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14-2
Analogy between Heat and Mass Transfer

14-1C The concentration of a commodity is defined as the amount of that commodity per unit volume. The concentration
gradient dC/dx is defined as the change in the concentration C of a commodity per unit length in the direction of flow x. The
diffusion rate of the commodity is expressed as

. dC
- k. A
Q dit A~

where A is the area normal to the direction of flow and kg is the diffusion coefficient of the medium, which is a measure of
how fast a commodity diffuses in the medium.

14-2C Examples of different kinds of diffusion processes:

(a) Liquid-to-gas: A gallon of gasoline left in an open area will eventually evaporate and diffuse into air.
(b) Solid-to-liquid: A spoon of sugar in a cup of tea will eventually dissolve and move up.

(c) Solid-to gas: A moth ball left in a closet will sublimate and diffuse into the air.

(d) Gas-to-liquid: Air dissolves in water.

14-3C (a) Temperature difference is the driving force for heat transfer, (b) voltage difference is the driving force for electric
current flow, and (c) concentration difference is the driving force for mass transfer.

14-4C In the relation Q = —kA(dT /dx) , the quantities Q , k, A, and T represent the following in heat conduction and mass
diffusion:

Q = Rate of heat transfer in heat conduction, and rate of mass transfer in mass diffusion.

k = Thermal conductivity in heat conduction, and mass diffusivity in mass diffusion.
A = Area normal to the direction of flow in both heat and mass transfer.

T = Temperature in heat conduction, and concentration in mass diffusion.

14-5C Bulk fluid flow refers to the transportation of a fluid on a macroscopic level from one location to another in a flow
section by a mover such as a fan or a pump. Mass flow requires the presence of two regions at different chemical
compositions, and it refers to the movement of a chemical species from a high concentration region towards a lower
concentration one relative to the other chemical species present in the medium. Mass transfer cannot occur in a
homogeneous medium.

14-6C (a) Homogenous reactions in mass transfer represent the generation of a species within the medium. Such reactions
are analogous to internal heat generation in heat transfer. (b) Heterogeneous reactions in mass transfer represent the
generation of a species at the surface as a result of chemical reactions occurring at the surface. Such reactions are analogous
to specified surface heat flux in heat transfer.
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14-3
Mass Diffusion

14-7C The molecular weights of CO, and N,O gases are the same (both are 44). Therefore, the mass and mole fractions of
each of these two gases in a gas mixture will be the same.

14-8C (@T ((MF (@©F (@@T (e)F

. d
14-9C In the Fick’s law of diffusion relations expressed as My o = —0ADag ddﬂ and N =—CADpg % , the
' X ’ X

diffusion coefficients Dag are the same.

14-10C The mass diffusivity of a gas mixture (a) increases with increasing temperature and (a) decreases with increasing
pressure.

14-11C In a binary ideal gas mixture of species A and B, the diffusion coefficient of A in B is equal to the diffusion
coefficient of B in A. Therefore, the mass diffusivity of air in water vapor will be equal to the mass diffusivity of water
vapor in air since the air and water vapor mixture can be treated as ideal gases.

14-12C Solids, in general, have different diffusivities in each other. At a given temperature and pressure, the mass diffusivity
of copper in aluminum will not be the equal to the mass diffusivity of aluminum in copper.

14-13C We would carry out the hardening process of steel by carbon at high temperature since mass diffusivity increases
with temperature, and thus the hardening process will be completed in a short time.

14-14 The maximum mass fraction of calcium bicarbonate in water at 350 K is to be determined.

Assumptions The small amounts of gases in air are ignored, and dry air is assumed to consist of N, and O, only.
Properties The solubility of [Ca(HCQ3),] in 100 kg of water at 350 K is 17.88 kg (Table 14-5).

Analysis The maximum mass fraction is determined from

McaHco3)2 _ McaHcose  17.88kg

= =0.152
mtota| m(CaHC03)2 + mW (1788 +100) kg

WcaHco3)2 =
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14-15 The molar fractions of the constituents of moist air are given. The mass fractions of the constituents are to be
determined.

Assumptions The small amounts of gases in air are ignored, and dry air is assumed to consist of N, and O, only.
Properties The molar masses of N,, O,, and H,O are 28.0, 32.0, and 18.0 kg/kmol, respectively (Table A-1)

Analysis The molar mass of moist air is determined to be

M =" y;M; =0.78x28.0+0.20x32.0+0.02x18 = 28.6 kg/kmol
. . ) Moist air
Then the mass fractions of constituent gases are determined from Eq. 14-10 to be 78% N,
20% O
M 2
Nyt Wy, =Yy, — b= 0.78) 222 _0.764 2% H, 0
M 28.6 (Mole fractions)
Mo 32.0
0,: Wo, = 2 =(0.20) ——==0.224
2 0, = Yo, M (0.20) 28.6
M0 18.0
H,O: Wy o = —2=(0.02) =—==0.012
2 H,0 = YH,0 M (0.02) 28.6

Therefore, the mass fractions of N,, O,, and H,O in dry air are 76.4%, 22.4%, and 1.2%, respectively.

14-16 The mole numbers of the constituents of a gas mixture at a specified pressure and temperature are given. The mass
fractions and the partial pressures of the constituents are to be determined.

