(0.1588)°(0.1543)(957.9 — 0.1543)[2257 x 10° + 0.4(2571)(T, —100)]
(5.283x107°)(0.01)(T, —100)

1/4
1.0155x10° = 0.62{ } (T, —100)

+%(0.3)(5.67 x10®)[(T, +273)* - (373)*]

Solving for the surface temperature yield T, =2231°C
The film boiling heat flux is

1/4
gk\?pv(pl _pv)[hfg + 0'4va(Ts —Tsat)l
:uvD(Ts _Tsat)

1/4
_ 060 9-81(0-1588)°(0.1543)(957.9 - 0.1543)[2257 x10° + 0.4(2571)(2231 - 100)]
' (5.283x107%)(0.01)(2231—100)

qfilm = Cﬁlm[ (Ts _Tsat)

(2231-100)

=5.1419x10° W/n?

Thus, the film boiling convection heat transfer coefficient is

Gm _ 5.1419x10° W/n?

= =241.3W/m?-K
T, — T (2231-100) K

Discussion Note that the film temperature T; = (2231 + 100)/2 = 1166°C, is close to the assumed value of 1150°C for the
evaluation of vapor properties. Therefore, 1150°C is a reasonable film temperature for the vapor properties.
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10-49 A cylindrical heater is used for boiling water at 100°C. The boiling convection heat transfer coefficients at the
maximum heat flux for nucleate boiling and film boiling are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the heater are negligible.
Properties The properties of water at Tg, = 100°C are o = 0.0589 N/m (Tables 10-1) and, from Table A-9,

Py =957.9 kg/m?® hyg = 2257 x10° J/kg
Py sat =0.5978 kg/m® 1 =0.282x10" kg/m-s
Pr, =1.75 Cpr = 4217 Jkg - K

Also, Cs = 0.0130 and n = 1 for the boiling of water on a mechanically polished stainless steel surface (Table 10-3).
The properties of vapor at the film temperature of T; = 1150°C are, from Table A-16,

p, =0.1543kg/m?® Cpy =2571J/kg - K

1, =5.283x107° kg/m-s k, =0.1588 W/m- K
Analysis For a cylindrical heating element, the coefficient C,, is determined from Table 10-4 to be

1/2
Lx_ b 9(p1 — Py sat) 9.81(957.9 — 0.5978)
2 0.0589

Cy =0.12L*%% =0.1364 (since L*<1.2and thussmall cylinder)

1/2
=(o.003/2)[ } =0.599<1.2

The maximum heat flux can be determined as

O max :Ccrhfg [O-gp\isat(pl _p"'sat)]lM

=0.1364(2257 x10°)[0.0589 x 9.81 x (0.5978) 2 (957.9 — 0.5978)]*/# =1.1543x10°% W/m?

(a) The surface temperature T for nucleate boiling at gmax can be solved as

1/2 3
g —u h g(,0| _pv,sat) Cp,l (Ts _Tsat)
nucleate 117 1g p Csf hfg Pl’|n

Substituting the values,

1/2
1.1543x10° = (0.282 x107%)(2257 x 103)P'81(957'9 — 0'5978)} [ 4217(T, ~100)

0.0589 0.0130(2257 x10%)1.75
T, =120.2°C
Thus, the nucleate boiling convection heat transfer coefficient is

_ Ynucteate _:I--:|-543><:|.06 w/m?

_ =57,144 W/m? - K
nucleate T, — T (120.2-100) K

h

(b) The surface temperature T for film boiling at ¢imax can be solved as

1/4
kg —p,)[hg, +0.4c -T,
: va(p| pV)I:[)(.fI? T )pV(rS Sat)] (Ts —Tsat)"'%é';‘U(Ts4 —Tsit)
Hy s lsat

. . 3.
Utotal = Yfilm +quad = Ciiim

Substituting the values,

1/4
9.81(0.1588)° (0.1543)(957.9 — 0.1543)[2257 x 10° + 0.4(2571)(T, —100)]
(5.283x107°)(0.003)(T, —100)

1.1543x10° :o.ez{

x (T, —100) + % (0.3)(5.67 x 10 ®)[(T, +273)* — (373)"]

10-43
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T,=2192°C
The film boiling heat flux is

K3, () —pu)[y +0.4¢,, (T, =TI |
. :CﬁlmI:g vpv(pl pv)[ fg+ pv( S sat)] (TS—Tsat)

i uvD(Ts _Tsat)

where C,,,,, =0.62 (horizontal cylinders)

0 62{9.81(0.1588)3(0.1543)(957.9 —0.1543)[2257 x10° + 0.4(2571)(2192 — 100)]

1/4
- (2192 —100)
(5.283x107°)(0.003)(2192 —100)

= 6.8366 x10° W/m?
Thus, the film boiling convection heat transfer coefficient is

_ Ofm _ 6.8366x10° W/m?
T, — T (2192 -100) K

=327 W/m? - K

Discussion The nucleate boiling convection heat transfer coefficient is about 175 times higher than that of film boiling. This
is because the vapor film surrounding the heater surface during film boiling impedes convection heat transfer.

Note that the film temperature T; = (2192 + 100)/2 = 1146°C, is close to the assumed value of 1150°C used in film boiling for
the evaluation of vapor properties.
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10-50 Water is boiled at 1 atm pressure and thus at a saturation (or boiling) temperature of Tg; = 100°C by a horizontal nickel
plated copper heating element. The maximum (critical) heat flux and the temperature jump of the wire when the operating
point jumps from nucleate boiling to film boiling regime are to be determined.

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

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

3
P =957.9kg/m hyy =2257x10° J/kg

_ 3
py =0.5978kg/m 14 =0.282x103 kg-m/s

o =0.0589 N/m Cpi =4217J/kg-°C
Pr, =1.75

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

properties in units specified under Egs. 10-2 and 10-3 in connection with their definitions in order to avoid unit
manipulations. The vapor properties at the anticipated film temperature of T; = (Ts+Tsy )/2 of 1000°C (will be checked)
(Table A-16)

p, =0.1725kg/m®  Cpy =2471 J/kg-°C

P =1atm
k, =0.1362 W/m-°C 1, =4.762x10"° kg/m-s
Analysis (a) For a horizontal heating element, the coefficient C, is Water, 100°C ( T,
determined from Table 10-4 to be | II || G
1/2 1/2 '
L*= L(MJ — (0.0015)(9'81(9507'(?5;90-5978)j ~05990<1.2 K Heating element
O .

C, =0.12L*7%%5 =0,12(0.5990) 2% = 0.1364
Then the maximum or critical heat flux is determined from
Gmax =Corhig[o90? (01 = p )M
=0.1364(2257 x10°)[0.0589 x 9.81x (0.5978)? (957.9 — 0.5978)]*/*

=1,154,000W/m?

The 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 the Rohsenow relation
together with other properties gives

1/2 1Y
. 9o =) [ Cpa (Ts ~Tsa)
Unucleate = 4 hfg n
° Csiheg Py

12 3
1’154,0002(0282)(103)(2257xlog)[9.81(957.9—0.5978)} ( 4217(T, —100) J

0.0589 0.0060(2257 x10%)1.75
Itgives T, =109.3°C

(b) Heat transfer in the film boiling region can be expressed as

gk\?pv (pl - pv)[h fg +0.4c pv (TS -
1y D(Ts —Teq)

1/4
. . 3. Tsar)l 3
Utotal = Ufilm +quad = 0-62[ 2 (Ts —Tsat) +Z€0'(rs4 _Ts:lt)

Substituting,

3 B 3 i 1/4
1154.000 0. 62{9.81(0.1362) (0.1725)(957.9 — 0.1725)[2257 x 10° + 0.4 x 2471(T, 100)]}

(4.762 x 10 °)(0.003)(T, —100)
% (T, —100) + %(0.5)(5.67 %1078 W/m? - K[, +273)* - (100 + 273)*

Solving for the surface temperature gives Ts = 1999°C. Therefore, the temperature jump of the wire when the operating point
jumps from nucleate boiling to film boiling is

Temperature jump: AT =T fiim — Ts.erit =1999 —109=1890°C

Note that the film temperature is (1999+100)/2=1050°C, which is close enough to the assumed value of 1000°C for the
evaluation of vapor paroperties.
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€6
10-51 Prob. 10-50 is reconsidered. The effects of the local atmospheric pressure and the emissivity of the wire on the
critical heat flux and the temperature rise of wire are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
L=0.3 [m]
D=0.003 [m]
epsilon=0.5
P=101.3 [kPa]

"PROPERTIES"

Fluid$='steam_IAPWS'
T_sat=temperature(Fluid$, P=P, x=1)
rho_l=density(Fluid$, T=T_sat, x=0)
rho_v=density(Fluid$, T=T_sat, x=1)
sigma=SurfaceTension(Fluid$, T=T_sat)
mu_I|=Viscosity(Fluid$, T=T_sat, x=0)
Pr_I=Prandtl(Fluid$, T=T_sat, P=P+1)
c_|=CP(Fluid$, T=T_sat, x=0)*Convert(kJ/kg-C, J/kg-C)
h_f=enthalpy(Fluid$, T=T_sat, x=0)
h_g=enthalpy(Fluid$, T=T_sat, x=1)
h_fg=(h_g-h_f)*Convert(kJ/kg, J/kg)
C_sf=0.0060 "from Table 10-3 of the text"
n=1 "from Table 10-3 of the text"

T_vapor=1000-273 "[C], assumed vapor temperature in the film boiling region"
rho_v_f=density(Fluid$, T=T_vapor, P=P) "f stands for film"

c_v_f=CP(Fluid$, T=T_vapor, P=P)*Convert(kJ/kg-C, J/kg-C)
k_v_f=Conductivity(Fluid$, T=T_vapor, P=P)
mu_v_f=Viscosity(Fluid$,T=T_vapor, P=P)

0=9.81 [m/s"2] “gravitational acceleraton"
sigma_rad=5.67E-8 [W/m”2-K"4] “Stefan-Boltzmann constant”

"ANALYSIS"

ll(a)ll

"C_cris to be determined from Table 10-4 of the text"

C_cr=0.12*L_star™(-0.25)

L_star=D/2*((g*(rho_I-rho_v))/sigma)*0.5
g_dot_max=C_cr*h_fg*(sigma*g*rho_v"2*(rho_I-rho_v))"0.25
g_dot_nucleate=q_dot_max
g_dot_nucleate=mu_I*h_fg*(((g*(rho_I-rho_v))/sigma)"0.5)*((c_I*(T_s_crit-T_sat))/(C_sf*h_fg*Pr_I"n))"3
"(b)"

g_dot_total=q_dot_film+3/4*q_dot_rad "Heat transfer in the film boiling region”
g_dot_total=g_dot_nucleate
g_dot_film=0.62*((g*k_v_f"3*rho_v_f*(rho_I-rho_v_f)*(h_fg+0.4*c_v_f*(T_s_film-
T_sat)))/(mu_v_f*D*(T_s_film-T_sat)))"0.25*(T_s_film-T_sat)
g_dot_rad=epsilon*sigma_rad*((T_s_film+273)"4-(T_sat+273)"4)
DELTAT=T_s_film-T_s_crit
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[kPa]

Grmex

[KW/m?]

AT
[C]

70

71.65
73.29
74.94
76.59
78.24
79.88
81.53
83.18
84.83
86.47
88.12
89.77
91.42
93.06
94.71
96.36
98.01
99.65
101.3

994682

1004096
1013373
1022516
1031531
1040422
1049194
1057848
1066391
1074825
1083153
1091379
1099505
1107535
1115471
1123316
1131072
1138742
1146328
1153832

1865
1871
1876
1881
1886
1891
1896
1901
1905
1910
1914
1919
1923
1927
1931
1935
1939
1943
1947
1951

Grmex

[KW/m?]

AT
[C]

0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.55
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0.95

1153832
1153832
1153832
1153832
1153832
1153832
1153832
1153832
1153832
1153832
1153832
1153832
1153832
1153832
1153832
1153832
1153832
1153832
1153832

2800
2574
2418
2300
2205
2127
2060
2002
1951
1905
1864
1827
1793
1762
1733
1706
1681
1657
1635

1.160x10°

1.140x10%

1.120x10%

[W/m?]

g 1.060x10°]

" T 1.040x10]
1.020x108]
1000000 |

980000

1.100x10%
1.080x10°

70

2800

75

80

85

90
P [kPa]

95

2600

2400

2200

DT [C]

2000

1800 +

1600
0.1

0.2

105

: 1.5x108
: 1.3x10°
: 1.0x108
: 7.5x105

15.0x105

J1920

J1900

Umax [W/m?]

10-47

1960

J1940

DT [C]

11880

11860
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10-48
Condensation Heat Transfer

10-52C Condensation is a vapor-to-liquid phase change process. It occurs when the temperature of a vapor is reduced below
its saturation temperature Tg. This is usually done by bringing the vapor into contact with a solid surface whose temperature
T is below the saturation temperature T, of the vapor.

10-53C In film condensation, the condensate wets the surface and forms a liquid film on the surface which slides down
under the influence of gravity. The thickness of the liquid film increases in the flow direction as more vapor condenses on the
film. This is how condensation normally occurs in practice. In dropwise condensation, the condensed vapor forms droplets
on the surface instead of a continuous film, and the surface is covered by countless droplets of varying diameters. Dropwise
condensation is a much more effective mechanism of heat transfer.

10-54C The presence of noncondensable gases in the vapor has a detrimental effect on condensation heat transfer. Even small
amounts of a noncondensable gas in the vapor cause significant drops in heat transfer coefficient during condensation.

10-55C The modified latent heat of vaporization h?g is the amount of heat released as a unit mass of vapor condenses at a

specified temperature, plus the amount of heat released as the condensate is cooled further to some average temperature
between Tg and T, . It is defined as h?g =h¢y +0.68c, (Te; —Ts) Where ¢y s the specific heat of the liquid at the average

film temperature.

10-56C During film condensation on a vertical plate, heat flux at the top will be higher since the thickness of the film at the
top, and thus its thermal resistance, is lower.

10-57C The condensation heat transfer coefficient for the tubes will be the highest for the case of horizontal side by side
(case b) since (1) for long tubes, the horizontal position gives the highest heat transfer coefficients, and (2) for tubes in a
vertical tier, the average thickness of the liquid film at the lower tubes is much larger as a result of condensate falling on top
of them from the tubes directly above, and thus the average heat transfer coefficient at the lower tubes in such arrangements is
smaller.

10-58C In condensate flow, the wetted perimeter is defined as the length of the surface-condensate interface at a cross-
section of condensate flow. It differs from the ordinary perimeter in that the latter refers to the entire circumference of the
condensate at some cross-section.
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10-49
10-59 The hydraulic diameter Dy, for all 4 cases are expressed in terms of the boundary layer thickness & as follows:

(a) Vertical plate: Dy = ﬂ = aws =46
p w

(b) Tilted plate: Dy = ﬂ = aws =46
p w

(c)Vertical cylinder: Dy = ﬂ = 4mDo =46
p D

(d) Horizontal cylinder: Dy, = ﬂ = m =45
p 2L

(e) Sphere: Dy, :ﬂ:ﬂzw
p 7D

Therefore, the Reynolds number for all 5 cases can be expressed as

4m 4A. PV, _ DhoV) _ 40V
Py Py H H

Re =
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10-60 The local heat transfer coefficients at the middle and at the bottom of a vertical plate undergoing film condensation are
to be determined.

Assumptions 1 Steady operating condition exists. 2 The plate surface has uniform temperature. 3 The flow is laminar.

Properties The properties of water at the saturation temperature of 100°C are hy, = 2257 kJ/kg (Table A-2) and p, = 0.5978
kg/m?® (Table A-9). The properties of liquid water at the film temperature of T; = (Ts + Ts)/2 = 90°C are, from Table A-9,

p1 = 965.3 kg/m? Coi = 4206 J/kg-K
 =0.315 x 10 kg/m-s ki =0.675 W/m-K
vi=w !l p=0.326 x 10 m?/s
Analysis The modified latent heat of vaporization is
hfy =hey +0.68¢ 5 (Tey —Ts)
= 2257 x10° + 0.68(4206)(100 — 80)
= 2314 x10° J/kg

The local heat transfer coefficient can be calculated using

4/1| (rsat _Ts)x

[ (9.81)(965.3)(965.3 - 0.5978)(2314x 10°)(0.675)° |
4(0.315x1072)(100 — 80)x

T
[gﬂ (o1 = py)higk; ]
h, =

1 1/4
= 4008(—} W/m? - K
X
The local heat transfer coefficient at the middle of the plate (x = 0.1 m) is

L
X

1

1/4 1/4
h, = 4008( j W/m? . K = 4008(aj W/m? . K = 7130 W/m? - K

The local heat transfer coefficient at the bottom of the plate (x = 0.2 m) is

1 1/4 1 1/4
h, = 4008(—] W/m? K = 4008(5) W/m? . K = 5990 W/m? - K
X .

Discussion The assumption that the flow is laminar is verified to be appropriate:

3
Re = 2000 (ki) _ 4(9.81)(965.3)° ( 0.675j3 176 <1800
3u? (hel ) 3(0.315x107%)? ( 5990
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10-61 The necessary surface temperature of the plate used to condensate saturated water vapor at a desired condensation rate
is to be determined.

Assumptions 1 Steady operating condition exists. 2 The plate surface has uniform temperature. 3 The film temperature is
90°C.

Properties Based on the problem statement, we take film temperature to be T; = (Tg + Ts)/2 = 90°C and the surface
temperature to be T, = 80°C. The properties of liquid water at the film temperature of T; = 90°C are, from Table A-9,

p1 = 965.3 kg/m? Coi = 4206 J/kg-K
= 0.315 x 10~ kg/m-s k = 0.675 W/m-K
vi=w !l p=0.326 x 10° m?/s

The properties of water at the saturation temperature of T = 100°C are hyy = 2257 k/kg (Table A-2) and p, = 0.5978 kg/m?
(Table A-9).

Analysis The calculation of the modified latent heat of vaporization requires the knowledge of the T.. Hence, we assume T, =
80°C, and iterate the solution, if necessary, until good agreement with the calculated value of T, is achieved:

h?g = hfg + 0'68Cpl(rsat _Ts)
= 2257 x10° + 0.68(4206)(100 — 80)
= 2314 x10° J/kg

The Reynolds number is

4m 4(0.016 kg/s)

= =406.3
Py (0.5m)(0.315x1072 kg/m-s)

Re =

which is between 30 and 1800, and thus the flow is wavy-laminar. The heat transfer coefficient is

1/3
hoh _ Rek, g9
Ve T 0gRel22-5.2 | v?

1.08(406.3)1%2 5.2 | (0.326x107® m?/s)?
= 7558 W/m? - K

1/3
_ (406.3)(0.675 W/m- K) [ 9.81m/s? }

Hence, the surface temperature can be calculated using

hA (Teg —Ts) = mhfg - Ty =Teat _E
3
T, =100°C - (0.016 kg/s)(2314 x10° J/kg) _ 80.4°C

(7558 W/m? - K)(0.5 m)?