Assumptions The gases behave as ideal gases.
Properties The molar masses of N,, O, and CO, are 28, 32, and 44 kg/kmol, respectively (Table A-1)

Analysis When the mole fractions of a gas mixture are known, the mass fractions can be determined from

m; N;M; M;
W, =——= =Y;
I mm NmMm I Mm
0,
The apparent molar mass of the mixture is 280;2 (N)Z
2
M =" y;M; =0.65x28.0+0.20x32.0+0.15x 44.0 = 31.2 kg/kmol 15% CO,
290 K
Then the mass fractions of the gases are determined from 250 kPa
My 28.0
N, : Wy, = 2 = (0.65) —— =0.583 (or 58.3%
2 N, = YN, M ( )31.2 ( 0)
Mo 32.0
0O,: Wqo, = 2 = (0.20) ——= =0.205 (or 20.5%
2 0, = Yo, M ( )31.2 ( 0)
Mco 44
CO,: w = 2 =(0.15) —— =10.212 (or 21.2%
2 co, = Yco, M ( )31.2 ( 0)

Noting that the total pressure of the mixture is 250 kPa and the pressure fractions in an ideal gas mixture are equal to the
mole fractions, the partial pressures of the individual gases become

Py, = Yn, P = (0.65)(250kPa) =162.5kPa
Po, = Yo, P = (0.20)(250kPa) = 50kPa
Peo, = Yco, P = (0.15)(250kPa) = 37.5kPa
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14-17E The masses of the constituents of a gas mixture are given. The mass fractions, mole fractions, and the molar mass of
the mixture are to be determined.

Assumptions None.
Properties The molar masses of N,, O,, and CO, are 28, 32, and 44 lbm/lbmol, respectively (Table A-1E)

Analysis (a) The total mass of the gas mixture is determined to be

m:Zmi =Mg, +My, + Mg, =7+8+10=25lbm

Then the mass fractions of constituent gases are determined to be
. _ mNz _ 8 _ 7 Ibm 0O,
Npt Wy, == =032 8 lom N,
10 Ibm CO,
Mo 7
0,: Wy =—2%=—=0.28
2 %" m 25
Mco, 10
CO,: w = 2 =2 -0.40
2 co, m 5

(b) To find the mole fractions, we need to determine the mole numbers of each component first,

m
Nyt Ny =N 8IBM 5 oggibmol
* "My,  28Ibm/lbmol
m
0,: Ng =2 __ M _45151pmol
? Mg, 32lbm/lbmol
m
co, ___10IbM 557 1bmol

CO,: Ngo, = =
20 % Mg, 441bm/lbmol

Thus,
N, = z N; =Ny, +Ng, +N¢o, =0.286+0.219+0.227 = 0.732 Ibmol

Then the mole fraction of gases are determined to be

Ny, 0286

N, : =0.391
20 YN TN T o732
N
0, Yo _o, 0219 _ 09
>N, 0732
. Nco, 0.227
CO,: Yeo, = Nmz = 25 =0310

(c) The molar mass of the mixture is determined from

M= _2Ibm o ibmol

N,, 0.7321bmol
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14-18 The mole fractions of the constituents of a gas mixture are given. The mass of each gas and apparent gas constant of
the mixture are to be determined.

Assumptions None.
Properties The molar masses of H, and N, are 2.0 and 28.0 kg/kmol, respectively (Table A-1)
Analysis The mass of each gas is

Hy:  my, =Ny My, =(8kmol)x (2kg/kmol) =16 kg

N,:  my, =Ny, My, =(2kmol)x (28 kg/kmol) = 56 kg

8 kmol H,
The molar mass of the mixture and its apparent gas constant are determined to be 2 kmol N
_ My _16+56K9 _ 7 o g/kmol
N 8+ 2 kmol

m

R :& _ 8.314 kJ/kmol- K _1.155 kl/kg - K
M 7.20 kg/kmol

14-19 The binary diffusion coefficients of CO, in air at various temperatures and pressures are to be determined.
Assumptions The mixture is sufficiently dilute so that the diffusion coefficient is independent of mixture composition.

Properties The binary diffusion coefficients of CO, in air at 1 atm pressure are given in Table 14-1 to be 0.74x107, 2.63x10"
® and 5.37x10°° m?/s at temperatures of 200 K, 400 K, and 600 K, respectively.

Analysis Noting that the binary diffusion coefficients of gases are inversely proportional to pressure, the diffusion
coefficients at given pressures are determined from

Dpg(T,P)=Dpg (T,latm)/P
where P is in atm.
(a) At200 K and 1 atm:  Dag (200 K, 1 atm) = 0.74x10° m?%/s (since P = 1 atm).
(b) At 400 K and 0.5 atm: Dag(400 K, 0.5 atm)=Dg(400 K, 1 atm)/0.5=(2.63x10)/0.5 = 5.26x10° m?/s
(c) At600 K and 5 atm:  Dag(600 K, 5 atm)=Dg(600 K, 1 atm)/5=(5.37x10")/5 = 1.07x10°> m?/s
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14-20 The binary diffusion coefficient of O, in N, at various temperature and pressures are to be determined.

Assumptions The mixture is sufficiently dilute so that the diffusion coefficient is independent of mixture composition.

Przoperties The binary diffusion coefficient of O, in N, at T; = 273 K and P; = 1 atm is given in Table 14-2 to be 1.8x10°
m-/s.

Analysis Noting that the binary diffusion coefficient of gases is proportional to 3/2 power of temperature and inversely
proportional to pressure, the diffusion coefficients at other pressures and temperatures can be determined from

3/2 3/2
D P (T P (T
ﬂz_z(_lJ - DAB,ZZDAB,I_l[ ZJ

DAB,Z Pl T2 P2 Tl
1atm (200K )*'?
(a) At200 K and 1 atm:  Dpg, = 1.8x107° m?/s)=——| ——| =1.18x10"°m?/s
' latm | 273K
latm (400K )*'?
(b) At 400 K and 0.5 atm: Dpg, = (1.8x107° m?/s) ——| —— | =6.38x10">m?/s
’ 0.5atm ( 273K
1latm (600 K \*'2
(c)At600 K and 5atm: Dpg, = (1.8x107° m?/s) — | =1.17x10"°m?/s
' 5atm { 273K

14-21 The binary diffusion coefficient of (a) CO, in Ny, (b) CO, in O,, and (c) CO, in H, at 320 K and 2 atm are to be
determined.

Assumptions 1 The mixture is sufficiently dilute so that the diffusion coefficient is independent of mixture composition.

Properties From Table 14-2, we find the following binary diffusion coefficients:

CO, in Ny: Dpg1 = 1.6 X 107 m?/s at T, =293 Kand P, =1 atm
CO,in Oy: Dpg1=1.4 % 107 m?/s at T, =273 K and P, =1 atm
CO, in Hy: Dpg1 =5.5 % 107 m?/s at T, =273 K and P, =1 atm

Analysis Noting that the binary diffusion coefficient of gases is proportional to 3/2 power of temperature and inversely
proportional to pressure, the diffusion coefficients at other pressures and temperatures can be determined from

D 1 P, (T, 3/2 B (T, 3/2
=4 | - DAB,ZZDAB,l_ —
Dpg,2 PR\ P, Ty

(a) For CO, in N, at 320 K and 2 atm:

Dpg » = (1.6x107° m?/s)

latm (320 K

3/2
21 =0.913x107° m?/s
2atm\ 293K

(b) For CO, in O, at 320 K and 2 atm:

3/2
j =0.888x107° m?/s

Dys 5 = (L4x1075 m2/s) M (320 K

2atm\ 273K
(c) For CO, in H, at 320 K and 2 atm:

Dpg,2 = (5.5><10*5 m2/s) latm [320 K

3/2
2 =3.49%x107° m?s
2atm\{ 273K

Discussion The binary diffusion coefficient is also known as mass diffusivity. The mass diffusivity Dag in mass diffusion
equation is analogous to the thermal diffusivity « in heat diffusion equation.
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14-22 The diffusion coefficient of hydrogen in steel is given as a function of temperature. The diffusion coefficients at
various temperatures are to be determined.

Analysis The diffusion coefficient of hydrogen in steel is given as
Dpg =1.65x107° exp(—4630/T)  m?/s
Using this relation, the diffusion coefficients at various temperatures are determined to be

200 K: Dpg =1.65x107° exp(—4630/200) =1.46 x107*° m?/s
500 K: Dpg =1.65%x10° exp(—4630/500) =1.57x107*° m?/s
1000 K: D g =1.65x107° exp(—4630/1000) =1.61x10% m?/s

1500 K: D g =1.65x10° exp(—4630/1500) = 7.53x10° m?/s

€€
14-23 Prob. 14-22 is reconsidered. The diffusion coefficient as a function of the temperature is to be plotted.

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

"GIVEN"

"The diffusion coeffcient of hydrogen in steel as a function of temperature is given"
"ANALYSIS"

D_AB=1.65E-6*exp(-4630/T)

T=200 [K]

T Dag

K] [m?/s]

200 1.457E-16
250 1.494E-14 2.8<10°
300 3.272E-13
350 2.967E-12
400 1551E-11

iy -8
450 | 5.611E-11 2 2.110
500 | L570E-10 c
550 | 3.643E-10 =
600 | 7.348E-10 D1 4x10°
650 | 1.330E-09 A

700 2.213E-09
750 3.439E-09 o
800 5.058E-09 7.010

850 7.110E-09
900 9.622E-09

950 [ 1.261E-08 0.0 . . : :

1000 | 1.610E-08 200 400 600 800 1000 1200
1050 2.007E-08

1100 | 2.452E-08 T [K]

1150 2.944E-08
1200 3.482E-08
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14-9
Boundary Conditions

14-24C Temperature is necessarily a continuous function, but concentration, in general, is not. Therefore, the mole fraction
of water vapor in air will, in general, be different from the mole fraction of water in the lake (which is nearly 1).

14-25C When prescribing a boundary condition for mass transfer at a solid-gas interface, we need to specify the side of the
surface (whether the solid or the gas side). This is because concentration, in general, is not a continuous function, and there
may be large differences in concentrations on the gas and solid sides of the boundary. We did not do this in heat transfer
because temperature is a continuous function.

14-26C Three boundary conditions for mass transfer (on mass basis) that correspond to specified temperature, specified heat
flux, and convection boundary conditions in heat transfer are expressed as follows:

1) w(0) =w, (specified concentration - corresponds to specified temperature)
2) — pDABd:;v—XA =J a0 (specified mass flux - corresponds to specified heat flux)
x=0

A

3) jas= _DA87 = Npass (Was —Wa )  (Mass convection - corresponds to heat convection)

x=0

14-27C An impermeable surface is a surface that does not allow any mass to pass through. Mathematically it is expressed (at
x=0) as
dw,
dx

x=0

An impermeable surface in mass transfer corresponds to an insulated surface in heat transfer.

14-28C Using solubility data of a solid in a specified liquid, the mass fraction w of the solid A in the liquid at the interface at
a specified temperature can be determined from

Mgo)ig

WA -
Msolig T Miiquid

where mgyig is the maximum amount of solid dissolved in the liquid of mass myiqq at the specified temperature.

14-29C Using Henry’s constant data for a gas dissolved in a liquid, the mole fraction of the gas dissolved in the liquid at the
interface at a specified temperature can be determined from Henry’s law expressed as

R gessice(0)
H

where H is Henry's constant and P; g sige(0) is the partial pressure of the gas i at the gas side of the interface. This relation is
applicable for dilute solutions (gases that are weakly soluble in liquids).

Yi,liquidsige(0) =
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14-30C The mole fraction of the water vapor at the surface of a lake when the temperature of the lake surface and the
atmospheric pressure are specified can be determined from

I:)vapor Psat@T
Yvapor = P =

Pat m

where Py is equal to the saturation pressure of water at the lake surface temperature.