Discussion The assumed T = 80°C and T; = 90°C are good, thus the solution does not require iteration.
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10-52

10-62 Saturated ammonia at a saturation temperature of T, = 30°C condenses on vertical plates which are maintained at 10°
C. The average heat transfer coefficient and the rate of condensation of ammonia 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 ammonia at the saturation temperature of 30°C are h¢; = 1144x10°% J/kg and p, = 9.055 kg/m®.
The properties of liquid ammonia at the film temperature of T; = (T, +T;)/2=(30 + 10)/2 = 20°C are (Table A-11),

p, =610.2kg/m?®
1, =1.519x10*kg/m-s

Vi = | pp = 2.489x1077 m?/s 25cm Ammonia
¢,y = 4745J/kg-°C 0°C
k, =0.4927 W/m-°C
Analysis The modified latent heat of vaporization is
. 10 cm
=1144x10% J/kg +0.68x 4745 J/kg - °C(30 —10)°C
=1209x10° J/kg
Assuming wavy-laminar flow, the Reynolds number is determined from
1/3 0.820
3.70Lk -T
Re = Rever‘[ical,wavy =|4.81+ I (riat :) [%J
H hfg 4]
0.82
o o 2 1/3
_las1s 3.70x(0.1m)x (40.4927 W/m-°C)x (30-10)°C 9.8 m7/s — 3070
(1.519x10~* kg/m-s)(1209x10° J/kg) (2.489%x107" m“/s)

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

1/3
h=h . = Re—kl i
vertical,wavy 1.08 Rel?2_52 V|2

_ 307x(0.4927 W/m.oc)[ 9.8 m/s? J”S 032 WIM? .G
1.08(307)1%% 5.2 | (2.489x107" m?/s)?
The total heat transfer surface area of the plates is
A, =W x L =30(0.25m)(0.10m) = 0.75m?
Then the rate of heat transfer during this condensation process becomes
Q =hA (T, —Ts) = (7032 W/m? -°C)(0.75 m?)(30—-10)°C = 105,480 W
(b) The rate of condensation of steam is determined from

r - Q _ 10548005 4 he7okgrs

NSO e 1209x10° kg

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




10-53

10-63 Saturated steam at atmospheric pressure thus at a saturation temperature of Tg, = 100°C condenses on a vertical plate
which is maintained at 90°C by circulating cooling water through the other side. The rate of heat transfer to the plate and the
rate of condensation of steam 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°C are hyy = 2257x10% J/kg and p, = 0.60 kg/m°. The
properties of liquid water at the film temperature of T; = (T, +T,)/2= (100 + 90)/2 = 95°C are (Table A-9),

Py =961.5kg/m®

4y =0.297x10 3 kg/m-s

vi = | p; =0.309x10"° m?/s
Cp =4212J/kg-°C

k, =0.677 W/m-°C

1 atm
Steam

8m

e e e e e

3m
Analysis The modified latent heat of vaporization is

h?g = hfg +0'680pl (Tsat _Ts)
= 2257 x10% J/kg +0.68x 4212 J/kg - °C(100 —90)°C = 2,286x10° J/kg

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

1/3770-820

3.70LK (T —Ts) [ g
Re:R(':'ver(ical,wavy: 4.81+ I iat : [_ZJ
,ulhfg 4]
1/3770-820
3.70x (3m)x (0.677 W/m-°C) x (100 — 90)°C 9.81m/s?
=|4.81+ 3 3 I YRY =1113
(0.297 x107° kg/m - 5)(2286 x 10° J/kg) (0.309x107° m“ /s)

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

1/3
Rk (g
vertical wavy 1.08Re!?2_52 V|2

~ 1113x(0.677 W/m-°C) 9.81m/s?
1.08(1113)*%2 5.2 { (0.309x10°® m?/s)?

1/3
J =6279 W/m? -°C

The heat transfer surface area of the plate is

A =W x L=(3m)@8m)=24m?
Then the rate of heat transfer during this condensation process becomes

Q=hA (T, —T,) = (6279 W/m? - °C)(24 m?)(100 — 90)°C =1,506,960 W = 1507 KW
(b) The rate of condensation of steam is determined from

. ) 1506960 /s
Meondensaton = Q =——————=0.659 kg/s

hj,  2286x10° Jikg
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10-64 Saturated steam at a saturation temperature of Tg, = 100°C condenses on a plate which is tilted 60° from the vertical
and maintained at 90°C by circulating cooling water through the other side. The rate of heat transfer to the plate and the rate
of condensation of the steam 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°C are h¢y = 2257x10% J/kg and p, = 0.60 kg/m°. The
properties of liquid water at the film temperature of T; = (T, +T,)/2= (100 + 90)/2 = 95°C are (Table A-9),

Py =961.5kg/m?
4y =0.297x10 3 kg/m-s
vi =1 | p; =0.309x10°m?/s
Cp =4212J/kg-°C
k, =0.677 W/m-°C
Analysis The modified latent heat of vaporization is
hig =hgg +0.68C (Te —Ts)
= 2257 x103 J/kg +0.68x 4212 J/kg - °C(100 —90)°C
= 2,286x10° J/kg

Assuming wavy-laminar flow, the Reynolds number is determined from the vertical plate
relation by replacing g by gcosé@ where 6 = 60° to be

0.820

1/3
3.70Lk, (Tg; —T.) [ gcos60
Re = Re e ay =| 481+ 1 Usat = 1 [g J

* 2
h fg Vi

1/3 0.82
3.70><(3m)x(0.677W/m-°C)><(100—90)°C[ (9.81m/s?) cos 60 j _ 9208

=|481+

(0.297 x1073 kg/m -5)(2286 x10° J/kg) | (0.309x107° m? /s)?

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=h, = Re o
tilted wavy 4 ngRel22_5 2 vi

_ 9208 (0.677 W/m-°C) [ (9.81m/s2) cos 60 Jm 108 Wi .oC
1.08(920.8)122 —5.2 | (0.309x107® m?/s)?
The heat transfer surface area of the plate is
A, =W xL=(3m)@8m)=24m?.
Then the rate of heat transfer during this condensation process becomes
Q=hA (T, —T,) = (5198 W/m? - °C)(24 m?)(100 — 90)°C =1,247,520 W = 1248 kKW
(b) The rate of condensation of steam is determined from

i _ Q  1247,520J/s —0.546 kgls

NGENSEON Y, 2286x10° Jkg
Discussion Using the heat transfer coefficient determined in the previous problem for the vertical plate, we could also
determine the heat transfer coefficient from h, qineq = hyer(C0s 0)'* . It would give 5280 W/m?.°C, which is 1.6% different
than the value determined above.
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10-65 Saturated steam at a saturation temperature of Tg, = 100°C condenses on a plate which is tilted 40° from the vertical
and maintained at 80°C by circulating cooling water through the other side. The rate of heat transfer to the plate and the rate
of condensation of the steam 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°C are h¢y = 2257x10% J/kg and p, = 0.60 kg/m°. The
properties of liquid water at the film temperature of T; = (T, +T,)/2= (100 + 80)/2 = 90°C are (Table A-9),

p) =965.3kg/m?

4y =0.315x10%kg/m-s

vi = | p; =0.326x10"°m?/s
Cp =4206J/kg-°C

k, =0.675 W/m-°C

Condensate

Inclined 2m
Analysis The modified latent heat of vaporization is plate

* 80°C
hfg = h fg +0680 p| (Tsat _TS)
= 2257 x10% J/kg +0.68x 4206 J/kg - °C(100 —80)°C = 2,314x10° J/kg
Assuming wavy-laminar flow, the Reynolds number is determined from the vertical plate relation by replacing g by g cos @
where 6= 40° to be

0.820

Re = Retilted,wavy = 481+

1/3
3.70Lk, (Toy —To) [g cos @
* 2

#lhfg 4]
1/37082
3.70x (2m) x (0.675 W/m-°C) x (100 —80)°C (  (9.81m/s?)cos 40
=481+ 3 3 NI, =1197
(0.315%x107° kg/m -s)(2314 x10° J/kg) (0.326 x10™> m“ /s)

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
heh. _ Rek, gcosé
tilted wavy 1.08 Rel'zz— 59 V|2

1197 % (0.675 W/m-°C)(  (9.81m/s?) cos 40
1.08(1197)*%2 —52 | (0.326x107° m?/s)?

1/3
J =5440 W/m?.°C
The heat transfer surface area of the plate is:
A=wxL=(2m)2m)=4m?.
Then the rate of heat transfer during this condensation process becomes
Q=hA(T,, —T;) = (5440 W/m? - °C)(4 m?)(100 — 80)°C = 435,200 W

(b) The rate of condensation of steam is determined from

: Q 435200/

i o2 29dIS () 188 kyls
NGNS Y, 2314x10° kg

Discussion We could also determine the heat transfer coefficient from b, ineq = hyer (COS 6)Y%.
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3
10-66 Prob. 10-65 is reconsidered. The effects of plate temperature and the angle of the plate from the vertical on the
average heat transfer coefficient and the rate at which the condensate drips off are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

T _sat=100 [C]

L=2 [m]

theta=40 [degrees]
T_s=80 [C]

"PROPERTIES"

Fluid$='steam_IAPWS'

T _f=1/2%(T_sat+T_s)
P_sat=pressure(Fluid$, T=T_sat, x=1)
rho_l=density(Fluid$, T=T_f, x=0)
mu_I=Viscosity(Fluid$, T=T_f, x=0)
nu_l=mu_l/rho_|

c_|=CP(Fluid$, T=T_f, x=0)*Convert(kJ/kg-C, J/kg-C)
k_I=Conductivity(Fluid$, T=T_f, P=P_sat+1)
h_f=enthalpy(Fluid$, T=T_sat, x=0)
h_g=enthalpy(Fluid$, T=T_sat, x=1)
h_fg=(h_g-h_f)*Convert(kJ/kg, J/kg)

0=9.8 [m/s"2]

"ANALYSIS"

"(a)"

h_fg_star=h_fg+0.68*c_I*(T_sat-T_s)
Re=(4.81+(3.7*L*k_I*(T_sat-T_s))/(mu_I*h_fg_star)*((g*Cos(theta))/nu_I"2)"(1/3))"0.820
h=(Re*k_I)/(1.08*Re"1.22-5.2)*((g*Cos(theta))/nu_I1"2)"(1/3)

Q_dot=h*A*(T_sat-T_s)

A=L"2

"(b)"

m_dot_cond=Q_dot/h_fg_star

Ts h Meond 6500 : : : : : 0.45
[C] [W/mZ.C] [ka/s]

40 | 4073 0.4027 04
425 4132 0.3926 6000

45 | 4101 0.3821

475 | 4253 0.3712 0.35

50 | 4317 0.3599 — —
525 | 4384 0.3482 Q 5500 0.3 %
55 4453 0.3361 NE R
575 | 4526 0.3236 £ =
60 | 4602 03106 | = £900 025 T
625 | 4682 0.2971 = S
65 | 4767 0.2832 0o ‘E
675 | 4857 0.2688

70 | 4954 0.2538 4500

725 | 5059 0.2383 0.15

75 | 5174 0.2222

775 | 5300 0.2055
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10-67 Saturated steam condenses outside of vertical tube. The rate of heat transfer to the coolant, the rate of condensation and
the thickness of the condensate layer at the bottom 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 wavy-laminar over the entire tube (this assumption will be verified). 5 Nusselt’s analysis can be used
to determine the thickness of the condensate film layer. 6 The density of vapor is much smaller than the density of liquid,

Py << pr-

Properties The properties of water at the saturation temperature of 30°C are hg = 2431x10°% J/kg and p, = 0.03 kg/m°. The
properties of liquid water at the film temperature of T; = (T, +T,)/2 = (30 + 20)/2 = 25°C are (Table A-9),

Py =997.0kg/m?
/D=4cm\

1y =0.891x103kg/m-s
Steam
vi = | p; =0.894x10°m?/s 30°C
Cp =4180J/kg-°C
k; =0.607 W/m-°C Condensate L=2m
Analysis (a) The modified latent heat of vaporization is 20°C

hig =gy +0.68C, (T —T) ____/

= 2431x10° J/kg +0.68x 4180 J/kg - °C(30 — 20)°C = 2459x10° J/kg

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

1/370820
3.70Lk -T
Re = Reyerical wavy =| 4-81+ '(rjat s)[%}
0.82
.0 _ o 2 1/3
_ 4l81+3.70><(2m)><(§).607W/m C)x(3(3) 20)°C Q'Bmés _ s
(0.891x107° kg/m-s)(2459x10° J/kg) | (0.894x10™ m*“ /s)

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

1/3
h=h . = Re—kl i
vertical,wavy 1.08 Rel?2_52 V|2

_ 157.3x(0.607 W/m.-°C) [ 9.8m/s?

1/3
— —— = 4302 W/m? -°C
1.08(157.3)*?2-5.2 | (0.894x107% m?/s)

The heat transfer surface area of the tube is A, = DL = 7(0.04 m)(2 m) = 0.2513 m? . Then the rate of heat transfer during
this condensation process becomes

Q =hA (T, —Ts) = (4302 W/m? -°C)(0.2513m?)(30 — 20)°C = 10,811 W
(b) The rate of condensation of steam is determined from

. Q  10811J/s

M == _4.40x10°% kg/s
condensaton h s 2459 ><103 J/kg

(c) Combining equations &, =k, /h; and h=(4/3)h_, the thickness of the liquid film at the bottom of the tube is
determined to be
_ 4k, _ 4(0.607 W/m-°C)

- > =0.188x10° m=0.2mm
3h  3(4302 W/m? -°C)

L

Discussion The assumption of wavy laminar flow is verified since Reynolds number is between 30 and 1800. The assumption
that the tube diameter is large relative to the thickness of the liquid film at the bottom of the tube is verified since the
thickness of the liquid film is 0.2 mm, which is much smaller than the diameter of the tube (4 cm).
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10-68 The rate of condensation and the heat transfer rate for a vertical pipe, with specified surface temperature, are to be
determined.

Assumptions 1 Steady operating condition exists. 2 The surface has uniform temperature. 3 The pipe can be treated as a
vertical plate. 4 The condensate flow is wavy-laminar over the entire tube (this assumption will be verified). 5 Nusselt’s
analysis can be used to determine the thickness of the condensate film layer. 6 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°C are hy = 2257 kJ/kg (Table A-2) and p, = 0.5978
kg/m?® (Table A-9). The properties of liquid water at the film temperature of T; = (Ts + Ts)/2 = 90°C are, from Table A-9,

p1 = 965.3 kg/m?® Coi = 4206 J/kg-K
 =0.315 x 10 kg/m-s ky = 0.675 W/m-K
vi=w !l p=0.326 x 10° m?/s
Analysis The modified latent heat of vaporization is
hiy =hg +0.68¢ 5 (Tee —Ts)
= 2257 x10° + 0.68(4206)(100 — 80)
= 2314 x10° J/kg

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

I 1/3 0.820
3.70LK, (Toy —T
ReVeI‘t, wavy =|4.81+ | (TSat 5) [ g

2

i H h?g Vi
r 13 0.820
_| 481, _3-70)(0.675)(100 - 80) 9.81 _720.7
(0.315x107%)(2314 x10%) | (0.326 x107%)?

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

1/3 1/3
- ~ Rek, 9| _ (729.7)(0.675 W/m-K) 9.81m/s?
verway 1 08Ret22-5.2 1.08(729.7)+%2 5.2 | (0.326 x107® m?/s)?

=6633 W/m? - K

Vv |2

Then the rate of heat transfer during this condensation process becomes
Q = ﬂDLh(Tsat _Ts)
= 7(0.1m)(1m)(6633 W/m? - K)(100 — 80) K
=4.168x10* W
The rate of condensation of steam is determined from

: Q _ 4168x10* W

hi, 2314x10° Jkg

mcondensatbn -

Discussion Combining equations &, =k, /h,_ and h = (4/3)h_, the thickness of the liquid film at the bottom of the tube is
determined to be

5, =2 _ AOLTSWIMK) _ 136 mm << 100 mm
3h 3(6633 W/nE - K)

Since d, << D, the pipe can be treated as a vertical plate.
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10-69 Saturated steam at a saturation temperature of Tg, = 55°C condenses on the outer surface of a vertical tube which is
maintained at 45°C. The required tube length to condense steam at a rate of 10 kg/h is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The tube is isothermal. 3 The vertical tube can be treated as a vertical
plate. 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 55°C are hg = 2371x10% J/kg and p, = 0.1045 kg/m®. The
properties of liquid water at the film temperature of T; = (T, +T,)/2 = (55 + 45)/2 = 50°C are (Table A-9),

P, =988.1kg/m?

1y =0.547x10 " kg/m-s m

6.2 ‘ Steam
Vi = H /p| =0.554x10"m /S 550C
Cp =4181J/kg-°C
k, =0.644 W/m-°C Condensate Ligbe = ?
Analysis The modified latent heat of vaporization is 45°C

h:g = hfg +0-68Cpl (Tat = T5) v

=2371x10% J/kg +0.68x 4181 J/kg - °C(55 — 45)°C = 2399x10° J/kg
The Reynolds number is determined from its definition to be

4 4(10/ 3600 kg/s)

Re= = 3
Pty 7(0.03m)(0.547%x107° kg/m-s)

=2155

which is between 30 and 1800. Therefore the condensate flow is wavy laminar, and the condensation heat transfer coefficient
is determined from

1/3
h = hyeni |
vertical,wavy 1.08 Rel'22—5 2 V|2

~ 215.5x(0.644 W/m-°C) 9.8m/s?
1.08(215.5)1%2-5.2 | (0.554x107® m?/s)?

1/3
} =5644 W/m? -°C
The rate of heat transfer during this condensation process is
Q =rih}, =(10/3600 kg/s)(2399 x10° J/kg) = 6,664 W
Heat transfer can also be expressed as
Q = hA(Tey — T,) = h(zDL)(Tey —T;)
Then the required length of the tube becomes

~ Q - 6664 W 10
h(ZD)(Tex —Ts) (5844 W/m? -°C)z(0.03m)(55—45)°C

Discussion Combining equations &, =k; /h; and h=(4/3)h_, the thickness of the liquid film at the bottom of the tube is
determined to be

m . o
5 =2 0LAWIMC) _ 1474107 m=0.15mm
3h  3(5844 W/ -°C)

The assumption that the tube diameter is large relative to the thickness of the liquid film at the bottom of the tube is verified
since the thickness of the liquid film is 0.15 mm, which is much smaller than the diameter of the tube (3 cm). Also, the
assumption of wavy laminar flow is verified since Reynolds number is between 30 and 1800.
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10-70 Saturated steam at a saturation temperature of Ty = 55°C condenses on the outer surface of a horizontal tube which is
maintained at 45°C. The required tube length to condense steam at a rate of 10 kg/h is to be determined.

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

Properties The properties of water at the saturation temperature of 55°C are hgy = 2371x10% J/kg and p, = 0.1045 kg/m°. The
properties of liquid water at the film temperature of T; = (T, +T)/2 = (55 + 45)/2 = 50°C are (Table A-9),

Py =988.1kg/m? Steam e
1y =0.547x103kg/m-s | 55°C
- Coolin
v, = | p; =0.554x10°m?/s o g _
C, =4181J/kg-°C Liube =
k, = 0.644 W/m.°C

Analysis The modified latent heat of vaporization is l l l l l
h:g =h fg +0.68c pl (Tsat _Ts) Condensate

= 2371x10% J/kg +0.68x 4181 J/kg - °C(55 — 45)°C = 2399x10° J/kg

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

« 3l/4
9o (pl _pv)hfgkl
Hy (T =T5)D

h= hhorizontal = 0'729l:

1/4
(9.8 m/s%)(988.1kg/m?*)(988.1—0.10 kg/m*)(2399 x10* J/kg)(0.644 W/m-°C)3
(0.547 x10° kg/m -s)(55 — 45)°C(0.03m)

= 0.729{

=10135 W/m?.°C
The rate of heat transfer during this condensation process is
Q =iy, =(10/3600 kg/s)(2399 x10° J/kg) = 6,664 W
Heat transfer can also be expressed as
Q = hA(Tey — T,) = h(zDL)(Tey —T;)
Then the required length of the tube becomes

0 6664 W

= = > =0.70m
h(7D)(Tee —Ts) (10,135 W/m? -°C)z(0.03 m)(55—45)°C
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10-71 Saturated vapor condenses on the outer surface of a 1.5-m-long vertical tube at 60°C that is maintained with a surface
temperature of 40°C. The rate of heat transfer to the tube and the required tube diameter to condense 12 kg/h of steam are to
be determined.