14-31C The molar concentration C; of the gas species i in the solid at the interface C; soiiq sige (0) iS proportional to the partial
pressure of the species i in the gas P; gssic(0) 0N the gas side of the interface, and is determined from

Ci soligside (0) = Sx P gasside (0) (kmol/m®)

where S is the solubility of the gas in that solid at the specified temperature.

14-32C The permeability is a measure of the ability of a gas to penetrate a solid. The permeability of a gas in a solid, P, is
related to the solubility of the gas by P = SD g Where Dag is the diffusivity of the gas in the solid.

14-33 The mole fraction of CO, dissolved in water at the surface of water at 300 K is to be determined.
Assumptions 1 Both the CO, and water vapor are ideal gases. 2 Air at the lake surface is saturated.

Properties The saturation pressure of water at 300 K = 27°C is 3.60 kPa (Table A-9). The Henry’s constant for CO, in water
at 300 K is 1710 bar (Table 14-6).

Analysis The air at the water surface will be saturated. Therefore, the partial pressure of water vapor in the air at the lake
surface will simply be the saturation pressure of water at 27°C,

Pvapor = Fsat@27°c = 3.60kPa

Assuming both the air and vapor to be ideal gases, the partial pressure and mole fraction of dry air in the air at the surface of
the lake are determined to be

Paryair = P — Pyapor =100 ~3.60 = 96.4 kPa

The partial pressure of CO2 is

Ycoz =

Pcop  0.00482 bar
H 1710 bar

=2.82x10°
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14-34E Water is sprayed into air, and the falling water droplets are collected in a container. The mass and mole fractions of
air dissolved in the water are to be determined.

Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is saturated since water is constantly sprayed into it. 3 Air
is weakly soluble in water and thus Henry’s law is applicable.

Properties The saturation pressure of water at 80°F is 0.5073 psia (Table A-9E). Henry’s constant for air dissolved in water
at 80°F (300 K) is given in Table 14-6 to be H = 74,000 bar. Molar masses of dry air and water are 29 and 18 Ibm / Ibmol,
respectively (Table A-1E).

Analysis Noting that air is saturated, the partial pressure of water vapor in o o
the air will simply be the saturation pressure of water at 80°F Water
: o o droplets
Pyapor = Pear@soer = 0.5073 psia o in air
Then the partial pressure of dry air becomes
Pary air = P —Pyapor =14.3—0.5073=13.79psia Water

From Henry’s law, the mole fraction of air in the water is determined to be

Paryair,gassice _ 13.79psia(latm /14.696psia)

o = =1.29x107°
Yeyair liquicsice H 74,000bar (1atm/ 1. 01325bar)

which is very small, as expected. The mass and mole fractions of a mixture are related to each other by

~mp NiMy M

mm_NmMm_ iMm

i
where the apparent molar mass of the liquid water - air mixture is

M m = Z Yi I\/Ii = yliquidwater M water T Ydryair M dryair
~1x29.0+0x18.0 = 29.0kg/kmol

Then the mass fraction of dissolved air in liquid water becomes

I\/Idryair

= 29 _
Waryair. liquicside = Ydryair, liquicside (0) =1.29x10 55=1.29x10 >

m

Discussion The mass and mole fractions of dissolved air in this case are identical because of the very small amount of air in
water.
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14-35 A glass of water is left in a room. The mole fraction of the water vapor in the air and the mole fraction of air in the
water are to be determined when the water and the air are in thermal and phase equilibrium.

Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is saturated since the humidity is 100 percent. 3 Air is
weakly soluble in water and thus Henry’s law is applicable.

Properties The saturation pressure of water at 20°C is 2.339 kPa (Table A-9). Henry’s constant for air dissolved in water at
20°C (293 K) is given in Table 14-6 to be H = 65,600 bar (determined by interpolation). Molar masses of dry air and water
are 29 and 18 kg/kmol, respectively (Table A-1).

Analysis (a) Noting that air is saturated, the partial pressure of water vapor in the air will simply be the saturation pressure of
water at 20°C,

F)vapor = Fsat@20°Cc = 2.339 kPa

Air
Assuming both the air and vapor to be ideal gases, the mole fraction of water 20°C
vapor in the air is determined to be 97 kPa
RH=100%

Puapor  2.339 kPa .
= = =0.0241 Evaporation
Yvapor =75 97 kPa P
(b) Noting that the total pressure is 97 kPa, the partial pressure of dry air is H
N
Paryair = P — Piapor =97 —2.339 =94.66 kPa = 0.9466 bar

From Henry’s law, the mole fraction of air in the water is determined to be Water
20°C

Pdryair,gasside _ 0.9466bbar 21.44><1075

Ydryair, liquidside = H = 65,600 bar v

Discussion The amount of air dissolved in water is very small, as expected.
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14-36E The mole fraction of the water vapor at the surface of a lake and the mole fraction of water in the lake are to be
determined and compared.

Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is weakly soluble in water and thus Henry’s law is
applicable.

Properties The saturation pressure of water at 70°F is 0.3632 psia (Table A-9E). Henry’s constant for air dissolved in water
at 70°F (294 K) is given in Table 14-6 to be H = 66,800 bar.

Analysis The air at the water surface will be saturated. Therefore, the partial pressure of water vapor in the air at the lake
surface will simply be the saturation pressure of water at 70°F,
PV = sat@70°F = 0.3632 pSia

apor Saturated air

Assuming both the air and vapor to be ideal gases, the 13.8 psia
mole fraction of water vapor in the air at the surface of V20, it sid
the lake is determined from Eq. 14-11 to be _v/ A

Pvapor _ 0.3632 pSia ------ L“ -------------

Yvapor = = 13.8psia =0.0263(or 2.63percent) Y20, figuid side = 1.0

The partial pressure of dry air just above the lake surface is Lake, 70°F

Pyryair = P — Pyapor = 13.8—0.3632 =13.44psia

Then the mole fraction of air in the water becomes

Paryair,gasside  13.44 psia(l atm /14.696 psia)

o = =1.39x107°
Yeyairiquidside H 66,800 bar (1 atm/L.01325 bar)

which is very small, as expected. Therefore, the mole fraction of water in the lake near the surface is
Y water, liquidside =1- Y dryair, liquidside = 1-1.39x107° =0.99999

Discussion The concentration of air in water just below the air-water interface is 1.39 moles per 100,000 moles. The amount
of air dissolved in water will decrease with increasing depth.

14-37 The mole fraction of the water vapor at the surface of a lake at a specified temperature is to be determined.
Assumptions 1 Both the air and water vapor are ideal gases. 2 Air at the lake surface is saturated.
Properties The saturation pressure of water at 15°C is 1.7051 kPa (Table A-9).

Analysis The air at the water surface will be saturated. Therefore, the

partial pressure of water vapor in the air at the lake surface will simply Saturated air
be the saturation pressure of water at 15°C, 100 kPa
Pvapor: At @15°C =1.7051kPa ( YH20, air side
Assuming both the air and vapor to be ideal gases, the partial pressure and mole F===== s
fraction of dry air in the air at the surface of the lake are determined to be YH20; liguid side = 1:0
Paryair =P — Pyapor =100 —1.7051=98.295 kPa Lake, 15°C

_ Puyar  98.295 kPa

o - —0.983 (or 98.3%
Yayar =57 =700 kPa ( 2

Therefore, the mole fraction of dry air is 97.9 percent just above the air-water interface.
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14-38

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

"GIVEN"
T=18 [C]
P_atm=100 [kP

a

"PROPERTIES"

Fluid$='steam_IAPWS'
P_sat=Pressure(Fluid$, T=T, x=1)

"ANALYSIS"
P_vapor=P_sat

P_dryair=P_atm-P_vapor
y_dryair=P_dryair/P_atm

T ydry air
[C]

5 0.9913
7 0.99

9 0.9885
11 0.9869
13 0.985
15 0.9829
17 0.9806
19 0.978
21 0.9751
23 0.9719
25 0.9683
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Ydryair

0.995

0.99

0.985

0.98

0.975

0.97

0.965

Prob. 14-37 is reconsidered. The mole fraction of dry air at the surface of the lake as a function of the lake
temperature is to be plotted.

10

20
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14-39 A carbonated drink in a bottle is considered. Assuming the gas space above the liquid consists of a saturated mixture of
CO, and water vapor and treating the drink as a water, determine the mole fraction of the water vapor in the CO, gas and the
mass of dissolved CO, in a 200 ml drink are to be determined when the water and the CO, gas are in thermal and phase
equilibrium.
Assumptions 1 The liquid drink can be treated as water. 2 Both the CO, and the water vapor are ideal gases. 3 The CO, gas

and water vapor in the bottle from a saturated mixture. 4 The CO; is weakly soluble in water and thus Henry’s law is
applicable.

Properties The saturation pressure of water at 37°C is 6.33 kPa (Table A-9). Henry’s constant for CO, issolved in water at
37°C (310 K) is given in Table 14-6 to be H = 2170 bar. Molar masses of CO, and water are 44 and 18 kg/kmol, respectively
(Table A-1).

Analysis (a) Noting that the CO, gas in the bottle is saturated, the partial pressure of water vapor in the air will simply be the
saturation pressure of water at 37°C,

Pvapor = Fsat@3rc = 6.33kPa

Assuming both CO, and vapor to be ideal gases, the mole fraction of water
vapor in the CO, gas becomes

P
Yomor =200 - 033KP2 4 5467 (or 4.87%)
P 130kPa
CO,
(b) Noting that the total pressure is 130 kPa, the partial pressure of CO; is H0
Po, gas = P~ Prapor =130—6.33 =123.7kPa = 1.237bar 135"‘(% .
From Henry’s law, the mole fraction of CO; in the drink is determined to be v

PCOZ,gas side 1.237 bar

Yco, liquidside = H = 70 bar 5.70x10~*

Then the mole fraction of water in the drink becomes
Y water, liquidside =1~ Yco,, liquidside = 1-5.70x10"* =0.9994

The mass and mole fractions of a mixture are related to each other by

_m_ MMy M,

I mm_NmMm_ iMm

where the apparent molar mass of the drink (liquid water - CO, mixture) is
M, = z YiMi = Yiiguidwater M water +Yco, M co, =0.9994x18.0+(5.70 x107*) x 44 =18.00kg/kmol
Then the mass fraction of dissolved CO, gas in liquid water becomes

Mco,

. 44
Weo, liquisside = Y0, liquidside (0) =5.70x10"* 17800~ 0.00139

m
Therefore, the mass of dissolved CO, in a 200 ml ~ 200 g drink is

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.




14-16

14-40 A rubber plate is exposed to nitrogen. The molar and mass density of nitrogen in the rubber at the interface is to be
determined.

Assumptions Rubber and nitrogen are in thermodynamic equilibrium at the interface.