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

Properties The properties of water at the saturation temperature of 60°C are hy = 2359 x 10° J/kg and p, = 0.1304 kg/m®
(Table A-9). The properties of liquid water at the film temperature of Ty = (Tey + T,)/2 = (60 + 40)/2 = 50°C are (Table A-9)

P, =988.1kg/m?
1y =0.547 x10 3 kg/m - s
vi = | py =0554x10°m?/s 0
Cp =4181J/kg- K
k; =0.644 W/m- K
Analysis The modified latent heat of vaporization is
hy =hiy +0.68¢, (Te —Ts) = 2359x10° J/kg +0.68(4181J/kg - K)(60 — 40) K = 2.4159x10° J/kg

Assuming wavy-laminar flow, the Reynolds number is determined from
0.820

1/3
3.70LK (Te: = TS) [ g
Re= Revertical,wavy =[4.81+ ! iat > [_

2
Hi hfg Vi
0.820

1/3
J =454.73

_| 481, (37015 M)(0.644 W/m- K)(60 - 40) K ( 9.81m/s?

(0.547 x1072 kg/m - 5)(2.4159 x 10° J/kg) | (0.554 x10°® m?/s)?

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

1/3
h=Nyer T mrribed
vertical wavy 1.08Rel?2_52 V|2

_ (454.73)(0.644 W/m- K) { 9.81m/s?

1/3
— ——— =4937.5 W/m? - K
1.08(454.73)1%2 —5.2 | (0.554x107 m?/s)

The rate of heat transfer to the tube during this condensation process is

Q=rhj, = (12/3600 ky/s)(2.4159 x10° J/kg) = 8053 W

Heat transfer can also be expressed as
Q = hA(Tey ~ T,) = h(7DL)(Toz —Ts)
Then the required diameter of the tube becomes
B Q B 8053 W
h(zL)(Te —Ts)  (4937.5 W/n? - K) (1.5 m)(60 — 40) K
To verify the assumption that vertical tube can be treated as a vertical plate (D >> &), calculate 3 from
&= (4k,)/3h = 4(0.664 W/m-K)/(3) (4937.5 W/nf - K) =1.79x10* m<< D =0.0173m
Thus our assumption of D >> § is verified.
Discussion With diameter known, the Reynolds number can also be verified to be wavy- laminar flow
am 4(12/3600 kg/s)
Dy 7(0.0173m)(0.547 x10 2kg/m-s)

Note that the Re value obtained based on equation 10-27 will not exactly match the above calculated value of Re since
equation 10-27 is based on experimental data and several approximations. However, the two values are very close (within
2%).

=0.0173m

Re= — 448
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10-72 Repeat Prob.10-71 for a horizontal tube. Saturated vapor condenses on the outer surface of a 1.5-m-long horizontal
tube at 60°C that is maintained with a surface temperature of 40°C. The rate of heat transfer to the tube and the required tube
diameter to condense 12 kg/h of steam are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Isothermal tube surface.

Properties The properties of water at the saturation temperature of 60°C are hg = 2359 x 10° J/kg and p, = 0.1304 kg/m?
(Table A-9). The properties of liquid water at the film temperature of Ty = (Tey + Ts)/2 = (60 + 40)/2 = 50°C are (Table A-9)

Py =988.1kg/m*

1y =0.547 x10 3 kg/m - s

v = u | p, =0.554x10"°m?/s
Cp =4181J/kg- K

k; =0.644 W/m- K

Analysis The modified latent heat of vaporization is
h?g = hfg + 0'68Cpl (Tsae = Ts)
=2359x10° J/kg + 0.68(4181J/kg - K)(60 — 40) K = 2.4159x10° J/kg
The rate of heat transfer to the tube during this condensation process is

Q=rhhy, = (12/3600 kg/s)(2.4159 x10° J/kg) = 8053 W
Heat transfer can also be expressed as
- Q
=h ~T)=h(zDL)(Ty, —-T > h=—— =
Q A (Tsat s ) (zDL)( sat s ) (zD L)(Tsat T, )

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

«  gl4 .
gp|(p|—pv)hfgk|} B Q

h = thI’iZ = 0729 e ——
H (Tsat =T )D (#D L)(Tsat - Ts)

Solving for the required tube diameter,

-4/3

H (Tsat - Ts)

_ {0 799715 M)(60 ~ 40)K

* 1/4
D=.0.729 (ﬂ'L)(Tsat _TS)|:gpI (pl _pv)hfgkls:l

8053J/s
-413

1/4
.| (981 m/s®)(988.1kg/m?>)(988.1— 0.1304)kg/m*(2.4159 x10° J/kg)(0.644 W/m- K)?
(0.547 x103kg/m - s)(60 — 40)K

=0.00694 m

Discussion When placed vertically, the required tube diameter is about 2.5 times larger than that of a horizontal tube. Due to
the higher heat transfer coefficient for a horizontal tube, in comparison with a vertical tube, the horizontal tube requires a
smaller diameter for the same length to achieve the same rate of condensation.
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10-73 Saturated ammonia vapor at a saturation temperature of T, = 10°C condenses on the outer surface of a horizontal tube
which is maintained at -10°C. The rate of heat transfer from the ammonia and the rate of condensation of ammonia are to be
determined.

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

Properties The properties of ammonia at the saturation temperature of 10°C are h¢y = 1226x10° J/kg and p, = 4.870 kg/m®
(Table A-11). The properties of liquid ammonia at the film temperature of T; = (T, +T,)/2=(10 + (-10))/2 = 0°C are

(Table A-11),

P, =638.6 kg/m® Aqgrl%nia 10°C
1y =1.896x10"*kg/m-s
v, =0.2969x10 °m?/s Dube = 4 CM
Cp1 = 4617 J/kg-°C Lupe =15 m
k, =0.5390 W/m-°C
Analysis The modified latent heat of vaporization is l l l l l

. Condensate
hfg = hfg +068Cp| (Tsat _TS)

=1226x10° J/kg +0.68x 4617 J/kg - °C[10 — (—10)]°C = 1288x10° J/kg

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

« g4
901 (1 - PNk, }

h=hy,: =0.729
horizontal l: 4, (Tsat —TS)D

1/4
(9.81m/s?)(638.6 kg/m*)(638.6 — 4.870 kg/m*)(1288x10° J/kg)(0.5390 W/m.-°C)?
(1.896 x10~* kg/m-s)[10 — (~10)]°C(0.02m)

= 0.729{

= 7390 W/m?.°C
The heat transfer surface area of the tube is
A, = 7DL = 7(0.04 m)(15 m) =1.885m?
Then the rate of heat transfer during this condensation process becomes
Q =hA (Tg, —Ts) = (7390 W/m? .°C)(1.885 m?)[10 — (—10)]°C = 278,600 W
(b) The rate of condensation of ammonia is determined from

. Q  278,600J/s

m on = —=—————=0.216kg/s
condensaton hfg 1288)(103 J/kg
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10-74 F’é A spherical tank containing cold fluid is causing condensation of moist air on the outer surface. The rate of
moisture condensation is to be determined whether or not risk of electrical hazard exists.

Assumptions 1 Steady operating conditions exist. 2 Isothermal tank surface. 3 Film condensation occurs on the tank surface.

Properties The properties of water at the saturation temperature of 25°C are hgy = 2442 x 10° J/kg and p, = 0.0231 kg/m?

(Table A-9). The properties of liquid water at the film temperature of T; = (T + Ts)/2 = (25 + 5)/2 = 15°C are (Table A-9)
Py =999.1kg/m?®
1 =1.138x10%kg/m - s
v = | py =1.139x10°m?/s
Cp =4185J/kg- K
k; =0.589 W/m- K

Analysis The modified latent heat of vaporization is
hty =gy +0.68¢, (Te —Ts)
= 2442 x10° J/kg + 0.68(4185 J/kg - K)(25 —5) K = 2.4989 x10° J/kg
The film condensation heat transfer coefficient for a sphere is determined from

«  gl4
9o (o1 — PNk
H (Tsat_Ts)D

1/4
(9.81m/s%)(999.1kg/m?3)(999.1 - 0.0231)kg/m? (2.4989 x10° J/kg)(0.589 W/m- K)?
(1.138 x10 % kg/m - s)(25 — 5)K (3 m)

h = hhoriz = 0815[

= 0.815{

=2384.1W/m? - K

Thus, the rate of film condensation is

_ g _ h(”Dz)(Tsat -Ts)

h§g h’;g
2 2000 _
_ (2384.1W/m K)ﬂ(g m)®(25-5)K _ 0.5395 kgs > 0.5 kgs
2.4989x10° J/kg

Discussion The rate of condensation from the tank surface is greater than the capability of the system in removing the
condensate. Thus, there is a risk of excess condensate coming in contact with the high voltage device and cause electrical
hazard. To prevent electrical hazard, the preventive system should be capable of removing more than 0.54 kg/s of condensate.
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10-75 There is film condensation on the outer surfaces of N horizontal tubes arranged in a vertical tier. The value of N for
which the average heat transfer coefficient for the entire tier be equal to half of the value for a single horizontal tube is to be
determined.

Assumptions Steady operating conditions exist.

Analysis The relation between the heat transfer coefficients for the two cases is given to be v v
h _ hhorizontalltube :
horizontal N tubes — 1/4
" O
y y
Therefore,
hhorizontal N tubes 1 1 O

:E:W—) N =16 1 1

hhorizontalltube
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10-76 Saturated steam at a saturation temperature of T, = 50°C condenses on the outer surfaces of a tube bank with 33 tubes
in each column maintained at 20°C. The average heat transfer coefficient and the rate of condensation of steam on the tubes
are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The tubes are isothermal.
Properties The properties of water at the saturation temperature of 50°C are hgy = 2383x10°% J/kg and p, = 0.0831 kg/m°. The
properties of liquid water at the film temperature of T; = (T, +T,)/2 = (50 + 20)/2 = 35°C are (Table A-9),

P =994.0kg/m?

t

41y =0.720x10 " kg/m - g’oiacm

v = u | py =0.724x10"°m?/s 20°CT N
Cpl = 4178 J/kg-°C

k, =0.623 W/m-°C l

Analysis (a) The modified latent heat of vaporization is l l l 33 tubes in

* a column

htg =hgg +0.68C 5 (Tey —Ts) Condensate
— 2383x10° J/kg +0.68x 4178 J/kg - °C(50 — 20)°C flow

= 2468x10° J/kg

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

« g4
go1 (p1 — py )Nk }

h=h,. =0.729
horizontal l: 4, (Tsat —TS)D

1/4
(9.8 m/s?)(994 kg/m?>)(994 — 0.08 kg/m*)(2468 x10° J/kg)(0.623 W/m.°C)?
(0.720x10~2 kg/m-s)(50 — 20)°C(0.015m)

= 0.729{

=8425 W/m? -°C
Then the average heat transfer coefficient for a 33-tube high vertical tier becomes
Nhoriz. N tubes = % Nhoriz 1 tube = % (8425 W/m? -°C) = 3515 W/m? -°C
N 33
The surface area for all 33 tubes per unit length is
A, = N oy 7DL = 337(0.015 m)(1 m) = 1.555m?
Then the rate of heat transfer during this condensation process becomes
Q =hA, (T, —Ts) = (3515 W/m? - °C)(1.555 m?)(50 — 20)°C = 164,000 W
(b) The rate of condensation of steam is determined from

. Q  164,000J/s

m on = —=—"—+———=0.0664kg/s
condensaton hfg 2468><103 J/kg
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10-77 Saturated steam at a pressure of 4.25 kPa and thus at a saturation temperature of T, = 30°C (Table A-9) condenses on
the outer surfaces of 100 horizontal tubes arranged in a 10x10 square array maintained at 20°C by circulating cooling water.
The rate of heat transfer to the cooling water and the rate of condensation of steam on the tubes 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 30°C are hyy = 2431x10° J/kg and p, = 0.03 kg/m®. The
properties of liquid water at the film temperature of

T, =(Toy +T,)/2=(30 + 20)/2 = 25°C are (Table A-9), P=4.25kPa

Py =997.0 kg/m?®

4y =0.891x102kg/m-s

vi = | p; =0.894x10"°m?/s
Cp =4180J/kg-°C

k, =0.607 W/m-°C

n = 100 tubes r 20°C

Cooling
water

00,00000,0600

Analysis (a) The modified latent heat of vaporization is
h:g = hfg +0-680pl (Tsat _Ts)
= 2431x10% J/kg +0.68x 4180 J/kg - °C(30 — 20)°C = 2,459x10° J/kg

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

* 3 1/4
9o (o _pv)hfg ki
iy (Tse —T5)D

/
(9.8 M/s?)(997 kg/m?)(997 — 0.03 kg/m®)(2459 x10° I/kg)(0.607 W/m-°C)® | -
(0.891x10~2 kg/m-s)(30 — 20)°C(0.03m)

h= hhorizontal = szgl:

= 0.729{

= 8674 W/m?.°C
Then the average heat transfer coefficient for a 10-pipe high vertical tier becomes

1 1

hhoriz,N tubes = W hhoriz,ltube = W (8674 W/m2 : OC) =4878 W/mz -°C

The surface area for all 100 tubes is

A = Ng7DL =10072(0.03m)(8 m) = 75.40m?
Then the rate of heat transfer during this condensation process becomes

Q=hA (T, —T;) = (4878 W/m?.°C)(75.40 m?)(30 — 20)°C = 3,678,000 W = 3678 KW
(b) The rate of condensation of steam is determined from

- Q  3,678,000Js
Meondensaton = =—————=1496 kg/s

hj,  2459x10° Jkg
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3
10-78 Prob. 10-77 is reconsidered. The effect of the condenser pressure on the rate of heat transfer and the rate of
condensation of the steam is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
P_sat=4.25 [kPa]
n_tube=100
N=10

L=8 [m]

D=0.03 [m]
T_s=20[C]

"PROPERTIES"

Fluid$='steam_IAPWS'
T_sat=temperature(Fluid$, P=P_sat, x=1)
T f=1/2%(T_sat+T_s)

h_f=enthalpy(Fluid$, T=T_sat, x=0)
h_g=enthalpy(Fluid$, T=T_sat, x=1)
h_fg=(h_g-h_f)*Convert(kJ/kg, J/kg)
rho_v=density(Fluid$, T=T_sat, x=1)
rho_l=density(Fluid$, T=T_f, x=0)
mu_I=Viscosity(Fluid$,T=T _f, x=0)
nu_l=mu_I/rho_|

c_I=CP(Fluid$, T=T_f, x=0)*Convert(kJ/kg-C, J/kg-C)
k_I=Conductivity(Fluid$, T=T_f, P=P_sat+1)
0=9.8 [m/s"2]

"ANALYSIS"

h_fg_star=h_fg+0.68*c_I*(T_sat-T_s)
h_1tube=0.729*((g*rho_I*(rho_l-rho_v)*h_fg_star*k_I"3)/(mu_I*(T_sat-T_s)*D))"0.25
h=1/N"0.25*h_1tube

Q_dot=h*A*(T_sat-T_s)

A=n_tube*pi*D*L

m_dot_cond=Q_dot/h_fg_star

Pt o Meond 1.0x10’ ‘ ‘ ‘ ‘ ‘ ——4.5
[kPa] W] [kg/s] |

3 1834387 | 0.7471 4
4 3374608 | 1.373

5 4495006 | 1.828 8.0<10° 35
6 5397473 | 2.193 f

7 6158471 | 2.501 S 3

8 6820321 | 2.769 =,

9 7408006 | 3006 | .0y g oot 25

10 7937849 3.22
11 8421171 3.415
12 8866242 3.594
13 9279144 3.76 ;
14 9664649 3.916 4.0<10" -
15 10026498 | 4.061

N

Mcond [kg/S]

=
ol

=

. | . | . | . | . | . 05
3 5 7 9 11 13 15

Psat [kPa]
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10-79E Saturated steam at a saturation temperature of Tg = 95°F condenses on the outer surfaces of horizontal pipes which
are maintained at 65°F by circulating cooling water. The rate of heat transfer to the cooling water and the rate of condensation
per unit length of a single horizontal pipe are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The pipe is isothermal. 3 There is no interference between the pipes (no
drip of the condensate from one tube to another).

Properties The properties of water at the saturation temperature of 95°F are hg; = 1040 Btu/lbm and p, = 0.0025 Ibm/ft. The
properties of liquid water at the film temperature of T; = (T, +T,)/2=(95 + 65)/2 = 80°F are (Table A-9E),

py =62.22 1bm/ft?

4 Steam
H =5.764x10 Iom/ft-s=2.0751bm/ft -h 95°F
v = | p; =0.033351 %/h
Cp =0.999 Btu/lbm-°F _a
65°F
k, =0.352 Btu/h-ft -°F
Analysis The modified latent heat of vaporization is l l Condensate

hiy =hyg +0.68¢; (Tus —Ts) flow

=1040 Btu/Ibm+0.68x (0.999 Btu/lbm-°F)(95 — 65)°F
= 1060 Btu/lbm

Noting that we have condensation on a horizontal tube, the heat transfer coefficient is determined from

«  gl4
9o (o1 — py )Nk }

h=h,q, =0.729
o l: H (Tsat _TS)D

1/4
(32.2 /5 2)(62.22 Ibm/ft ®)(62.22 — 0.0025 Ibm/ft *)(1060 Btu/Ibm)(0.352 Btu/h - ft - °F)*
[(1h/36005)2](2.075 Ibm/ft - h)(95 — 65)°F (1/12 )

= 0.729[

=1420 Btu/h-t 2 - °F
The heat transfer surface area of the tube per unit length is
A, =7DL = z(1/12f)(1 ft) =0.2618 1 *
Then the rate of heat transfer during this condensation process becomes
Q=hA (T, —T) = (1420 Btu/h-ft ? - °F)(0.2618 1t ?)(95 — 65)°F =11,150 Btu/h
(b) The rate of condensation of steam is determined from

. Q _ 11150Btu/h

i on=——=—"—"———_=10.5 lom/h
onIENsAen i, 1060 Btu/lbm
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10-80E Saturated steam at a saturation temperature of T, = 95°F condenses on the outer surfaces of 20 horizontal pipes
which are maintained at 65°F by circulating cooling water and arranged in a rectangular array of 4 pipes high and 5 pipes
wide. The rate of heat transfer to the cooling water and the rate of condensation per unit length of the pipes are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The pipes are isothermal.
Properties The properties of water at the saturation temperature of 95°F are hg; = 1040 Btu/lbm and p, = 0.0025 Ibm/ft. The
properties of liquid water at the film temperature of T; = (T, +T,)/2=(95 + 65)/2 = 80°F are (Table A-9E),
py =62.22 1bm/ft?
Steam
1 =5.764x107* Ibm/ft -s = 2.075 Ibm/ft - h 95°F
v = | p; =0.033351 %/h

[e] /\
Cp =0.999 Btu/lbm-°F 65°F
k, =0.352 Btu/h-ft -°F
Analysis The modified latent heat of vaporization is 1 l Condensate l

x flow
hfg = hfg +0680 pl (Tsat _TS)

=1040 Btu/Ibm+0.68x (0.999 Btu/lbm-°F)(95 — 65)°F
= 1060 Btu/lbm

Noting that we have condensation on a horizontal tube, the heat transfer coefficient is determined from

h=h,q, =0.729
o l: H (Tsat _TS)D

«  gl4
9o (o1 — py )Nk }

1/4
(32.2 /5 2)(62.22 Ibm/ft ®)(62.22 — 0.0025 Ibm/ft *)(1060 Btu/Ibm)(0.352 Btu/h - ft - °F)*
[(1h/36005)2](2.075 Ibm/ft - h)(95 — 65)°F (1/12 )

= 0.729[

=1420 Btu/h-ft 2 - °F
Then the average heat transfer coefficient for a 4-pipe high vertical tier becomes

1 1
Nhoriz.N tubes = N Nhoriz 1 tube = i (1420 Btu/h- 1t 2 - °F) =1004 Btu/h - ft 2 - °F

The surface area for all 32 pipes per unit length of the pipes is

A, = Nyo7DL =327(1/12 1)1 ) =8.3781 2
Then the rate of heat transfer during this condensation process becomes

Q=hA (T, —T) = (1004 Btu/h.ft? - °F)(8.378 f 2)(95 — 65)°F = 252,300 Btu/h
(b) The rate of condensation of steam is determined from

, Q _ 252,300 Btu/h

" Y =238 Ibm/h
condensaton h*frg 1060 Btu/lbm
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10-81 Saturated steam at a saturation temperature of Ty, = 100°C condenses on the outer surfaces of a tube bank maintained
at 80°C. The rate of condensation of steam on the tubes are to be determined.