Properties The molar mass of nitrogen is M = 28.0 kg/kmol (Table A-1). The solubility of nitrogen in rubber at 298 K is
0.00156 kmol/m®-bar (Table 14-7).

pNz,solidside(o) = CNz,soIidside(O)M N,
= (0.0039 kmol/m®)(28 kmol/kg) oz =2 —
=0.1092kg/m?® . -

Analysis Noting that 250 kPa = 2.5 bar, the molar density of nitrogen Rubber
in the rubber at the interface is determined from Eq. 14-20 to be plate
CNz,soIidside(O) =Sx F)Nz,gasside i Z
= (0.00156 kmol/m?® bar)(2.5 bar) i
= 0.0039kmol/m® N, |
. 298K ||
It corresponds to a mass density of 250 kPa. |

That is, there will be 0.0039 kmol (or 0.1092 kg) of N, gas in each m® volume of rubber adjacent to the interface.

14-41 A rubber wall separates O, and N, gases. The molar concentrations of O, and N, in the wall are to be determined.
Assumptions The O, and N, gases are in phase equilibrium with the rubber wall.

Properties The molar mass of oxygen and nitrogen are 32.0 and 28.0 kg/kmol, respectively (Table A-1). The solubility of
oxygen and nitrogen in rubber at 298 K are 0.00312 and 0.00156kmol/m®bar, respectively (Table 14-7).

Analysis Noting that 750 kPa = 7.5 bar, the molar densities of oxygen and nitrogen in

the rubber wall are determined from Eq. 14-20 to be Rubber
plate

COz,solidside (0) =Sx Poz,gasside
= (0.00312 kmol/m®.bar)(7.5 bar) I
= 0.0234kmol/m*

CNz,solidside(o) =Sx F>N2,gasside 2?02(: Coz 221020
= (0.00156 kmol/m®.bar)(7.5 bar) 750 kPa Cro 750 kPa
=0.0117 kmol/m?®

That is, there will be 0.0234 kmol of O, and 0.0117 kmol of N, gas in each m?

volume of the rubber wall.
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14-42 Hydrogen gas is stored in a spherical nickel vessel that is in an atmospheric air surrounding. The concentrations of
hydrogen at the inner and outer surfaces are to be determined.

Assumptions 1 Hydrogen is in thermodynamic equilibrium with the nickel wall.

Properties The molar mass for H; is 2.016 kg/kmol (Table A-1). The solubility of H, in nickel at 358 K is .= 0.00901
kmol/m®.bar (Table 14-7).

Analysis At the inner surface, there is 100% H,, so the H, concentration is
Ch,1=7h, Y1, R
= (0.00901 kmol/m?® - bar)(1)(7.5 bar)
=0.0676 kmol/m?

Ph,1=MCy,
= (2.016 kg/kmol)(0.0676 kmol/m®)
=0.136 kg/m®
At the outer surface, there is 0% H,, so the H, concentration is
Ch,2="H,Yn,P2=0 and py ,=MC, ,=0

Discussion The mole fraction of hydrogen in the atmosphere is extremely low (0.000055%). Thus, at the outer surface of the
nickel vessel the hydrogen concentration is practically zero.
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14-43 Pure N, gas is flowing through a rubber pipe that is in an atmospheric air (79% N, & 21% O,) surrounding. The
concentrations of N, and O, at the inner and outer surfaces are to be determined.

Assumptions 1 Nitrogen and oxygen are in thermodynamic equilibrium with the rubber wall.

Properties The molar masses for N, and O, are 28.01 kg/kmol and 32.0 kg/kmol, respectively (Table A-1). The solubility of
N, and O, in rubber at 298 K are .4, = 0.00156 kmol/m?*-bar and .o, = 0.00312 kmol/m?® bar, respectively (Table 14-7).

Analysis At the inner surface, there is 100% N, and 0% O,.
For nitrogen:

Cn,1=N, YN, P
(0.00156 kmol/m® - bar)(1)(2.0 bar)
=0.00312 kmol/m?

For oxygen:
Co,1="0,Y0,R
= (0.00312 kmol/m® - bar)(0)(2.0 bar)
=0
At the outer surface, there is 79% N, and 21% O,.
For nitrogen:
Cn,.2 =N, YN, P2
= (0.00156 kmol/m® - bar)(0.79)(1.013 bar)
=0.00125 kmol/m?
For oxygen:
Co,2="0,Y0,P
= (0.00312 kmol/m?® - bar)(0.21)(1.013 bar)
= 0.000664 kmol/m?

Discussion The higher solubility of O, over N, in rubber means that at the same mole fraction and pressure, the concentration
of O, in rubber would be higher than N,.
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14-44 A nickel wall separates H, gas at different pressures. (a) The mass densities of H, in the nickel wall and (b) outside the

nickel wall are to be determined.

Assumptions 1 Nickel and hydrogen are in thermodynamic equilibrium at the interface. 2 Hydrogen an ideal gas.
Properties The molar mass of H, is M = 2.016 kg/kmol (Table A-1). The solubility of H, in nickel at 85°C = 358K is

0.00901 kmol/m?®-bar (Table 14-7).

Nickel wall
Analysis (a) The mass density of H, (for 5 atm) in the nickel at the s ‘“ :
interface is determined using }
= Py,
PH, solid side = (0.00901 kmol/m® - bar)MPHz,gas side
Hydrogen

= (0.00901 kmol/m? - bar)(2.016 kg/kmol)(5 atm)(1.01325 bar/atm) 85°C, 5 atm

=0.0920kg/m?
Then, the mass density of H, (for 3 atm) in the nickel at the interface is
PH,,solid side = (0.00901 kmol/m® - bar)MPHz,gas side

= (0.00901 kmol/m? - bar)(2.016 kg/kmol)(3 atm)(1.01325 bar/atm)
=0.0552kg/m?