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

Properties The properties of water at the saturation temperature of 100°C are hgy = 2257x10°% J/kg and p, = 0.5978 kg/m®
(Table A-9). The properties of liquid water at the film temperature of T; = (T, +T,)/2 = (100 + 80)/2 = 90°C are (Table A-

9,

Py = 965.3kg/m? Steam
4 =0.315x10"*kg/m-s 80°C™ N\ 100°C
Cp =4206J/kg-°C
k, =0.675 W/m-°C %
Analysis (a) The modified latent heat of vaporization is
* l 1 l 4 x 4 array
hty =hyy +0.68¢ 5 (Te —T) of tubes

3 Condensate
=2357x10" J/kg +0.68x 4206 J/kg - °C(100 —80)°C flow

= 2314 x10° J/kg

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

«  g3l/4
ap (pl _pv)hfgkl
iy (T —T5)D

1/4
(9.8 m/s?)(965.3 kg/m*)(965.3 —0.5978 kg/m*3)(2314 x10° J/kg)(0.675 W/m-°C)?
(0.315%x10~2 kg/m-s)(100 —80)°C(0.05 m)

h= hhorizontal = 0'729l:

= 0.729{

=8736 W/m? -°C
Then the average heat transfer coefficient for a 4-pipe high vertical tier becomes

1 1 o o
hhoriz,N tubes = W hhoriz,ltube = 41T (8736 W/m? - C)=6177 W/n? -°C

The surface area for all 16 tubes is

A, = Ny 7DL =167(0.05m)(2 m) = 5.027 m?
Then the rate of heat transfer during this condensation process becomes

Q =hA (Ty, —T) = (6177 W/m? -°C)(5.027 m?)(100 —80)°C = 621,000 W
The rate of condensation of steam is determined from

: Q _ 621,000J/s

m b= = UIS g 968akgls = 966 kg/h
RIS Ty, 2314x10° kg
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10-82 Saturated water vapor at a pressure of 12.4 kPa condenses on a rectangular array of 100 horizontal tubes at 30°C. The
condensation rate per unit length of is to be determined.

Assumptions 1 Steady operating condition exists. 2 The tube surfaces are isothermal.

Properties The properties of water at the saturation temperature of 50°C corresponding to 12.4 kPa are hyy = 2383 kJ/kg and
py = 0.0831 kg/m® (Table A-9). The properties of liquid water at the film temperature of T; = (T + T)/2 = 40°C are, from
Table A-9,

p1=992.1 kg/m? Coi = 4179 J/kg-K
= 0.653 x 107 kg/m-s k = 0.631 W/m-K
Analysis The modified latent heat of vaporization is
hi =hy +0.68¢, (Tey — Ts)
= 2383x10° +0.68(4179)(50 — 30)
= 2440x10° J/kg

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

. g4
go1 (o1 — py)higk }

hy o =0.729
horiz,1tube I: L (Tsat —TS)D

1/4
(9.81)(992.1)(992.1 - 0.0831)(2440 x 10°)(0.631)
(0.653x1072)(50 — 30)(0.008)

= 0.729‘:

=11,250 W/m? - K
Then the average heat transfer coefficient for a 5-tube high vertical tier becomes

1 1

h= hhoriz,N tubes = W hhoriz,ltube = SlT(lllZSO W/m2 : K) =7523 W/m2 ‘K

The rate of heat transfer per unit length during this condensation process becomes
Q/ L= NtotalﬂDh(Tsat _Ts)
= (100)7(0.008 m)(7523 W/m? - K)(50 — 30) K
=3781x10° W/m
The rate of condensation per unit length is

Meondensaon @/ L 3.781x10° W/m

. 3 =0.155kg/s-m
L h% 2440x10° J/kg

Discussion Therefore, water vapor condenses at a rate of 155 g/s per meter length of the tubes.
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10-83 Saturated water vapor at a pressure of 12.4 kPa condenses on an array of 100 horizontal tubes at 30°C. The
condensation rates for (a) a rectangular array of 5 tubes high and 20 tubes wide and (b) a square array of 10 tubes high and 10
tubes wide are to be determined.

Assumptions 1 Steady operating condition exists. 2 The tube surfaces are isothermal.

Properties The properties of water at the saturation temperature of 50°C corresponding to 12.4 kPa are hyy = 2383 kJ/kg and
py = 0.0831 kg/m® (Table A-9). The properties of liquid water at the film temperature of T; = (T + T)/2 = 40°C are, from
Table A-9,

p1=992.1 kg/m? Coi = 4179 J/kg-K
= 0.653 x 107 kg/m-s k = 0.631 W/m-K
Analysis The modified latent heat of vaporization is
hi =hy +0.68¢ 5 (Tey — Ts)
=2383x10°% +0.68(4179)(50 — 30)
= 2440 x10° J/kg

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

. g4
go1 (o1 — py)higk }

hy o =0.729
horiz,1tube I: L (Tsat —TS)D

1/4
(9.81)(992.1)(992.1 - 0.0831)(2440 x 10°)(0.631)
(0.653x1072)(50 — 30)(0.008)

= 0.729‘:

=11,250 W/m? - K
(a) For a rectangular array, the average heat transfer coefficient for a 5-tube high vertical tier becomes

1 1
h= hhoriz,N tubes = W hhoriz,ltube = SlT(ll,ZSO W/m2 : K) =7523 W/m2 ‘K

The rate of heat transfer during this condensation process becomes
Q = Ny 7DLh(T, —T;) = (100)7(0.008 m)(1m)(7523 W/m? - K)(50 —30) K = 3.781x10°> W
The rate of condensation is

. Q _ 3.781x10° W

=~ - T —0.155kg/s (rectangular array)
hfy  2440x10° J/kg

mcondensatbn -

(b) For a square array, the average heat transfer coefficient for a 10-tube high vertical tier becomes

1 1

h = Dhoriz N tubes = N Phoriz 1 tube = 07" (11,250 W/m? - K) = 6326 W/m? - K

The rate of heat transfer during this condensation process becomes
Q = Nya7DLh(Tg, —T) = (100)7(0.008 m)(1m)(6326 W/m? - K)(50 —30) K = 3180x10°> W
The rate of condensation is

. Q  3.180x10° W

m =—=——"——=0.130kg/s (square array)
hi, 2440x10° J/kg

condensaton

Discussion The condensation rate of the rectangular array tube bank is about 20% higher than that of the square array tube
bank:

Meongensaton (rECtangular) _ 0.155kg/s -11
Meondensaton (SUare) 0.130kg/s
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10-84 Saturated refrigerant-134a vapor is condensed as it is flowing through a tube. With a given vapor flow rate at the
entrance, the flow rate of the vapor at the exit is to be determined.

Assumptions 1 Steady operating condition exists. 2 The tube surfaces are isothermal.

Properties The properties of refrigerant-134a at the saturation temperature of 35°C corresponding to 888 kPa are hgy = 168.2
ki/kg, py = 43.41 kg/m®, and 1, = 1.327 x 10° kg/m-s (Table A-10). The properties of liquid refrigerant-134a at the film
temperature of T; = (Ts + T;)/2 = 25°C are, from Table A-10,

p1 = 1207 kg/m? Coi = 1427 J/kg-K
w=2.012 x 10* kg/m-s k = 0.0833 W/m-K
Analysis The modified latent heat of vaporization for film condensation inside horizontal tube is

* 3
hfg = hfg +§Cplcrsat _Ts)

=168.2x10° +§(1427)(35 -15)

=178.9x10° J/kg
The Reynolds number associated with film condensation inside a horizontal tube is
4m, ;
Revapor — vavD _ v, inlet _ 4(0.003 kg/s)5 — 24,000 < 35,000
By i My 7(0.012 m)(1.327 x 107 kg/m-s)

Hence, the heat transfer coefficient for film condensation inside a horizontal tube can be determined using

ax U4
go1 (o1 — py K hfg
H (rsat _TS)D

(9.81)(1207)(1207 — 43.41)(0.0833)° (178.9 x 103)}”4

h= hintemal = 0'555[

=0.555 -
(2.012x107%)(35-15)(0.012)
=1293W/m? -K

The rate of heat transfer during this condensation process becomes

Q = ﬂDLh(rsat _Ts)
= (0.012 m)(0.25 m)(1293 W/m? - K)(35—15) K
=243.7TW

Then, the rate of condensation can be calculated as

. Q  2437W

m on=—=—"—"— =0.00136 kg/s
condensaton h?g 178.9 ><103 J/kg

Applying the conservation of mass, the flow rate of vapor leaving the tube can be determined as

- My, outlet = My, intet — M

My intet = My, outlet T Meondensaton

M, outiet = 0-003 kg/s —0.00136 kg/s = 0.00164 kg/s

condensaton

Discussion About 45% of the refrigerant-134a vapor that entered the tube is condensed inside it.
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10-85 Saturated ammonia vapor is condensed as it flows through a tube. With a given vapor flow rate at the exit, the flow rate
of the vapor at the inlet is to be determined.

Assumptions 1 Steady operating condition exists. 2 The tube surfaces are isothermal. 3 The Reynolds number of the vapor at
the inlet is less than 35,000 (this assumption will be verified).

Properties The properties of ammonia at the saturation temperature of 25°C corresponding to 1003 kPa are hy; = 1166 kJ/kg,
py = 7.809 kg/m?, and 1, = 1.037 x 10 ° kg/m-s (Table A-11). The properties of liquid ammonia at the film temperature of T; =
(Tsat + Ts)/2 = 15°C are, from Table A-11,

p1 = 617.5 kg/m®

Coi = 4709 J/kg-K

= 1.606 x 10 kg/m-s
ki = 0.5042 W/m-K

Analysis The modified latent heat of vaporization for film condensation inside horizontal tube is

. 3
hfg :hfg +§Cp|(Tsat _Ts)

3
= 1166 x 10° + g(4709)(25 - 5)

=1201x 10° J/kg

Assuming Reyqgor < 35,000 and the heat transfer coefficient for film condensation inside a horizontal tube can be determined
using

ax U4
9o (o1 — py)Ki hig
H (rsat _Ts)D

(9.81)(617.5)(617.5 — 7.809)(0.5042) (1201 x 10°) He
(1.606 x 10~*)(25 — 5)(0.025)

h= hintemal = 0'555[

= 0.555[

=5091W/m? - K
The rate of heat transfer during this condensation process becomes
Q =zDLh (rsat _Ts)

= 7(0.025 m)(0.5 m)(5091 W/m? - K)(25 —5) K
=3998 W

Then, the rate of condensation can be calculated as

: Q  3998W

m =—=—""——  =0.00333kg/s
condensaton h,ng 1201><103 J/kg

Applying the conservation of mass, the flow rate of vapor leaving the tube can be determined as

My intet = My, outlet T Meondensaton

My intet = 0.002 kg/s +0.00333 kg/s = 0.00533 kg/s
Discussion The Reynolds number associated with film condensation inside a horizontal tube is

Re.  —[PWDY) | AWy inier 4(0.00533 kg/s)
U M e Py 2(0.025m)(1.037 x107° kg/m -s)

= 26,200 < 35,000

Thus, the Reyaper < 35,000 assumption is appropriate for this problem.
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10-86 A copper tube transporting cold coolant has a surface temperature of 5°C and condenses moist air at 25°C. The rate of
condensation is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Isothermal tube surface.

Properties The required property of water at the saturation temperature Te, = 25°C is hy = 2442 x 10° J/kg (Table A-9). The
required property of liquid water at the film temperature of Ty = (Tey + Ts)/2 = (25 + 5)/2 = 15°C is ¢y = 4185 J/kg-K (Table
A-9).

Analysis The modified latent heat of vaporization is
hig =Ny +0.68¢ ) (Tey —Ts)
= 2442 x10° J/kg + 0.68(4185 J/kg - K)(25 —5) K = 2.4989 x10° J/kg
The dropwise condensation heat transfer coefficient, for 22°C < T, < 100°C, is determined to be
h = hgropwise = 51104 + 2044T
=51,104 + 2044(25°C) =102,204 W/m?* - K
The rate of heat transfer to the tube during this condensation process is
Q=hA (T ~T,) = h(zDL)(Tee = Ts)
= (102,204 W/m? - K)7(0.025 m)(10 m)(25 - 5) K
=1.6054x10° W
Thus, the rate of condensation is

Q _ 1.6054x10°J/s

= = 5 206424 kg/S
hi, 2.4989x10° J/kg

Discussion The heat transfer rate during the dropwise condensation can be increased by increasing the surface area of the
tube, and thereby increasing the rate of condensation as well.
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10-87 H A copper tube that is used for transporting cold fluid is causing condensation of moist air on its outer surface. The
rate of moisture condensation is to be determined so that a system for removing the condensate can be sized to alleviate the
risk of electrical hazard.

Assumptions 1 Steady operating conditions exist. 2 Isothermal tube surface.

Properties The required property of water at the saturation temperature Te, = 27°C is hy, = 2438 x 10° J/kg (Table A-9). The
required property of liquid water at the film temperature of Ty = (Tey + Ts)/2 = (27 + 3)/2 = 15°C is ¢y = 4185 J/kg-K (Table
A-9).

Analysis Since dropwise condensation can occur, and it will have higher rate of heat transfer and therefore higher
condensation rate than film condensation. The system must be able to handle the dropwise condensation rate.

The modified latent heat of vaporization is
hig =Ny +0.68¢, (Tey —Ts)
=2438x10° J/kg + 0.68(4185 J/kg - K)(27 — 3) K = 2.5063%x10° J/kg
The dropwise condensation heat transfer coefficient, for 22°C < T, < 100°C, is determined to be
h= hdmpwise =51104 + 2044T,,
=51,104 + 2044(27°C) =106,292 W/m?* - K

Moist air, 27°C / Copper tube, 3°C

The rate of heat transfer during the condensation process is @ Y
— (Cold flud )
: P - ——
Q= hAs (Tsat - Ts)
= h(ﬂDL)(Tsat - Ts)
= (106,292 W/m? - K)7(0.025 m)(10 m)(27 - 3) K
=2.0036x10° W

Thus, the rate of dropwise condensation is

Q _ 2.0036x10° Jis

hy, 2.5063x10" J/kg
Discussion In order to alleviate the risk of electrical hazard, the system must be able to remove the condensate at a rate of 0.8
kg/s. Note that dropwise condensation rate are higher than film condensation rate (by 10 times or more), thus a system
capable of removing the condensate at a rate of 0.8 kg/s can also handle the condensate from film condensation.
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10-88 Steam condenses at 60°C on a copper tube that is maintained with a surface temperature of 40°C. The condensation
rates during film condensation and dropwise condensation are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Isothermal tube surface.

Properties The properties of water at the saturation temperature of 60°C are hg = 2359 x 10° J/kg and p, = 0.1304 kg/m?
(Table A-9). The properties of liquid water at the film temperature of Ty = (Tey + T5)/2 = (60 + 40)/2 = 50°C are (Table A-9)

Py =988.1kg/m?®
1y =0.547 x10 3 kg/m - s
VI = H /,D| =0.554 ><10_6 mZ/S
Cp =4181J/kg- K
k, =0.644 W/m- K
Analysis The modified latent heat of vaporization is
h:g = hfg + 0'68(:pl (Tsat _Ts)
=2359x10°% J/kg + 0.68(4181J/kg - K)(60 — 40) K = 2.4159x10° J/kg

(a) The film condensation heat transfer coefficient is determined from

. gL4
9o (o1 — Py )Nk
H (Tsat _Ts)D

hfilm = hhoriz = 0'729[

1/4
(9.81m/s?)(988.1kg/m*)(988.1— 0.1304)kg/m*(2.4159 x 10° J/kg)(0.644 W/m- K)?
(0.547 x10~3kg/m - 5)(60 — 40)K (0.025 m)

= 0.729[

=8937.7 W/m? - K
Thus, the rate of film condensation is
&' _ hfilm (ﬂDL)(Tsat _Ts)
hty hty
(8937.7 W/m? - K)z(0.025 m)(15 m)(60 — 40) K
- 2.4159x10° J/kg

M, =

=0.08717 kg/s

(b) The dropwise condensation heat transfer coefficient, for 22°C < T, < 100°C, is determined from
hdmpwise =51104 + 2044T,,

=51104 + 2044(60°C) =173,744 W/m? - K

Thus, the rate of dropwise condensation is

Q _ Ngropwise (L) (Tsar —Ts)

hy hiy

(173,744 W/m? - K)7(0.025 m)(15 m)(60 — 40) K
2.4159%x10° J/kg

Myropwise =

=1.695 kg/s

Discussion The dropwise condensation rate is 19.4 times greater than that of film condensation. This is because the
convection heat transfer coefficient for dropwise condensation is greater than that of film condensation at the same factor,
hdropwise/hfilm =19.4.

With dropwise condensation, there is no liquid film to impede heat transfer. Therefore, a much higher heat transfer
coefficient can be achieved in dropwise condensation than in film condensation.
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Special Topic: Non-Boiling Two-Phase Flow Heat Transfer

10-89 The flow quality of a non-boiling two-phase flow in a tube with i, /m, =300 is to be determined.

Assumptions 1 Steady operating condition exists. 2 Two-phase flow is non-boiling and it does not involve phase change. 3
Fluid properties are constant.

Analysis The flow quality is given as

_ My
my +my

X =

Hence, the equation can be rearranged as

My Mgy /My B 1

X: - .
m, +m

o (W +mg)/m, m/my +1
Thus, the flow quality is

1
X =
300+1

Discussion The flow quality is a dimensionless parameter.

=0.00332

10-90 The flow quality and the mass flow rates of the gas and the liquid for a non-boiling two-phase flow, where Vy = 3V,
are to be determined.

Assumptions 1 Steady operating condition exists. 2 Two-phase flow is non-boiling and it does not involve phase change. 3
Fluid properties are constant.

Properties The densities of the gas and liquid are given to be pg = 8.5 kg/m® and p, = 855 kg/m?, respectively.

Analysis The mass flow rate of gas can be calculated using

: D?
My = pgvsgAc = pgvsg”T

2
— (8.5kg/m3)(0.8 m/s)ﬁ% — 0.0556kg/s

Then, the mass flow rate of liquid is (with Vg = 3Vg)

: D?
My = Ve A =3pVsgm =~

2
— 3(855 kg/m®)(0.8 m/s)ﬂ% — 16.8kgls

Thus, the flow quality is

_mg  0.0556
my +m,  16.8+0.0556

X =0.00330

Discussion The total mass flow rate of gas and liquid for this two-phase flow is simply

My = My + My =16.8kg/s +0.0556 kg/s =16.86 kg/s
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10-91 The mass flow rate of air and the superficial velocities of air and engine oil for a non-boiling two-phase flow in a tube
are to be determined.

Assumptions 1 Steady operating condition exists. 2 Two-phase flow is non-boiling and it does not involve phase change. 3
Fluid properties are constant.

Properties The densities of air and engine oil at the bulk mean temperature T, = 140°C are pq = 0.8542 kg/m® (Table A-15)
and p, = 816.8 kg/m® (Table A-13), respectively.

Analysis The flow quality is given as

My Mg /My 1

Ty g (M +mg)/mg /g +1

or

ﬂ-}—:l_:l — ﬂ:l__x

mg X m

With known liquid (engine oil) mass flow rate and flow quality, the gas (air) mass flow rate is determined using

X 2.1x1072

m, = m =
9 71-x ' 1-21x1073

(0.9 kg/s) =0.00189 kg/s

From the gas and liquid mass flow rates, the superficial gas and liquid velocities can be calculated:

m 4m
V. = g 9 _ 4(000189 kg/S) — 451m/s

W pgA T paD?  (0.8542 kg/m®)w(0.025 m)>2

m Am 4(0.9 kg/s) 2 95m/s

Vg = - 2 3 2
pA  paD?  (816.8kg/m3)7(0.025m)

sl

Discussion The superficial velocity of air is twice that of the engine oil.
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10-92 Starting with the two-phase non-boiling heat transfer correlation, the expression that is appropriate for the case when
only water is flowing in the tube is to be determined.

Assumptions 1 Steady operating condition exists. 2 Two-phase flow is non-boiling and it does not involve phase change. 3
Fluid properties are constant.

Analysis The two-phase non-boiling heat transfer correlation is given as

01/1_F "/ pr \025 028
hy =hyFp | 1+0.55 —— P e A (i
o 1-x F, Pr, tq

where

2 5
af [Ps Vg =V1)” and  x—_¢

Fo=0-a)+a Etan’ =
a gD (p _pg) m, +mg

For the situation when the air flow is shut off and only water is flowing in the pipe, we have r’hg =0 and a =0. Hence, we
get
F,=01-0)+0=1 and x=0

Thus, the two-phase non-boiling heat transfer correlation becomes

0 0.1 1-1 04/ pr 0.25 0.25 o
htp, a=0 = h| (l) 1+055(mj (Tj (P—SJ ;l_; (I )0 25 _ h| (1) [1+0]= h|

The liquid phase heat transfer coefficient is calculated using:
k 0.14
h, = 0.027 Re/5 P/ (—'J(ﬂJ
D )\ s
where the in situ liquid Reynolds number is
4m, 3 4m, _Am
aVl-ayD 7J1-0yD 7D
Therefore, we have

k 0.14
Nip, a0 =Ny =0.027 Re}!’® P!’ (BIJ (ﬂ]
Hs

RE| =

Discussion When only water is flowing in the tube, the two-phase non-boiling heat transfer correlation is reduced to a familiar
equation for internal forced convection.
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10-93 Air-water slug flows through a 25.4-mm diameter horizontal tube in microgravity condition. Using the non-boiling two-
phase heat transfer correlation, the two-phase heat transfer coefficient (hy) is to be determined
Assumptions 1 Steady operating condition exists. 2 Two-phase flow is non-boiling and it does not involve phase change. 3
Fluid properties are constant.
Properties The properties of water (liquid) are given to be x4 = 85.5x107° kg/m-s, us = 73.9x10° kg/m-s, p; = 997 kg/m?, k, =
0.613 W/m-K, and Pr, = 5.0. The properties of air (gas) are given to be g = 18.5x107° kg/m:-s, pg=1.16 kg/m?, and Pry =
0.71.
Analysis From the superficial gas and liquid velocities, and void fraction, the gas and liquid velocities can be calculated as

Vv

Vg =0 =038 44 s
a 0.27

vy =Y O8AMIS_ 2as s

l-a« 1-0.27

The gas and liquid mass flow rates are calculated as
2 2

MMy = pgVsg A = pgvsg;zDT — (1.16 kg/m®)(0.3 m/s)nm ~1.76x10~ kg/s

D? (0.0254 m)?

My = AVar A = pVa 7= = (997 kg/m*)(0.544 m/s) =0.275kgls

Using the gas and liquid mass flow rates, the quality is determined to be
My 1.76x107
X= . . = 4
m +mg  0.275+1.76 x10~
The flow pattern factor (F,) can be calculated using

—V,)?
Fo=0-a)+a Etan’l m
T abD (o, - pg)

2
3 B 2
(1.16 kg/m~)(1.11m/s—0.745 m/s) } —0.730

=6.40x107*

2

=(1-0.27)+(0.27) 2 tant . - -
T (9.81m/s“)(0.0254 m) (997 kg/m*~ —1.16 kg/m~)

The liquid phase heat transfer coefficient is calculated using:

K 0.14
h, =0.027 Re{"5 prl/3 [—'J (ﬂj
D)\ us

-5
:0.027(18870)4,5(5.0)1,3(0.613 W/m-K](85.5x10 kg/m-s

0.14
j = 2995 W/m? - K
0.0254 m 73.9x107° kg/m-s
where the in situ liquid Reynolds number is
C Amy - 4(0.275kg/s) B
C al-auD  71-0.27(85.5x10°° kg/m-s)(0.0254 m)

The inclination factor (1) has a value of one for horizontal tube (6 = 0). Thus, using the general two-phase heat transfer
correlation, the value for hy, is estimated to be

0.1 04 0.25 0.25
1-F Pr. «\0.
My _ Fy 1+o_55(ij e (_gj A (| )025
h 1-x F P Hy

6.40x107* ) (1-0.730\"*( 0.71\°% 85.5x10 S kg/m-s |
= (0.730)| 1+0.55 — - -] 22X T 20,9369
1-6.40x10 0.730 5.0 18.5x10 ® kg/m s

Re, 18870

or hy, =0.9369h, = 0.9369(2995 W/m? - K) = 2810 W/m* - K

Discussion The non-boiling two-phase heat transfer coefficient (hy,) is about 7% lower than the liquid phase heat transfer
coefficient (h)).
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10-94 A two-phase flow of air and silicone (Dow Corning 200® Fluid, 5 cs) is being transported in an 11.7-mm diameter

horizontal tube, where condensation occurs on the tube outer surface. The overall convection heat transfer coefficient is to be
determined.

Assumptions 1 Steady operating condition exists. 2 Two-phase flow inside tube is non-boiling and does not involve phase
change. 3 Fluid properties are constant. 4 The thermal resistance of the tube wall is negligible. 5 Isothermal tube surface. 6
Film condensation occurs on the tube outer surface.

Properties Inside the tube: The properties of liquid silicone (liquid) are given to be s = 45.7x10™ kg/m-s, p, = 913 kg/m® k, =
0.117 W/m-K, ¢ = 19.7x10"° N/m and Pr, = 64. The properties of air (gas) are given to be Ug = 18.4x10° kg/m-s, pg =119
kg/m?, Pry=0.71.

Outside the tube: The properties of water at the saturation temperature of 40°C are hy = 2407x10% J/kg and p, = 0.0512 kg/m®
(Table A-9). The properties of liquid water at the film temperature of T; = (T + Ts)/2 = (40 + 20)/2 = 30°C are (Table A-9),

P11 =996.0 kg/m*

Hi =0.798x103kg/m s Moist air, 40°C
Air-silicone
6.2
Vit = 1 p =0801x10""m*/s mixture / 20°C \
Corr =4178J/kg - K \_ . J_'
ks =0.615 W/m- K .
Pr, =5.42

Analysis Inside the tube: The flow pattern factor (Fp) can be calculated using

2
4l [Py (Vg _VI)Z

Fe=(0-a)+« Etan
T aD(p - pg)

(1.19 kg/m3)(13.5 m/s —9.34 m/s)?
(9.81m/s%)(0.0117 m) (913 kg/m® —1.19 kg/m®)

= (1-0.011) +(0.012) 3tan-{ \/
T

=0.9898

The inclination factor (1) for horizontal tube (6 = 0°) is calculated to be

(i — py)9D?

1" =1+ lsing| =1

The liquid phase heat transfer coefficient is calculated using the Seder and Tate (1936) equation:

0.14 K
h, =0.027Re%® prV S(ﬂ) (—'j
HMs D

0.14

39.8 0.0117m
= 3246 W/m? - K
where the in situ liquid Reynolds number is
Re, 4m, 4(0.907 kg/s) _ 21718

" al—auD  741-0.011(45.7x10 kg/m-s)(0.0117 m)

Using the general two-phase heat transfer correlation, Eq. (10-38), the two-phase heat transfer coefficient (hy) is estimated to
be
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0.1 0.4 0.25 0.25
— Pr, *\0.
h =y F 1+o.55(LJ cinb a2 ST O
1-x Fp Pr Uy

0.1 0.25
2.08x10~° (1—0.9898)0'4[0.71j°'25 45.7x107*
1-2.08x107° 0.9898 64 18.4x107°8

= (3246 W/m? - K)(0.9898) 1+0.55[

h; =hy, =3337 W/m* - K

Outside the tube: The modified latent heat of vaporization is
hig =hgy +0.68¢, ¢ (T —Ts) =2407 x10° J/kg +0.68x (4182 J/kg - K)(40 — 20)K = 2464 x10° J/kg
The heat transfer coefficient for condensation on a single horizontal tube is

« g U4
go1t (o1,1 — P )Nigk s ]

h, =hy s =0.729
o} horizontal |: ’u” (rsat —TS)D

1/4
(9.81m/s)(996 kg/m*)(996 — 0.05 kg/m?>)(2464 x 10 J/kg)(0.615 W/m- K)*>
(0.798 x10~2 kg/m - 5)(40 — 20)K(0.0117 m)

= 0.729{

=9584 W/m? - K
Noting that the thermal resistance of the tube is negligible, the overall heat transfer coefficient becomes
1 1

“1/h +1/h, 1/3337 +1/9584

Discussion The condensation heat transfer coefficient is almost 3 times higher than the non-boiling heat transfer coefficient.
This is expected, as heat transfer coefficient involving phase change is much higher than that without phase change.

=2475 W/m? - K
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10-95 Air-water mixture is flowing in a 5° inclined tube with diameter of 25.4 mm, and the mixture superficial gas and liquid
velocities are 1 m/s and 2 m/s, respectively. The two-phase heat transfer coefficient (hy) is to be determined.

Assumptions 1 Steady operating condition exists. 2 Two-phase flow is non-boiling and it does not involve phase change. 3
Fluid properties are constant.

Properties The properties of water (liquid) at bulk mean temperature Ty, = (T; + T¢)/2 = 45°C are, from Table A-9, x4, =
0.596x107 kg/m-s, p; = 990.1 kg/m?, k; = 0.637 W/m-K, and Pr, = 3.91. The properties of air (gas) at bulk mean temperature
Ty, = 45°C are, from Table A-15, g = 1.941x10°° kg/m:-s, pg = 1.109 kg/m?, and Pry=0.7241. Also, at T = 80°C we get u, =
0.355x107 kg/m-s from Table A-9.

Analysis From the superficial gas and liquid velocities, and void fraction, the gas and liquid velocities can be calculated as

\Y V
v, =0 _1ms M/ _ 3 030 mis V= _ 210 5 ag5mis
a 033 - 1-0.33
The gas and liquid mass flow rates are calculated as

D? (0.0254 m)?

My = PgVsg A = ,ogvsg;zT = (1.109 kg/m*®)(Lm/s)z =5.619x107* kg/s

D? (0.0254 m)?
4

m = Vg A, = PV = (990.1kg/m3)(2 m/s)z =1.003kg/s

Using the gas and liquid mass flow rates, the quality is determined to be
My 5619x107*

M +my  1.003+5.619x10*
The flow pattern factor (F,) can be calculated using

~V,)?
Fo=(-a)+a 20t Pg Vg —V1)”
n aD (o, —pg)

2

3 ~ 2
(1.109 kg/m~)(3.03 m/s—2.985 m/s) J —0.670

X =5.509%107*

2

= (1-0.33) +(0.33) 2 tan . - e
m (9.81m/s?)(0.0254 m) (990.1kg/m® —1.109 kg/m®)

The inclination factor (1) for 6 = 5° is calculated to be

() —pg)gD? (990.1kg/m® —1.109 kg/m®)(9.81m/s2)(0.0254 m)?
- 0.068 N/m

1" =1+ lsing| =1+ lsin5 =9.023

The liquid phase heat transfer coefficient is calculated using:

k 0.14
h, =0.027 Re{5 prl/3 [—'j (ﬂJ
D\ us

=0.027(103100)*/%(3.91)/3 (

0.637 W/m- K) 0.596x10~2 kg/m-s
0.0254 m 0.355x10 7% kg/m-s

0.14
J =11754 W/m? -K

where the in situ liquid Reynolds number is
4(1.003 kg/s)

4m,
7l—amD  741-0.33(0.596 %10 kg/m-s)(0.0254 m)
Thus, using the general two-phase heat transfer correlation, the value for hy, is estimated to be

0.1 0.4 0.25 0.25
1-F, ) (Pr P
Dy -F, 1+0.55[—X j | [ D A (p
hy 1-x) | F Pr ) | g

p

4 \01 B 0.4 0.25 0.25
_ (0670)[“0.55{ 5.599x10 ] (1 0.670) (0.7241] (59.6} (9_023)0.25]:1_021

=103100

Re,

1-5.599x10™* 0.670 391 1.941

or hy =1.021h = 1.021(11754 W/m’ - K) = 12,000 W/m? - K

Discussion The inclination factor is I” = 1 when the tube is at horizontal position, since sin(0°) = 0. The two-phase heat
transfer coefficient for horizontal tube would be hy, = 10300 W/m?-K, which is about 14% lower than that of 5° inclined tube.
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10-96 Mixture of petroleum and natural gas is being transported in a pipeline that is located in a terrain that caused it to have
an average inclination angle of 10°. The two-phase heat transfer coefficient is to be determined.

Assumptions 1 Steady operating condition exists. 2 Two-phase flow is non-boiling and it does not involve phase change. 3
Fluid properties are constant.

Properties The properties of petroleum (liquid) are given to be z; = 297.5x10™ kg/m-s, us = 238x10™ kg/m-s, p; = 853 kg/m®,
k= 0.163 W/m-K, ¢ = 0.020 N/m, and Pr, = 405. The properties of natural gas are given to be g = 9.225x10° kg/m's, Pg =
9.0 kg/m®, and Pr, = 0.80.

Analysis From the gas and liquid mass flow rates, the superficial gas and liquid velocities can be calculated:

vo= Mo _ Mg AOO0S5KS) 745
Y pgA paD? (9.0kg/m®)z(0.102m)?
v, =M Am 4(16 kgfs) —2.296m/s

sl

~pA paD?  (853kg/m®)z(0.102 m)?
Using the superficial velocities and void fraction, the gas and liquid velocities are found to be
Vsg  0.748m/s Vg 2296 m/s

Vy =—2 =———"—"=3.400m/s v, = =2.944m/s
a 0.22 l-a 1-0.22
Using the gas and liquid mass flow rates, the quality is determined to be
m
X=—"2" 005 _ 3 426x10°3

oy +m, 16+ 0.055

The flow pattern factor (F;) can be calculated using
2

~V,)?
Fo=0-a)+a Etatnfl M
n 9D (o — pg)

(9.0 kg/m*)(3.40 m/s—2.944 m/s)?
(9.81m/s%)(0.102 m)(853 kg/m* —9.0 kg/m?)

2

J =0.7802

=(1-0.22) +(0.22) Etanl[ \/
T

The liquid phase heat transfer coefficient is calculated using:

k 0.14
h, =0.027 Re{"5 prl/3 [—'J (ﬂj
D)\ us

0.14
] =419.1W/m? -K

-4
= 0.027(7601)*/5 (405)*/2 (0.163 w/m. Kj(297.5x10 kg/m-s

0.102m 238x10~* kg/m-s
where the in situ liquid Reynolds number is

3 4m, B 4(16 kg/s) _
Cal-auD  71-0.22(297.5%10* kg/m-s)(0.102m)
The inclination factor (1) for @ = 10° is calculated to be

(1 — pg)9D? (853 kg/m® —9.0 kg/m®)(9.81m/s)(0.102 m)?

o) 0.020 N/m
Thus, using the general two-phase heat transfer correlation, the value for hy, is estimated to be

0.1 0.4 0.25 0.25
1-F, ) Pr P
By -F, 1+0.55[—X j N (T O
hy 1-x) | F Pr ) | g

Re, 7601

1" =1+ lsing| =1+ |sin10°| = 748.9

p

3.426x10° ) (1-0.7802\"%( 0.80 "% 29750 %
=(0.7802)| 1+ 0.55 — [ : j ( : j ( j (748.9)%2% | =1.999
1-3.426x107° 0.7802 405 9.225

or hy =1.999h =1.999(419.1W/m? - K) = 838 W/m?* - K

Discussion Since Vg >V, there will be slippage between the gas and liquid phases. When Vg # V|, slippage between the gas
and liquid phases exists. When V, = V,, slippage between the gas and liquid phases is negligible, and the flow is called
homogeneous two-phase flow.
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10-97 Air-water mixture is flowing in a tube with diameter of 25.4 mm, and the mixture superficial gas and liquid velocities
are 1 m/s and 2 m/s, respectively. The two-phase heat transfer coefficient (hy,) for (a) horizontal tubee (6 = 0°) and (b) vertical
tube (6 = 90°), are to be determined and compared.

Assumptions 1 Steady operating condition exists. 2 Two-phase flow is non-boiling and it does not involve phase change. 3
Fluid properties are constant.

Properties The properties of water (liquid) at bulk mean temperature Ty, = (T; + T¢)/2 = 45°C are, from Table A-9, x4, =
0.596x107 kg/m-s, p; = 990.1 kg/m?, k; = 0.637 W/m-K, and Pr, = 3.91. The properties of air (gas) at bulk mean temperature
Ty, = 45°C are, from Table A-15, g = 1.941x10°° kg/m:-s, pg = 1.109 kg/m?, and Pry=0.7241. Also, at T = 80°C we get u, =
0.355x107 kg/m-s from Table A-9.

Analysis From the superficial gas and liquid velocities, and void fraction, the gas and liquid velocities can be calculated as

v, = Ysa 1M _ g 000 e

Y a 033

V=Y _ 20 5 og5mis
1-a 1-033

The gas and liquid mass flow rates are calculated as

D? (0.0254 m)?
4

My = PgVsg A = pgvsg;zT = (1.109 kg/m*®)(Lm/s)z =5.619x107* kg/s

D? (0.0254 m)?

m = Vg A = PV = (990.1kg/m3)(2 m/s)z =1.003kg/s

Using the gas and liquid mass flow rates, the quality is determined to be

My 5.619x107*

=9 - - =5599x107"
My + My 1.003+5.619x10"

X

The flow pattern factor (F;) can be calculated using

—V,)?
F,=(l-a)+a 2 ion| [Pa g V-
g gD (o — pg)

2
(1.109 kg/m*)(3.03 m/s — 2.985 m/s)?
(9.81.m/s?)(0.0254 m) (990.1kg/m* —1.109 kg/m?)