(b) The mass density of H, (for 5 atm) outside the nickel is determined using

_ Py,M (5atm)(101.325 kPa/atm)(2.016 kg/kmol)

Py, = . =0.343kg/m?®
2 ORT (8.314 kPa- m*°/kmol- K)(273 +85) K
Then, the mass density of H, (for 3 atm) outside the rubber is
Py M
Py, = H, V! (3atm)(101.325 kPa/atm)(2.016 kg/kmol) — 0.206kg/m®

R,T (8.314 kPa- m®/kmol - K)(273 +85) K

P,

S st e

ks B s

Hydrogen
85°C, 3 atm

Discussion Note that the densities of H, outside the nickel wall are quite different from those in the nickel wall.
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14-45 A rubber membrane separates CO, gas at different pressures. (a) The molar densities of CO, in the membrane and (b)
outside the membrane are to be determined.

Assumptions 1 Rubber and nitrogen are in thermodynamic equilibrium at the interface. 2 Carbon dioxide is an ideal gas.

Properties The molar mass of CO, is M = 44.01 kg/kmol (Table A-1). The solubility of CO, in rubber at 25°C = 298 K is
0.04015 kmol/m®-bar (Table 14-7).

Analysis (a) The molar density of CO, (for 2 atm) in the rubber at the

interface is determined using Rubber

membrane
CCOz,soIid sige = (0.04015 kmol/m® - bar)PCOZ,gas side

) )
] L |
= (0.04015 kmol/m? - bar)(2 atm)(1.01325 bar/atm) Carbon A Ceo,
= 0.0814kmol/m® dioxide || %
25°C, 2atm | |
Then, the.molar density of CO, (for 1 atm) in the rubber at the E : Carbon
interface is 4 | o
L ]
v/ )| 25°C, | atm
CCOZ,SO"d side = (004015 km0|/m3 M ba.r)Pcozygas side CU.{‘"& :

= (0.04015 kmol/m® - bar)(1atm)(1.01325 bar/atm)
= 0.0407 kmol/m®

(b) The molar density of CO, (for 2 atm) outside the rubber is determined using

_Peo, _ (2 atm)(101.325 kPa/atm) — 0.0818Kmol/m’®

€% T R,T  (8.314kPa-m3/kmol-K)(273 + 25)K

Then, the molar density of CO, (for 1 atm) outside the rubber is

~Peo, (1atm)(101.325 kPa/atm) — 0.409kmol/m?

C =
€% " R,T  (8.314kPa-m/kmol-K)(273+ 25)K

Discussion Due to its relatively high solubility in rubber, in comparison to O, and N, (see Table 14-7), the molar
concentrations of CO, in the solid side and the gas side are almost equal.

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.




14-21

14-46 A nickel vessel with specified dimensions is used to contain hydrogen. The rate gas loss from the vessel and the
fraction of the hydrogen lost after one year of storage are to be determined.

Assumptions 1 Mass diffusion is steady and one-dimensional. 2 There are no chemical reactions in the rubber plug that result
in the generation or depletion of carbon dioxide.

Properties The binary diffusion coefficient for H, in the nickel at 358 K is Dpg = 1.2x10 "2 m?/s (Table 14-3b). The molar
mass of H, is M = 2.016 kg/kmol (Table A-1). The solubility of H, in the rubber at 358 K is 0.00901 kmol/m*.bar (Table 14-
7).

Analysis The mass density of H, (for 3 bar) in the nickel at the interface is determined from
Par=-"Pa1

— (0.00901 kmol/m?® - bar)(3 bar)(Mj

1kmol
=0.05449 kg/m*®

On the opposite side, the mass density of H; is zero, p,, =0. Then the rate of carbon dioxide gas loss through the rubber
plug becomes

. PA1~Pnaz2 D2\ Par—Pa2
mdiﬁ:DABAf:DAB( 4 ] L
(0.05449 - 0) kg/m*®

=(1.2x10712 m?/5)(1600x10~* m?)
0.002m

=5.23x10 7% kg/s =1.65x10~* kg/year
This corresponds to about 0.165 gram of H, per year. The mass of H, in the vessel is

o _ PV __ (300kPa)(0.005 m?)
RT  (4.124ki/kg-K)(358 K)

=0.001016 kg

The fraction of H, lost after one year of storage is then

 1.65x10~* kg

= =0.162 (or16.2%)
0.001016 kg

Discussion A loss of 16.2% per year may be significant, and therefore, alternatives should be considered for long-term
storage.
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14-47 A nickel wall separates H, gas at different pressures. The molar diffusion rate per unit area through the nickel wall is to
be determined.

Assumptions 1 Mass diffusion is steady and one-dimensional. 2 There are no chemical reactions in the nickel wall that result
in the generation or depletion of hydrogen.

Properties The binary diffusion coefficient for hydrogen in the nickel at 85°C = 358 K is Dpg = 1.2x10 "2 m%/s (Table 14—
3b). The solubility of H, in nickel at 85°C = 358 K is 0.00901 kmol/m?*-bar (Table 14-7).

Analysis The molar density of H, (for 5 atm) in the nickel at ekl wall
the interface is determined using \ |
/
Ca 1 = (0.00901kmol/m? - bar)Py ,

= (0.00901 kmol/m?® - bar)(5 atm)(1.01325 bar/atm) Hydrogen
= 0.0456 kmol/m” 85°C, 5 atm

—~ i,

Hydrogen

Then, the molar density of H, (for 3 atm) in the nickel at the interface is 85°C, 3 atm

Ca 2 = (0.00901kmol/m® - bar)P, , P,
= (0.00901 kmol/m? - bar)(3 atm)(1.01325 bar/atm) |

o -
=0.0274 kmol/m®

|
|
/1
I
\'

|

1

1

|

|

1

1

1

|

|

1

SemET— s T T —= == ====

L

The molar diffusion rate per unit area of hydrogen through the nickel wall can readily be determined using
CA,l - CA,Z
L

(0.0456 — 0.0274) kmol/m®
0.0001m

- N
Jaise = Xﬁ =Dpg

= (1.2x1072 m?/s)

=2.18x 1071 kmol/s - m?