2

= (1-0.33) +(0.33) Etanl[ \/
T

=0.670

The liquid phase heat transfer coefficient is calculated using:

K 0.14
h, = 0.027 Re!/5 pr/3 (-‘j{ﬂJ
D)\ s

— 0.027(103100)*/5(3.91)"/3 (0.637 W/m- Kj{0.596x10_3 kg/m- SJO'M
0.0254 m 0.355x10 2 kg/m-s
=11754 W/m? - K
where the in situ liquid Reynolds number is
4(1.003 kg/s)

__Am ~103100
al—amD  741-0.33(0.596 %10~ kg/m-s)(0.0254 m)

Re,
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(a) The inclination factor (1) for horizontal tube (9 = 0°) is 1" =1 . Thus, using the general two-phase heat transfer
correlation, the value for hy, is estimated to be

htp, horiz

0.1 0.4 0.25 0.25
X 1- Fp Prg H *10.25
[ p [ Hy

0.1
_ (0670)| 14055 _5:5% x1074 (1— 0.67oj°'4(0.7241j°'25( 59.6 j”s
' “l1-5599x107 0.670 3.91 1.941

=0.8727

or

Mg, horiz = 0.87271hy = 0.8727(11754 W/m’ - K) = 10,300 W/m? - K

(b) The inclination factor (1 *) for vertical tube (6 = 90°) is calculated to be

_ D?
1 =1+ MF"} 9|
o
3 3 2 2
1 (990.1kg/m* —1.109 kg/m*~)(9.81m/s)(0.0254 m) |sin90°|
0.068 N/m
=93.05

Thus, using the general two-phase heat transfer correlation, the value for hy, is estimated to be

h 01(1_F \**/pr. \°%5 025
vl g 1+0.55(—X j P e (AL (i
h| 1-x Fp PI‘| lng

4 \01 B 0.4 0.25 0.25
:(0_670)[“0_55[ 5.599 x 10 J [1 0.670] (o.7241) (59.6] (93_05)0,25]

1-5.599x107* 0.670 301 1.941
=1.30

or

hip, vert =1.30h, =1.30(11754 W/m” - K) = 15,300 W/m? - K

Discussion The two-phase heat transfer coefficient of vertical pipe is about 49% higher than that of horizontal pipe:

Mg, ver 15300 _, 4o
htp,horiz 10,300

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course

preparation. If you are a student using this Manual, you are using it without permission.

10-89



10-90

10-98 Air-water mixture flows through a 0.0254 m stainless steel pipe at specified flow condition. Using the concept of
Reynolds analogy, the two phase convective heat transfer coefficient is to be determined.

Assumptions 1 Steady state operating conditions exist. 2 Two phase flow is non-boiling in nature and does not undergo any
phase change. 3 Fluid properties are constant.

Properties The properties of water and air are calculated at a system temperature and pressure of 25°C and 201 kPa using
EES. The thermo physical properties of water and air are,

p, =997.1kg/m?, 14, =8.9x10™* kg/m.s,Pr, =6.26, k, = 0.595 W/m- K and & = 0.0719 N/m
Pg =2.35kg/m®, y1, =1.84x10°° kg/m.s
Analysis We first need to determine superficial Reynolds number and the actual velocities for each phase.

_ pV,D _ 997.1(kg/m’) x 0.3(M/s)x0.0254(m)

v =8537
H 8.9x10™(kg/m-s)

Re,

_ PV, D _ 2.35(kg/m®) x 23(m/s) x 0.0254(m)
Hy 1.84x10°(kg/m-s)

Re,, = 74612

The actual phase velocities are calculated from the known values of superficial velocities and void fraction.

v
= Yo 03S) 44 ss and v, =<9 = 2™ o6 74
1-a 1-086 o 086

The mass flow rate of each phase is,

T
sl 7

= AVa D? =997.1(kg/m?) x 0.3(m/s) x % x0.02542(m?) = 0.15kg/s

. T T
My = PgVsq " D? = 2.35(kg/m®) x 23(m/s) x Vi 0.0254%(m?2) =0.027 kg/s

Thus the total mass flow rate is, m=m, +m, =0.15+0.027 =0.177 kg/s

Since this is a vertical upward flow of air water we can use the Reynolds analogy given by Equation (10-40).

E =F" ﬂ P #°
hy PAmA
The single phase heat transfer coefficient is calculated as,
h, =0.027Re["> Pr¥® (k, / D) (14 / 115)°**
The in-situ Reynolds number required in single phase heat transfer equation is calcutaed as,

4 4x0.15(kg/s)
Rel = = )
wDr1—a  8.9x10™(kg/m.s)x 0.0254(m)x 7+/1-0.86

=22579

4
by = 0.027x 225795 x 62612 x 229 (W/m- K) x( 8.9x10

0.14
= 3878 W/n’-K
0.0254(m) 4.66x10™* j

2
pg(vg _\/I)z

F=0-a)+a gtan’l
T 9D(p; —pg)

2
2.35(kg/m®)(26.74- 2.14)? }

F, = (1-0.86)+0.86 2 ant -
n 9.81x0.0254(m)x (997.1- 2.35)(kg/m®)

~.F,=0621
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The two phase density required in Reynolds analogy equation is calculated as,

Py =(1—a)p, +ap, =(1-0.86)x997.1(kg/m?) +0.86x 2.35(kg/m’) = 141.6 kg/m’

Single phase pressure drop for turbulent pipe flow (with superficial Reynolds number of Rey = 8537) is calculated by first
calculating the single phase friction factor from either the Mood chart (Fig. A-20) or the Colebrook equation (Eq.8-76) as
follows,

1 /D 2.51 0.002/25.4 251
=-2I =-2log

JE TR TR 3T sl

Where from Table 8-3 for stainless steel pipe, the roughness is € = 0.002.

J =0.0323

Single phase pressure drop is then calculated as,

fioV3  0.0323x997.1(kg/m?) x 0.3%(m?)
2D 2x0.0254(m)

=57.06 Pa/m

(dP/dL)fJ =
Thus the two-phase friction multiplier is,
dP/dL
4 - ( )i _ 2700(Pa/m) _6.87
(dP/dL);, 57.06(Pa/m)
Thus the two-phase heat transfer coefficient calculated using Reynolds analogy (Eg. 10-40) is,
h i " 0.15 ( 14L.6(kg/m?) |
P Fp’“(f'j UL :O.621°'5[ : ] -6kg 3) 6.87%2
h, m )\ p 0.177 ) 997.1(kg/m”)

h
—® ~2605
hl

Thus the two phase heat transfer coefficient is: hy, = 10102 W/m* K

Discussion The use of Reynolds analogy strongly depends on the correct estimation of the two-phase pressure drop. Most of
the correlations available for two-phase pressure drop fail to correctly estimate the two-phase pressure drop and hence based
on the calculated value of two-phase pressure drop, the Reynolds analogy may not predict the two- phase heat transfer
coefficient correctly.
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Review Problems

10-99 Water is boiled at T, = 120°C in a mechanically polished stainless steel pressure cooker whose inner surface
temperature is maintained at T, = 130°C. The time it will take for the tank to empty is 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 120°C are (Tables 10-1 and A-9)

pr =943.4kg/m*  hy, =2203x10° J/kg

p, =1.121kg/m® g =0.232x107% kg/m-s
o =0.0550N/m ¢, = 4244 Jikg-°C R
Pr, =1.44 130°C
Also, C;; =0.0130 and n = 1.0 for the boiling of water on a mechanically - - ’/
polished stainless steel surface (Table 10-3). Note that we expressed the T T T T T T T T T
properties in units specified under Eq. 10-2 in connection with their Heating

definitions in order to avoid unit manipulations.

Analysis The excess temperature in this case is AT =T, —T,,; =130-120 =10°C which 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 3
§ — uh, [Q(M—Pv)} Cot (Ts —Tear)
nucleate g o Csf hfg Prln

3
9.8(943.4-1.121)}1’2[ 4244(130 -120) J

=(0.232x1072)(2203 x103)[
0.0550 0.0130(2203x10°)1.44
= 228,400 W/m?

The rate of heat transfer is
Q = Al pycfeate = %ﬁ(o.zo m)? (228,400 W/m?) = 7174 W

The rate of evaporation is

0 7174 W

m e — e ——
“® hy  2203x10° ki/kg

=0.003256 kg/s

Noting that the tank is half-filled, the mass of the water and the time it will take for the tank to empty are

m= %p| V= % (943.4 kg/mS)[;z(o.zo m)? / 4x (0.30 m)]: 4.446 kg

m 4.446 kg
evap —

= =13655=22.8min
Meyqp  0.003256 kgls

t=m
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10-100 Water is boiled at sea level (1 atm pressure) and thus at a saturation (or boiling) temperature of Tg; = 100°C in a
mechanically polished AISI 304 stainless steel pan placed on top of a 3-kW electric burner. Only 60% of the heat (1.8 kW)
generated is transferred to the water. The inner surface temperature of the pan and the temperature difference across the
bottom of the pan are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the boiler are negligible. 3 The boiling regime is
nucleate boiling (this assumption will be checked later). 4 Heat transfer through the bottom of the pan is one-dimensional.

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

Py =957.9kg/m?

P =1 atm
p, ~0.60 kg/m*
o =0.0589 N/m
Pr —1.75 Water - '100°C
|

hyg = 2257x10% J/kg

#4 =0.282x10"° kg - m/s T T T T T T T T T

Cp = 4217 J/kg-K Electric burner, 3 kW

Also, Kyees = 14.9 W/m-K (Table A-3), C =0.0130 and n = 1.0 for the boiling of water on a mechanically polished stainless

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

Analysis The rate of heat transfer to the water and the heat flux are
Q =0.60x3kW =1.8kW =1800 W
A, =7D? /4 =7(0.30m)? / 4 =0.07069 m?
d=Q/ A, = (1800 W)/(0.07069 m?) = 25.46 W/m?

Then temperature difference across the bottom of the pan is determined directly from the steady one-dimensional heat
conduction relation to be

gL (25,460 W/n¥)(0.006 m)
Kl 14.9 W/m- K

=10.3°C

. AT
q= I(steel T —> AT =

steel

The 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.

Assuming nucleate boiling, the temperature of the inner surface of the pan is determined from Rohsenow relation to be

1/2 3
. 9(p=py) | 7| Coa (Ts ~Tsar)
Unucleate = 4 hfg n
o Csfhfg Pr,

1/2 3
81(957.9-0. 4217(T, -1
25,460 = (0.282x10)(2257 ><103)|:9 81(957.9-0 60)} ( (T ~100) J

0.0589 0.0130(2257 x10%)1.75
It gives
T, =105.7°C

which is in the nucleate boiling range (5 to 30°C above surface temperature). Therefore, the nucleate boiling assumption is
valid.
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10-101 Water is boiled at 84.5 kPa pressure and thus at a saturation (or boiling) temperature of Ty = 95°C in a mechanically
polished AISI 304 stainless steel pan placed on top of a 3-kW electric burner. Only 60% of the heat (1.8 kW) generated is
transferred to the water. The inner surface temperature of the pan and the temperature difference across the bottom of the pan
are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat losses from the boiler are negligible. 3 The boiling regime is
nucleate boiling (this assumption will be checked later). 4 Heat transfer through the bottom of the pan is one-dimensional.

Properties The properties of water at the saturation temperature of 95°C are (Tables 10-1 and A-9)

P, =961.5kg/m?

P =84.5 kPa
p, =050 kg/m®
o =0.0599 N/'m
Pr =185 Water 95°C
|

hyg = 2270x10° J/kg

4 =0.297x10" kg -m/s T T T T T T T T T

Cp =4212J/kg-K Electric burner, 3 kW

Also, Kyees = 14.9 W/m-K (Table A-3), C =0.0130 and n = 1.0 for the boiling of water on a mechanically polished stainless

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

Analysis The rate of heat transfer to the water and the heat flux are
Q =0.60x3kW =1.8kW =1800 W
A, =D? /4= 7(0.30m)? / 4 =0.07069 m?
4=Q/A, = (1800 W)/(0.07069 m?) = 25,460 W/m* = 25.46 kW/m?

Then temperature difference across the bottom of the pan is determined directly from the steady one-dimensional heat
conduction relation to be

gL (25,460 W/n?)(0.006 m)
Ksteel 14.9 W/m- K

=10.3°C

. AT
q= I(steel T —> AT =

The 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.

Assuming nucleate boiling, the temperature of the inner surface of the pan is determined from Rohsenow relation to be

1/2 8
. 9(p=p) || Coa (Ts ~Tsa)
Unucleate = 44 hfg n
o Csfhfg Pr

12 3
81(961.5-0, 4212(T, -
25,460 = (0.297><10_3)(2270><103){9 81(%61.5-0 50)} [ (T, —95) J

0.0599 0.0130(2270x10°%)1.85
It gives
T, =100.9°C

which is in the nucleate boiling range (5 to 30°C above surface temperature). Therefore, the nucleate boiling assumption is
valid.
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10-102 Water is boiled at 1 atm pressure and thus at a saturation temperature of Tg = 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)

3
Py =957.9kg/m hyg = 2257x10° J/kg Latm
- 3
py ~0.60kg/m 14 = 0.282x107° kg - m/s SRR
o =0.0589 N/m cp = 4217 J/kg- K T / S M
Pr, =1.75 l ] ing wi II ”l
Heating wire
Also, Cy =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

Lx= L(Mjm - (0.001)(w]ﬂ2 ~0.399<1.2
o 0.0589
Cq =0.12L*792° =0.12(0.399) **° = 0.151
Then the maximum or critical heat flux is determined from
Omax = Ccrhfg [ngv2 (pl _pv)]l/4
=0.151(2257x10°%)[0.0589x 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

. g(pl _pv) Y2 val (TS _Tsat) ’
Unucleate = £ hfg P

Csthygg Pr"

3
9.8(957.9—0.60)}1/2( 4217(T, —100) j

1,280,000 = (0.282x103)(2257 ><103)[ -
0.0589 0.0060(2257 x10°%)1.75

It gives the maximum temperature to be:

T, =109.6°C
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10-103 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) Steam

100°C
Py =957.9kg/m?®

p, =0.60kg/m*
o =0.0589 N/m
Pr, =1.75

Water, 100°C

hyy =2257x10° J/kg
1y =0.282x1072 kg-m/s i 115°C

Cpi =4217 J/kg-°C

Also, Ci; =0.0130 and n = 1.0 for the boiling of water on a chemically etched stainless steel surface (Table 10-3). Note that

we expressed the properties in units specified under Eq. 10-2 in connection with their definitions in order to avoid unit
manipulations.

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

1/2 Tor) 8
G = [g(m —pv)} Cout (s ~Tou
nucleate 117 1g o Csf hfg Prln

1/2 3
:(0_282X10—3)(2257Xlog){9.8(957.9—0.60)} ( 4217(115-100) J

0.0589 0.0130(2257x10°%)1.75
= 474,900 W/m?

The surface area of the bottom of the heater is A, = zDL = 7(0.002 m)(0.8 m) = 0.005027 m? .
Then the rate of heat transfer during nucleate boiling becomes

Qboiting = AsUnucteate = (0.005027 m?)(474,900 W/m?) = 2387 W
The rate of evaporation of water is determined from

. Quoiting 2387 /s

m = - =1.058x10"2 kg/s = 3.81kg/h
2257 x10° J/kg

evaporatia h
fg

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

1/2 1/2
L+ [ 9P —p) — (0.002) 9.8(957.9-0.60 )" _ 49919
o 0.0589

C, =0.12L*7%2% =0.12(0.399) *% = 0.151
Then the maximum or critical heat flux is determined from

Gmax = CorNiglogpd (o) —p, )17 =0.151(2257x10%)[0.0589x 9.8x (0.6) * (957.9— 0.60)] *
=1,280,000 W/m? =1280 KW/m?
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10-104 The initial boiling heat transfer coefficient and the total heat transfer coefficient, when a heated steel rod was
submerged in a water bath, are to be determined.

Assumptions 1 Steady operating condition exists. 2 The steel rod has uniform initial surface temperature.

Properties The properties of water at the saturation temperature of 100°C are hy = 2257 kJ/kg (Table A-2) and p, = 957.9
kg/m® (Table A-9). The properties of vapor at the film temperature of T; = (Te + T5)/2 = 300°C are, from Table A-16,

py = 0.3831 kg/m® Cov = 1997 J/kg-K
1y = 2.045 x 10° kg/m-s k, = 0.04345 W/m-K

Analysis The excess temperature in this case is AT = T — Tg, = 400°C, which is much larger than 30°C for water from Fig.
10-6. Therefore, film boiling will occur. The film boiling heat flux in this case can be determined from

1/4
gk\:/gpv (o1 _pv)[hfg +0'4va(Ts —Tea)]
#yD(Ts =Teq)

1/4
062 9.81(0.04345)° (0.3831)(957.9 — 0.3831)[2257 x10° + 0.4(1997)(400)]
' (2.045x107°)(0.02)(400)

qfilm =Cﬁlm|: (Ts _Tsat)

(400)

=6.476x10" W/m?
Using the Newton’s law of cooling, the boiling heat transfer coefficient is

inlm

fitm = Nfim (Ts — Tsat) - Pfiim = ﬁ

_ 6.476x10* W/’
flm = (500 —100) K

=162 W/m? - K

The radiation heat transfer coefficient can be determined using

4 4
‘ eo(Ty —Tey)
Ud = EU(T: _ngt) = Prag (Ts = Tsat) - Nrag = > A

Ts - Tsat

a0 (Td ~Tew) _ (09)(5.67x10"° w/m? - K*)(773* —373*) K*

rad = =43.08 W/m? -K
T, T (500 —100) K

Then, the total heat transfer coefficient can be determined using
. . 3. 3
Utotal = Qfilm + Z Urad - htotal (Ts _Tsat) = hfilm (Ts _Tsat) + Z hrad (Ts _Tsat)
or
3
htotal = hfilm + Zhrad
=162 W/m? - K + % (43.08 W/m? - K)

=194 W/m? -K

Discussion The boiling heat transfer coefficient (hg;,) is 3.76 times the radiation heat transfer coefficient (hy,g).
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10-105 The boiling heat transfer coefficient and the total heat transfer coefficient for water being boiled by a cylindrical metal
rod are to be determined.

Assumptions 1 Steady operating condition exists. 2 Heat losses from the boiler are negligible.

Properties The properties of water at the saturation temperature of 100°C are hgy = 2257 kJ/kg (Table A-2) and p, = 957.9
kg/m® (Table A-9). The properties of vapor at the film temperature of T; = (T + Ts)/2 = 300°C are, from Table A-16,

py = 0.3831 kg/m®

Cov = 1997 J/kg-K

uy = 2.045 x 107 kg/m-s
k, = 0.04345 W/m-K

P=1 atm

Metal rod, 7, = 500°C
Analysis The excess temperature in this case is AT = (&= 0.5)
Ts — Tsa = 400°C, which is much larger than 30°C for
water from Fig 10-6. Therefore, film boiling will
occur. The film boiling heat flux in this case can be

determined from

— Vapor film

1/4
gk\?pv (o _pv)[hfg +O'4va(Ts —Tea)l
4y D(Ts = Tgy)

3 3 1/4
o 62{9.81(0.04345) (0.3831)(957.9 — 0.3831)[2257 x 10° + 0.4(1997)(400)]} (400)

(Ts - Tsat)

fiim = Cﬁlml:

(2.045 x107°)(0.002)(400)
=1.152x10° W/m®
Using the Newton’s law of cooling, the boiling heat transfer coefficient is

inlm

dim =Dim (Ts = Tsar) —  hgm = ﬁ

 1.152x10° W/m?

i = =288 W/m? - K
(500 -100) K

The radiation heat transfer coefficient can be determined using

4 4
‘ eo(Ty —Text)
Ug = 80'(Ts4 _ngt) =Nrag (Ts = Tsat) - Prad :Ts—Tsat

s~ lsat

_eo(Td T _ (05)(5.67x10"° w/m? - K*)(773* —373%) K*

ol = =23.93W/m? - K
T, —To (500 —100) K

Then, the total heat transfer coefficient can be determined using
. . 3. 3
Utotal = Ufilm + Z Urad - htotal (Ts _Tsat) = hfilm (Ts _Tsat) + Z hrad (Ts _Tsat)

or

3
htotal = hfilm + Z hrad

=288 W/m? -K + % (23.93 W/m? - K)

=306 W/m? - K

Discussion The boiling heat transfer coefficient (hg;,) is about 12 times the radiation heat transfer coefficient (hy,q).
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10-106 Water is boiled at T, = 100°C by a spherical platinum heating element immersed in water. The surface temperature is
Ts = 350°C. The boiling heat transfer coefficient is 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 (Table A-9)

hy =2257x10° J/kg

Py =957.9kg/m?

The properties of water vapor at (350+100)/2 = 225°C are (Table A-16) 350°C
p, = 0.444 kg/m?® R
1, =1.749x107° kg/m-s 100°C

Cpy =1951J/kg-°C
k, =0.03581W/m-°C
Analysis The film boiling occurs since the temperature difference between the surface and the fluid. The heat flux in this case
can be determined from

1/4

gkipy (o1 = pu)lhyg + 0405, (T, ~Toa)] T

Hy D(Ts - Tsat)

1/4
o 67[ (9.81)(0.03581)° (0.444)(957.9 — 0.444)[2257 x10% + 0.4(1951)(350 — 100)]

qﬁlm = 067]:

(350 —100)

(1.749 x107°)(0.15)(350 — 100)
= 27,399 W/m?
The boiling heat transfer coefficient is

Gim 27,399 W/m?

- = =110W/m? -C
T, -T, (350-100)°C

Ofiim = h(Ts _Tsat)
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10-100

10-107 The initial boiling heat transfer coefficient and the total heat transfer coefficient, when heated steel ball bearings are
submerged in a water bath, are to be determined.

Assumptions 1 Steady operating condition exists. 2 The steel ball bearings have uniform initial surface temperature.

Properties The properties of water at the saturation temperature of 100°C are hgy = 2257 kJ/kg (Table A-2) and p, = 957.9
kg/m® (Table A-9). The properties of vapor at the film temperature of T; = (Te + T5)/2 = 400°C are, from Table A-16,

py = 0.3262 kg/m® Cov = 2066 J/kg-K
Ly = 2.446 x 10 kg/m-s k, = 0.05467 W/m-K

Analysis The excess temperature in this case is AT = Ty — Tg, = 600°C, which is much larger than 30°C for water in Fig. 10-6.
Therefore, film boiling will occur. The film boiling heat flux in this case can be determined from

1/4
. gk\?pv (o _pv)[hfg +0'4va(Ts —Teat)]
fitm = Cim (Ts _Tsat)
uyD(Ts = Tey)
14
067 9.81(0.05467)3(0.3262)(957.9 — 0.3262)[ 2257 x 10° + 0.4(2066)(600)] (600)
' (2.446 x107°)(0.02)(600)
=1.052x10° W/m?
Using the Newton’s law of cooling, the boiling heat transfer coefficient is
Aitm = Nfitm (Ts — Tsat) - Pfiim = m
Ts _Tsat
5 2
A 1.052x10°> W/m 175 Wim2 - K
(700-100) K
The radiation heat transfer coefficient can be determined using
. eo (T —Tey)
Ug = 80'(Ts4 _ngt) =Ny (Ts —Tsar) - Prag =—=s s
Ts _Tsat
4_T4 -8 2 b 4 agndy b
oy = eo(Ty —Tgx) _ (0.75)(5.67 x10™° W/m" - K*)(973" —373") K 6215 W/m? - K
Ty —Teu (700 -100) K

Then, the total heat transfer coefficient can be determined using
. . 3. 3
Utotal = Ufiim + Z Urad - htotal (Ts _Tsat) = hfilm (Ts _Tsat) + Z hrad (Ts _Tsat)
or
3
Niotar = Niim + 1 Pra
=175 W/m? - K + % (62.15 W/m? - K)

=222 W/m? - K

Discussion The boiling heat transfer coefficient (hg),) is 2.82 times the radiation heat transfer coefficient (hy,g).
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10-101

10-108E Steam at a saturation temperature of T, = 100°F condenses on a vertical plate which is maintained at 80°F. 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 hy; = 1037 Btu/lbm and p, = 0.00286 Ibm/ft,
The properties of liquid water at the film temperature of T; = (T, +T,)/2=(100 + 80)/2 = 90°F are (Table A-9E),

Py =62.12 1bm/ft?
4 =5.117x107* Ibm/ft -5 =1.842 Ibm/ - h
v = | p; =0.029651 */h
Cp =0.999 Btu/lbm-°F
k, = 0.358 Btu/h-ft -°F

Analysis The modified latent heat of vaporization is

hig =hgg +0.68C (Te —Ts)
=1037 Btu/Ibm+0.68x (0.999 Btu/lbm-°F)(100 —80)°F
=1051Btu/lbm Condensate

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

1/3 0.820
3.70LK, (Toge —T.
Re = Reyeicalwavy = | 4-81+ M[%J
/’llhfg 141
1/37082
_| 41, 370x(41) x(0358Btwh-f -°F)x(100-80)°F (  32.21fi/s*  (3600s)” e
' (1.842 Ibm/ft - h)(1051 Btu/lbm) (0.0296512/h)2  (Lh)?

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
Rek, g
h= hvenical,wavy = m ?

< (0. P . 2 2 1/3
S I
The heat transfer surface area of the plate is

A =WxL=(@4f)1t) =412
Then the rate of heat transfer during this condensation process becomes

Q =hA (T, —Ts) = (875 Btu/h-ft 2 - °F)(4 ft 2)(100—80)°F = 70,000 Btu/h

The rate of condensation of steam is determined from

: Q _ 70,000 Btu/h

o = =" —66.6lbm/h
condensatdn hfg 1051 Btu/lbm
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10-109 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 turbulent 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 p, = 7.809 kg/m®.
The properties of liquid ammonia at the film temperature of T; = (Tg; +T;)/2=(25 + 15)/2 = 20°C are (Table A-11),

p) =610.2kg/m?®

4y =1.519x10° kg/m-s (D =32

Ammonia
v = | p; =0.2489%x10°m?/s 2500
Cpy =4745J/kg-°C
k, =0.4927 W/m-°C Condensate Libe =2 M
Pr, =1.463 15oC
Analysis (a) The modified latent heat of vaporization is
hy =Ny +0.68¢ 5 (Te —T,) N
=1166x10° J/kg +0.68x 4745 J/kg - °C(25—15)°C =1198x10° J/kg
Assuming turbulent flow, the Reynolds number is determined from
1/3 4/3
0.0690Lk, Pros (T, —T)( g
Re = Re,eicaun = | — st 21 —151Pr%®+ 253
N V|
05 1/3 4/3
_| 0.0690x 2><40.4927(1.463) (25—15) 9.816 | 151146305 + 253
(1.519%x107" kg/m.s)(1198x10° J/kg) \ (0.2489x107° m* /s)

=2142

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
h=h _ Re k| g
— "lvertical turbulent — 8750 158 Pr’°'5 (Re0'75_253) ?

B 2142 x (0.4927 W/m-°C) 9.81m/s?
8750+ 58x1.463 705 (214275 _ 253) ((0.2489 x1076 m2/s)?
The heat transfer surface area of the tube is A; = 2DL = 7(0.032 m)(2 m) = 0.2011m?. Then the rate of heat transfer during
this condensation process becomes
Q =hA (T, —T;) = (4873 W/m? -°C)(0.2011m?)(25-15)°C = 9800 W
(b) The rate of condensation of ammonia is determined from

. Q 9800 J/s
mcondensatbn == = e An3 1
hi 1198x10° J/kg

1/3
J = 4873 W/m? -°C

=8.180x10 kg/s

Discussion Combining equations &, =k, /h; and h=(4/3)h,, the thickness of the liquid film at the bottom of the tube is
determined to be

5 :ﬁ _ 4(0.4927 W/m-°C)

3h  3(4873 W/m? - °C)

The assumption that the tube diameter is large relative to the thickness of the liquid film at the bottom of the tube is verified

since the thickness of the liquid film is 0.135 mm, which is much smaller than the diameter of the tube (3.2 cm). Also, the
assumption of turbulent flow is verified since Reynolds number is greater than 1800.

=0.135x10° m=0.135mm
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10-110 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 h¢; = 168.2x10° J/kg 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),

=1188kg/m? R-134a .
1) =1.888x107* kg/m.s 35°C [~

Cp =1448 J/kg.°C Dube=1.5cm
k, =0.0808 W/m°C Lipe =7 M

Analysis The modified latent heat of vaporization is

h:g B hfg +0'68Cp| (Toa =Ts) Condensate l
=168.2x10° J/kg +0.68x1448 J/kg-°C(35—25)°C = 178.0x10° Jikg

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

«  gl4
g0 (o1 — py)hgk }

h=hy, =0.729
horizontal [ 1, (Tsat —TS)D

(9.81m/s?)(1188 kg/m?>)(1188 — 43.41kg/m*)(178.0 x10° J/kg)(0.0808 W/m- °C)3
(1.888x10~* kg/m - 5)(35 — 25)°C(0.015m)

= 0.729[

=1880 W/m? -°C
The heat transfer surface area of the pipe is
A, = DL = 7(0.015 m)(7 m) = 0.3299 m?
Then the rate of heat transfer during this condensation process becomes
Q=hA (T, —T,) = (1880 W/m? - °C)(0.3299 m?)(35 — 25)°C = 6202 W
The rate of condensation of steam is determined from

Q  6202Js

—=————5——=0.03484kg/s =2.09 kg/min
hy, 178.0x10° J/kg

Meondensaton =
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10-111 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% J/kg 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),

_ 3
p, =1188kg/m R-134a

) =1.888x107* kg/m.s 35°C 25°C
v = | p; =0.1590x10"°m?/s <> oo 3em
C, =1448 J/kg.°C Lmubb:_ o
k, =0.0808 W/m°C
Analysis The modified latent heat of vaporization is l
hi =Ny +0.68¢ 5 (Tey —T¢) Condensate

=168.2x10° J/kg +0.68x1448 J/kg - °C (35— 25)°C = 178.0x10° J/kg

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

. 1/4
9o (o1 — PN kf’}

h=hy =0.729
horizontal [ 1 (Tsat —TS)D

(9.81m/s?)(1188 kg/m?>)(1188 — 43.41 kg/m?)(178.0 x 10° J/kg)(0.0808 W/m.- °C)>
(1.888x10~* kg/m -5)(35 — 25)°C(0.03m)

= 0.729{

=1581 W/m? -°C
The heat transfer surface area of the pipe is
A, = DL = 7(0.03m)(7 m) = 0.6597 m?
Then the rate of heat transfer during this condensation process becomes
Q=hA (T, —T;) = (1581 W/m? - °C)(0.6597 m?)(35 — 25)°C =10,430 W
The rate of condensation of steam is determined from

Q 10,430/

M T 178.0x10° Vka
hi, 178.0x10% J/kg

=0.05859kg/s = 3.52 kg/min

condensaton —
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10-112 Steam at a saturation temperature of T, = 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, = 0.05 kg/m®. The properties of igie(‘:m
liquid water at the film temperature of T; = (T, +T)/2 = (40+30)/2 cooling
= 35°C and at the bulk fluid temperature of T, = (T;, +Tou)/2=(25 water 3°C
+ 35)/2 = 30°C are (Table A-9), 25°C
At 35°C: At 30°C:
| =994.0 kg/m® = 996.0 kg/m® | |
w4 =0.720x10*kg/m - s w4 =0.798x10 " kg/m s Condensate
vi = | p, =0.724x10"°m?/s vi =1 1 py =0.801x10°m?/s
Cp =4178J/kg-°C Cp =4178J/kg-°C
k, =0.623 W/m-°C k, = 0.615 W/m-°C
Pr=4.83 Pr=5.42

Analysis The mass flow rate of water and the rate of heat transfer to the water are
Myater = PVA, = (996 kg/m®)(2 m/s)[2(0.03m)? / 4] =1.408 kg/s
Q= me, (Toue — Tin) = (1.408 kg/s)(4178 J/kg - °C)(35 — 25)°C = 58,830 W
The modified latent heat of vaporization is
hg =Ny +0.68C (Tey —Ts) =2407 x10° J/kg + 0.68x 4178 J/kg - °C(40 — 30)°C = 2435x10° J/kg
The heat transfer coefficient for condensation on a single horizontal tube is

. 1/4
9o (P — PN k.T

ty (Tege —T)D

(9.81m/s?)(994 kg/m?)(994 — 0.05 kg/m®)(2435 x 10° I/kg)(0.623 W/m-°C)® |+
(0.720 %1072 kg/m - 5)(40 — 30)°C(0.03m)
The average heat transfer coefficient for flow inside the tube is determined as follows:
Re— VagD _ (2m/s)(0.03m)
v 0.801x10°®
Nu = 0.023Re%® Pr®* =0.023(74,906)°8 (5.42)4 =358.9
h = kNu _ (0.615 W/m-°C)(358.9)
D 0.03m
Noting that the thermal resistance of the tube is negligible, the overall heat transfer coefficient becomes
U- 1 _ 1
1/h; +1/h,  1/7357 +1/11,775
The logarithmic mean temperature difference is:
. ATy —AT, _ 15-5 _ o 10nec
IN(AT; /AT,) In(15/5)
The tube length is determined from

hO = hhorizontal = 0-729{

= 0.729{ =11,775 W/m? -°C

=74,906

=7357 W/m? -°C

=4528 W/m?.°C

Q 58,830 W 15
U (D)AT,, (4528 W/m? - °C)7(0.03m)(9.102°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.

1m

Q=UAAT,, - L=
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10-106

10-113 Saturated steam condenses on a suspended silver sphere which is initially at 25°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 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
Tt =(Tsat +Tsarg)/ 2=(100 + 37.5)/2 = 69°C ~ 70°C are (Tables A-3 and A-9),

Silver Ball : Liquid Water :
p =10,500 kg/m? py =977.5kg/m? Silver
a=174x10"%m?/s 1y =0.404x103kg/m-s sphere Steam
¢, =235J/kg-°C Cp =4190J/kg-°C 100°C
k, =429 W/m.°C k, =0.663 W/m-°C

Analysis The modified latent heat of vaporization is w
h:g = hfg +0-68CpI(rsat -Ts)

= 2257 x10° J/kg + 0.68x 4190 J/Kg - °C(100 — 37.5)°C = 2435x10° J/kg

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

( he kS 1/4
h=h5ph=0.815{gpl P1— Pyl |]

H (Tsat _Ts)D

1/4
_ o1 ©8 m/s?)(977.5 kg/m®)(977.5 — 0.60 kg/m?)(2435 x 10° J/kg)(0.663 W/m- °C)*
' (0.404 1072 kg/m - 5)(100 — 37.5)°C(0.012 m)
=9916 W/m? -°C
The characteristic length and the Biot number for the lumped system analysis is (see Chap. 4)
| _V _aD%I6_D _0012m
A D% 6 6
_hL, (9916 W/m? - °C)(0.002 m)
k (429 W/m-°C)

=0.002m

Bi

=0.0462<0.1

The lumped system analysis is applicable since Bi < 0.1. Then the time needed for the temperature of the sphere to rise from
25 to 50°C is determined to be
h 2.0
_ A, _ h _ 9216 W/m* -°C 20095
PV pe,le (10,500 kg/m*)(235 J/kg - °C)(0.002 m)
TO-T, o-bt . 50-100 _ o-200%
T -T, 25-100

—> t=0.202 s

The total heat transfer to the ball and the amount of steam that condenses become
3

D
Msphere = PV = p === (10,500 kg/m?)

3
M — 0.009500 kg

Q =mC [T (t) = T Ispnere = (0.009500 kg)(235 J/kg - °C)(50 — 25)°C = 55.81J
. Q 5581

m =< = U0 - 229x107° kg/s
condensaton hfg 2435><103 J/kg
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10-114 Steam at a saturation temperature of T, = 100°C condenses on a suspended silver sphere which is initially at 25°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 h¢y = 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
Tt = (Tear +Tsavg) /2= (100 + 37.5)/2 = 69°C ~ 70°C 70°C are (Tables A-3 and A-9),

Copper Ball: Liquid Water :
p =8933kg/m® Py =977.5kg/m? Silver
-6 .2 3 sphere
a=117x10""m*/s 4 =0.404x107°kg/m-s
cp, =385J/kg-°C Cp =4190J/kg-°C

k, =401 W/m-°C k, =0.663 W/m-°C %

Steam
100°C

Analysis The modified latent heat of vaporization is
hig =iy +0.68C (T —Ts)
= 2257 x10° J/kg + 0.68x 4190 J/kg - °C(100 — 37.5)°C = 2435x10° J/kg

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

« | gL4
gp (pl _pv)hfgkl
Hi (Tsat _Ts)D

1/4
(9.8 m/s®)(977.5 kg/m*)(977.5 — 0.60 kg/m*)(2435 x 10° J/kg)(0.663 W/m-°C)?
(0.404 %103 kg/m - 5)(100 — 37.5)°C(0.03m)

h=hgp, = 0.815{

= 0.815{

=7886 W/m? -°C
The characteristic length and the Biot number for the lumped system analysis is (see Chap. 4)
_V _D%I6 _D _0.03m
A, D? 6 6
_hL, (7886 W/m? -°C)(0.005 m)
ok (401 W/m-°C)

=0.005m

LC

Bi =0.098<0.1

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

hA°  h 7886 W/n? -°C
pc,V  pc,L, (8933 kg/m*)(385J/kg-°C)(0.005 m)
TM)-T, _ow__ 50-100
T-T, 25-100

=0.4586s"

e 5 t=0.884s

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

=0.1263kg

’ 3
Mypere =PV =P RE = (8933 kg/m%@

Q = MC, [T (t) ~ T, Jynere = (0.1263kg)(385 J/kg - °C)(50 - 25)°C = 1216 ]

o _Q 121605
* T 2435x10° Jkg

condensaton h
fg

=4.99x10" kg/s
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10-115 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

Horizontal tier:

hhorizontal’[ierof N tubes = hhorizontalltube

Vertical tier:

_ hhorizontalltube
vertical tier of N tubes — N 1/4

h
Vertical tier
Therefore,

 Mhorizontal
Ratio = -horlzontaltlerof N tubes

mvenical tierof N tubes

_ hhorizontaltierof N tubes

hvertical tierof N tubes

hhorizontalltube

O0000000

- 1/4
hhorizontalltube/ N
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10-116E Saturated steam at a saturation pressure of 0.95 psia and thus at a saturation temperature of Tg, = 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 ina 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

. Saturated
isothermal.

steam

Properties The properties of water at the saturation temperature of
100°F are hgy = 1037 Btu/lom and p, = 0.00286 lom/ft. The
properties of liquid water at the film temperature of

T¢ =gy +T5)/2=(100 + 80)/2 = 90°F are (Table A-9E),

P =0.95 psia

n = 144 tubes f 80°F

py = 62.12 Ibm/ft3
4 =5.117x107* Ibm/ft -s =1.842 Ibm/# - h
v = | p; =0.029651 */h
c, =0.999 Btu/lbm-°F
k, = 0.358 Btu/h-ft -°F

Cooling
water

CCCOCCCCOCO

Analysis (a) The modified latent heat of vaporization is

h’;g =hyy +0.68¢ , (Tgy — Ts)
=1037 Btu/Ibm+0.68x (0.999 Btu/Ibm- °F)(100 — 80)°F
=1051Btu/lbm

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

iy (T —T5)D

1/
. S . m 12-0. m tu/lbm)(0. tu/h-ft -°
32.21t/s 2)(62.12 Ibm/ft )(62.12 — 0.00286 Ibm/ft * (1051 Btu/lbm)(0.358 Btu/h - ft -°F)3
[(1h/36005)?](1.842 Ibm/ft - h)(100 —80)°F(1.2/12 )

. 1/4
—p,)ht kS
h= hhoriz _ 0.729|: g0 (pl pv) fg ™ :|

4

= 0.729{

=1562 Btu/h-t % -°F
Then the average heat transfer coefficient for a 4-tube high vertical tier becomes

1 1
Nhoriz. N tubes = N Nhoriz 1 tube = o (1562 Btu/h -t 2 - °F)=839.2 Btu/h- ft 2 - °F

The surface area for all 144 tubes is

A, = N0l =1447(1.2/12 £)(15 1) = 678.6 2
Then the rate of heat transfer during this condensation process becomes

Q=hA (T, —T,) = (839.2 Btu/h.tt* - °F)(678.6 ft 2)(100 — 80)°F = 11,390,000 Btu/h
(b) The rate of condensation of steam is determined from

. Q 11,390,000 Btu/h

o - _Q =10,837 lbm/h
condensaton h’f*g 1051 Btu/lbm
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10-117E Saturated steam at a saturation pressure of 0.95 psia and thus at a saturation temperature of Tg, = 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
100°F are hgy = 1037 Btu/lom and p, = 0.00286 lom/ft. The
properties of liquid water at the film temperature of

P =0.95 psia
Ti =(Tgi +T5)/ 2=(100 + 80)/2 = 90°F are (Table A-9E),

80°F
r

n = 144 tubes
py = 62.12 Ibm/ft3

4 =5.117x107* Ibm/ft -s =1.842 Ibm/# - h
v = | p; =0.029651 */h
c, =0.999 Btu/lbm-°F

k, = 0.358 Btu/h-ft -°F

Cooling
water

000000006060

Analysis (a) The modified latent heat of vaporization is

h’;g =hyy +0.68¢ , (Tgy — Ts)
=1037 Btu/Ibm+0.68x (0.999 Btu/Ibm- °F)(100 — 80)°F
=1051Btu/lbm

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

h =hyo, = 0.729
o l: H (Tsat _Ts)D

x| 37U4
go1 (o1 — py)higk; }

1/4
(32.21t/52)(62.12 Ibm/ft*)(62.12 — 0.00286 Ibm/ft *)(1051 Btu/Ibm)(0.358 Btu/h - ft - °F)3
[(1h/36005)%](1.842 Ibm/ft - h)(100 — 80)°F (2.0/121)

= 0.729{

=1375Btu/h- 1t -°F
Then the average heat transfer coefficient for a 4-tube high vertical tier becomes

1 1
Nhoriz. N tubes = N Nhoriz 1 tube = o (1375Btu/h- 12 -°F)=738.8 Btu/h-ft > - °F

The surface area for all 144 tubes is

A, = Ny 7DL =1447(2/12 f)(15 ft) =11311
Then the rate of heat transfer during this condensation process becomes

Q=hA (T, —T,)=(738.8 Btu/h.t? - °F)(11311t ?)(100 — 80)°F = 16,712,000 Btu/h
(b) The rate of condensation of steam is determined from

. Q 16,712,000 Btu/h

m by = —— = =15,900 Ibmvh
ndeNsan i, 1051Btu/lom
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10-118 Ammonia is liquefied in a horizontal condenser at 37°C by a coolant at 20°C. The average value of overall heat
transfer coefficient and the tube length are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The tubes are isothermal. 3 The thermal resistance of the tube walls is
negligible.

Properties The properties of ammonia at the saturation temperature of 310 K (37°C) are h¢; = 1113x10°% J/kg and p, = 11.09
kg/m® (Table A-11). We assume a tube outer surface temperature of 31°C. The properties of liquid ammonia at the film
temperature of T; =(Ty; +T,)/2=(37 + 31)/2 = 34°C are (Table A-11)

Py =589.0kg/m? ®
1 =1.303x10"*kg/m-s ® ®
Cp| = 4867 J/kg°C @ @ @
k, =0.4602 W/m-°C @ @
The thermal conductivity of copper is 401 W/m-°C (Table A-3). @ @ @
Analysis (a) The modified latent heat of vaporization is @ @
hig =gy +0.68¢ 5 (Te —Ts) ®

=1113x10% J/kg + 0.68x 4867 J/kg - °C(37 — 31)°C =1133x10% J/kg
The heat transfer coefficient for condensation on a single horizontal tube is

N 1/4
9o (o _pv)hfg I<|3 ]

iy (Tse —T5)D

1/4
(9.8 m/s?)(589.0 kg/m*)(589.0 —11.09 kg/m*)(1133x10° J/kg)(0.4602 W/m-°C)*
(1.303x10~* kg/m-s)(37 —31)°C(0.038 m)

h= hhorizontal = 0'729[

= 0.729{

= 7693 W/m? -°C

Noting that there are two 2-pipe high, two 3-pipe high, and one 4-pipe high vertical tiers in the tube-layout, the average heat
transfer coefficient is to be determined as follows

hy = ﬁ Nhoriz 1 tube = 21% (7693 W/m? -°C) = 6469 W/m? -°C
1 1 2 o 2 o
2 =W horiz,1tube Z?)IT(7693 W/m* - C) =5845 W/m* -°C
1 1

h, = N Nhoriz 1 tube = 7 (7693 W/m? -°C) = 5440 W/m? -°C

- 2x2h; +2x3h, +1x4h, _ 4 x 6469 + 6 x 5845 + 4 x 5440 5008 W/m? .°C
2x2+2x3+1x4 14
Let us check if the assumed value for the rube temperature was reasonable
(4000)77(0.030) L(Ty,pe — 20) = (5908)7(0.038) L(37 — Ty pe) — Tiupe = 31.1°C
which is very close to the assumed value of 31°C. Therefore, the assumption was good. The overall heat transfer coefficient
based on the outer surface is determined from

U (s  DoIn®g /D) 1 * ([ 0038 ,0038In38/30) 1
°~{D;h, 2k h, 0.030x 4000 2(401) 5908

-1
] =2012W/m?2.°C

(b) The rate of heat transfer is
Q =MeongensatonN g = (90073600 kg/s)(1133x10° J/kg) = 2.833x10° W
Then the tube length may be determined from
Q=U,AAT
2.833x10° W= (2012 wW/m? - C)(14) 7(0.038 Mm)L(37—20)——> L =4.96m
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10-119 Saturated ammonia vapor at a saturation temperature of T, = 25°C condenses on the outer surfaces of a tube bank in
which cooling water flows. The rate of condensation of ammonia, the overall heat transfer coefficient, and the tube length are
to be determined.

Assumptions 1 Steady operating conditions exist. 2 The tubes are isothermal. 3 The thermal resistance of the tube walls is
negligible.

Properties The properties of ammonia at the saturation temperature of 25°C are hy, = 1166x10° J/kg and p, = 7.809 kg/m®
(Table A-11). We assume that the tube temperature is 20°C. Then, the properties of liquid ammonia at the film temperature of
T =g +T5)/2=(25+ 20)/2 = 22.5°C are (Table A-11)
Py =606.5kg/m?®
1y =1.479%x10*kg/m-s
Cp =4765J/kg-°C
k, =0.4869 W/m-°C

The water properties at the average temperature of (14+17)/2 = 15.5°C are (Table A-9)

p =999.0 kg/m®
¢, =4185J/kg-°C

1 =1.124x10"%kg/m-s
k =0.590 W/m-°C
Pr=7.98

Analysis (a) The modified latent heat of vaporization is
h:g = hfg +0'68Cp| (Tsat _Ts)
=1166x10° J/kg +0.68x 4765 J/kg - °C (25— 20)°C
=1182x10° J/kg

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

«  g37l/4
ap (pl _pv)hfgkl
4y (T —T5)D

1/4
(9.8 m/s?)(606.5 kg/m*)(606.5 — 7.809 kg/m*)(1182x10° J/kg)(0.4869 W/m-°C)?
(1.479x10~* kg/m-s)(25— 20)°C(0.025m)

h= hhorizontal = 0'729l:

= 0.729{

=9280 W/m? -°C
Then the average heat transfer coefficient for a 4-pipe high vertical tier becomes

1 1 o o
hy = hhoriz, N tubes ~ W hhoriz,ltube = 41T (9280 wW/m? - C) =6562 W/m? -C

The rate of heat transfer in the condenser is
m =16 pA.V =16(999 kg/m?3)z(0.25)(0.025 m)? (2 m/s) = 15.69 kg/s
Q=mc, (Toy —Tin) = (15.69 kg/s)(4185 J/kg - °C)(17 —14) =1.970x10° W
Then the rate of condensation becomes

. Q  1.970x10° W

Mgy = —2- = ~0.167kgls
“M T hy,  1182x103 Jikg
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(b) For the calculation of the heat transfer coefficient on the inner surfaces of the tubes, we first determine the Reynolds
number

_ VDp _ (2m/s)(0.025m)(999.0 kg/m?)

Re 3
H 1.124%x107° kg/m-s

= 44,440
which is greater than 10,000. Therefore, the flow is turbulent. Assuming fully developed flow, the Nusselt number and the
heat transfer coefficient are determined to be

Nu = 0.023Re®8 Pr®* = 0.023(44,440)°#(7.98)** = 275.9

h _ k- (059 W/m-C)

(275.9) = 6511 W/m? -°C
D 0.025m

Let us check if the assumed value for the rube temperature was reasonable
hiATi = hO ATO
(6511)(Tyype —15.5) = (6562)(25—Ty,pe)
Tuwbe = 20.3°C

which is sufficiently close to the assumed value of 20°C. Disregarding thermal resistance of the tube walls, the overall heat
transfer coefficient is determined from

a1 =]
(1,2t :[L+Lj —3268W/m2 .°C
h hy 6511 6562

(c) The tube length may be determined from
Q =UAAT
1.970x10° W = (3268 W/m? - C)(16)(0.025 m)L[ZS—% (14+17)}

L=5.05m
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10-120 Saturated steam at 270.1 kPa pressure and thus at a saturation temperature of Tg, = 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 Reyaper <
35,000.

Properties The properties of water at the saturation temperature of 130°C are hgy = 2174x10% J/kg and p, = 1.50 kg/m°. The
properties of liquid water at the film temperature of T; = (T, +T)/2=(130 + 110)/2 = 120°C are (Table A-9),

Py =943.4kg/m?
Steam

4 =0.232x10" kg/m.s 270.1 kPa 110°c
= | p; =0.246x10°m?/s
= 4244 J/kg.°C Dupe=2.5cm
pI
Ltube =10m
k, =0.683W/m*°C
Analysis The condensation heat transfer coefficient is determined from l
1/4
9o (o, — p, )k Condensate
h= hintemal = O'SSS{W fg T 5 Cpl (Tsat =T )

(9.8 m/s%)(943.4 kg/m3)(943.4 —1.50) kg/m*)(0.683 W/m- °C)?®
(0.232x107° kg/m - 5)(130 —110)°C(0.025m)

= 0.555{

1/4
x [2174 x10% J/kg + g (4244 J/kg - °C)(130 — 110)°Cﬂ

=8413 W/m? -°C
The heat transfer surface area of the pipe is
A = 7DL = 7(0.025 m)(10 m) = 0.7854 m?
Then the rate of heat transfer during this condensation process becomes
Q=hA (T, —T,) = (8413 W/m? - °C)(0.7854 m?)(130 —110)°C =132,151 W
The rate of condensation of steam is determined from

Q  132151J/s

Meondensaton = —— = —————3 ——
hy 2174x10° Jikg

=0.0608Kkg/s
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Fundamentals of Engineering (FE) Exam Problems

10-121 When boiling a saturated liquid, one must be careful while increasing the heat flux to avoid “burnout.” Burnout
occurs when the boiling transitions from boiling.

(a) convection to nucleate (b) convection to film (c) film to nucleate

(d) nucleate to film (e) none of them

Answer (d) nucleate to film

10-122 Heat transfer coefficients for a vapor condensing on a surface can be increased by promoting

(a) film condensation  (b) dropwise condensation (c) rolling action  (d) none of them

Answer (b) dropwise condensation

10-123 At a distance x down a vertical, isothermal flat plate on which a saturated vapor is condensing in a continuous film,
the thickness of the liquid condensate layer is 6. The heat transfer coefficient at this location on the plate is given by

@ k /o (b) oh; (c) dhyg (d) onyg (e) none of them

Answer (a) k, /o

10-124 When a saturated vapor condenses on a vertical, isothermal flat plate in a continuous film, the rate of heat transfer is
proportional to

(a) (rs _Tsalt)l/4 (b) (Ts _Tsat)l/2 (C) (rs _Tsat)3/4 (d) (Ts _Tsat) (e) (Ts _Tsalt)ZI3

Answer (c) (T, —Tg)>'*
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10-125 Saturated water vapor is condensing on a 0.5 m? vertical flat plate in a continuous film with an average heat transfer
coefficient of 7 kW/m?-K. The temperature of the water is 80°C (heg = 2309 kJ/kg) and the temperature of the plate is 60°C.
The rate at which condensate is being formed is

(a) 0.0303 kg/s (b) 0.07 kg/s (c) 0.15 kg/s (d) 0.24 kg/s (e) 0.28 kg/s

Answer (a) 0.0303 kg/s

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

hfg=2309 [kJ/kg]
dT=20 [C]

A=0.5 [m"2]

h=7 [kJ/m"2-K-s]
mdot=h*A*dT/hfg

10-126 Steam condenses at 50°C on a 0.8-m-high and 2.4-m-wide vertical plate that is maintained at 30°C. The condensation
heat transfer coefficient is

(a) 3975 W/m?°C  (b) 5150 W/m*°C  (c) 8060 W/m?°C  (d) 11,300 W/m*°C (e) 14,810 W/m?-°C
(For water, use p = 992.1 kg/m®, 14 = 0.653x10° kg/m-s, k; = 0.631 W/m-°C, ¢ = 4179 J/kg-°C, hyy @ 1sat = 2383 kJ/kg)

Answer (b) 5150 W/m*°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T_sat=50 [C]

T _s=30[C]

L=0.8 [m]

w=2.4 [m]

h_fg=2383E3 [J/kg] "at 50 C from Table A-9"

"The properties of water at (50+30)/2=40 C are (Table A-9)"

rho_|=992.1 [kg/m”3]

mu_I=0.653E-3 [kg/m-s]

nu_l=mu_I/rho_|

c_p_|=4179 [J/kg-C]

k_1=0.631 [W/m-C]

0=9.81 [m/s"2]

h_fg_star=h_fg+0.68*c_p_I*(T_sat-T_s)
Re=(4.81+(3.70*L*k_I*(T_sat-T_s))/(mu_I*h_fg_star)*(g/nu_I"2)"(1/3))"0.820
"Re is between 30 and 1800, and therefore there is wavy laminar flow"
h=(Re*k_1)/(1.08*Re"1.22-5.2)*(g/nu_I"2)(1/3)
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10-127 An air conditioner condenser in an automobile consists of 2 m? of tubular heat exchange area whose surface
temperature is 30°C. Saturated refrigerant 134a vapor at 50°C (hyy, = 152 kJ/kg) condenses on these tubes. What heat transfer
coefficient must exist between the tube surface and condensing vapor to produce 1.5 kg/min of condensate?

(a) 95 W/m?.K (b) 640 W/m?.K (c) 727 W/m*K (d) 799 W/m?.K (e) 960 W/m*K

Answer (a) 95 W/m*-K

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

hfg=152000 [J/kg]
dT=20 [C]

A=2 [m"2]
mdot=(1.5/60) [kg/s]
Q=mdot*hfg
Q=h*A*dT

10-128 Saturated water vapor at 40°C is to be condensed as it flows through a tube at a rate of 0.2 kg/s. The condensate
leaves the tube as a saturated liquid at 40°C. The rate of heat transfer from the tube is

(2) 34 ki/s (b) 268 ki/s (c) 453 ki/s (d) 481 ki/s () 515 k/s

Answer (d) 481 kJ/s

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T1=40 [C]

m_dot=0.2 [kg/s]

h_f=ENTHALPY(Steam_IAPWS,T=T1,x=0)

h_g=ENTHALPY(Steam_IAPWS,T=T1,x=1)

h_fg=h_g-h_f

Q_dot=m_dot*h_fg

"Wrong Solutions:"

W1_Q=m_dot*h_f "Using hf"
W2_Q=m_dot*h_g "Using hg"

W3_Q=h_fg "not using mass flow rate"

W4 _Q=m_dot*(h_f+h_g) "Adding hf and hg"
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10-129 Steam condenses at 50°C on the outer surface of a horizontal tube with an outer diameter of 6 cm. The outer surface of
the tube is maintained at 30°C. The condensation heat transfer coefficient is

(a) 5493 W/m2°C  (b) 5921 W/m?°C  (c) 6796 W/m?°C  (d) 7040 W/m%°C  (e) 7350 W/m2.°C
(For water, use p = 992.1 kg/m®, 1 = 0.653x10° kg/m-s, k = 0.631 W/m-°C, Cpi = 4179 J/kg-°C, hyg @ Tsat = 2383 kJ/kg)

Answer (c) 6796 W/m?2°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T_sat=50 [C]

T_s=30[C]

D=0.06 [m]

h_fg=2383E3 [J/kg] "at 50 C from Table A-9"

rho_v=0.0831 [kg/m"3]

"The properties of water at (50+30)/2=40 C are (Table A-9)"
rho 1=992.1 [kg/m”3]

mu_|=0.653E-3 [kg/m-s]

c_p_|=4179 [J/kg-C]

k_1=0.631 [W/m-C]

0=9.81 [m/s"2]

h_fg_star=h_fg+0.68*c_p_I*(T_sat-T_s)
h=0.729*((g*rho_I*(rho_l-rho_v)*h_fg_star*k_I"3)/(mu_I*(T_sat-T_s)*D))"0.25
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10-130 Steam condenses at 50°C on a tube bank consisting of 20 tubes arranged in a rectangular array of 4 tubes high and 5
tubes wide. Each tube has a diameter of 6 cm and a length of 3 m and the outer surfaces of the tubes are maintained at 30°C.
The rate of condensation of steam is

(a) 0.054 kg/s (b) 0.076 kg/s (c) 0.315 kg/s (d) 0.284 kg/s (e) 0.446 kg/s
(For water, use p = 992.1 kg/m®, 14 = 0.653x10° kg/m-s, k; = 0.631 W/m-°C, ¢y = 4179 J/kg-°C, hyy @ 1sat = 2383 kJ/kg)

Answer (c) 0.315 kg/s

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T_sat=50 [C]
T_s=30[C]
D=0.06 [m]
L=3 [m]

N=4
N_total=5*N

h_fg=2383E3 [J/kg] "at 50 C from Table A-9"

rho_v=0.0831 [kg/m~3] "at 50 C from Table A-9"

"The properties of water at (50+30)/2=40 C are (Table A-9)"
rho_1=992.1 [kg/m"3]

mu_|=0.653E-3 [kg/m-s]

c_p_|=4179 [J/kg-C]

k_1=0.631 [W/m-C]

0=9.81 [m/s"2]

h_fg_star=h_fg+0.68*c_p_ I*(T_sat-T_s)
h_1tube=0.729*((g*rho_I*(rho_l-rho_v)*h_fg_star*k_I"3)/(mu_I*(T_sat-T_s)*D*N))"0.25
h_Ntubes=1/N"0.25*h_1tube

A_s=N_total*pi*D*L

Q_dot=h_Ntubes*A_s*(T_sat-T_s)
m_dot_cond=Q_dot/h_fg_star

10-131 ... 10-136 Design and Essay Problems
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