Discussion The molar mass of H, is M = 2.016 kg/kmol (Table A-1). Hence, the mass diffusion rate per unit area of
hydrogen through the nickel wall is

jair = (218x107*° kmol/s- m?)(2.016 kg/kmol) = 4.40 %10 kg/s - m?
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14-48 A dry wall separates air in a room with vapor pressure of 3 kPa from air with negligible vapor pressure in the
insulation adjoining the wall. The mass diffusion rate of water vapor through the wall is to be determined.

Assumptions 1 Mass diffusion is steady and one-dimensional. 2 Constant properties. 3 Condensation in the wall is negligible.
Properties The molar mass of water vapor is M = 18.015 kg/kmol (Table A-1).

Analysis The molar density of water vapor in the dry wall at the interface Dry wall  Insulation
is determined using /

R

Room
Caz = (0.007 kmol/m® - bar)P, ; 25°C
= (0.007 kmol/m® - bar)(3 kPa)(0.01 bar/kPa) Fay=kte

= 0.00021 kmol/m®

On the opposite side, the molar density of water vapor is zero, since the
vapor pressure is negligible,

CA,2 :0

Vapor
diffusion
|

The molar diffusion rate of water vapor through the wall can be determined using

y CA,l _CA,Z
Ngit = Dag Af
(0.00021 - 0) kmol/m®

0.012m

= (0.2x107° m?/s)(3x10 m?)

=105%x1071° kmol/s
Hence the mass diffusion rate of water vapor through the wall is
Myir = Ngig M = (L05x107° kmol/s)(18.015 kg/kmol) = 1.89x10° kg/s

Discussion At 25°C, the saturation pressure of water is 3169 Pa (from Table 14-9). With the given vapor pressure inside the
room being 3 kPa, the relative humidity of the air is

P, 3000Pa

= =0.947 = 94.7%
P, 3169Pa

¢ =
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Steady Mass Diffusion through a Wall

14-49C During one-dimensional mass diffusion of species A through a plane wall, the species A content of the wall will
remain constant during steady mass diffusion, but will change during transient mass diffusion.

14-50C The relations for steady one-dimensional heat conduction and mass diffusion through a plane wall
are expressed as follows:

. - T,-T
Heat conduction: Qeond =K AlTZ

17 WA2 _ Dag A PA1~PA2

. . . WA W
Mass diffusion: Myitt Awall = pDABA’f
where A is the normal area and L is the thickness of the wall, and the other variables correspond to each other as follows:
rate of heat conduction ~ Quyq «— Myitr awan Fate of mass diffusion

thermal conductivity k <«—— Dag mass diffusivity

temperature T «— p, density of A

14-51C @) T, ()F, ()T, (d)F
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14-52 A thin plastic membrane separates hydrogen from air. The diffusion rate of hydrogen by diffusion through the
membrane under steady conditions is to be determined.

Assumptions 1 Mass diffusion is steady and one-dimensional since the hydrogen concentrations on both sides of the
membrane are maintained constant. Also, there is symmetry about the center plane of the membrane. 2 There are no
chemical reactions in the membrane that results in the generation or depletion of hydrogen.

Properties The binary diffusion coefficient of hydrogen in the plastic membrane at the operation temperature is given to be
5.3x10™° m?s. The molar mass of hydrogen is M = 2 kg/kmol (Table A-1).

Analysis (a) We can consider the total molar concentration to be constant (C = C, + Cg = Cg = constant), and the plastic

membrane to be a stationary medium since there is no diffusion of plastic molecules ( Nz =0) and the concentration of the

hydrogen in the membrane is extremely low (Ca << 1). Then the molar flow rate of hydrogen through the membrane by
diffusion per unit area is determined from

i L Ndiff -D CA,l_CA,Z
diff A AB L ;/\
B 3 Plastic
= (5.3x1071%m?/s) (0045 2010;)_23 kmol/m membrane
X m
=1.14x10"8 kmol/m? s Ha Alr
The mass flow rate is determined by multiplying the molar flow rate by — AN My
the molar mass of hydrogen, L
H 8 2 ™ [
Mgigr =M Jgir = (2kg/kmol)(1.14x107° kmol/m~.s) i

=2.28x10 8 kg/m?.s
(b) Repeating the calculations for a 0.5-mm thick membrane gives
H N i CA,l _CA,Z
Jaitt = % =Dps L
(0.045-0.002) kmol/m®
0.5x103m

= (5.3x10m?/s)

= 4.56x1078 kmol/m?.s
and
Mgir =M Jair = (2kg/kmol)(4.56x10~8 kmol/m?.s) = 9.12x10 % kg/m? s

The mass flow rate through the entire membrane can be determined by multiplying the mass flux value above by the
membrane area.
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14-53 W A circular plastic plug with specified dimensions is used to contain ammonia inside a vessel. The diffusion rate of
ammonia through plug is to be determined whether it is safe or not.

Assumptions 1 Mass diffusion is steady and one-dimensional. 2 There are no chemical reactions in the plug that result in the
generation and depletion of ammonia.

Properties The diffusion coefficient of ammonia in the plug is given as Dag = 1.3 x 10 '® m?/s. The molar mass of ammonia
is M = 17.03 kg/kmol (Table A-1).

Analysis The ammonia concentration in the atmosphere and at the outer surface of the plug is zero, C,, = 0. Thus, the rate of
ammonia diffusion through the plug is

CAl

) -C Ca1—C
Naitr =Dag A—"7—" = :DAB(ﬂD2/4)—A'lL A2

3
- 13x10% m?/5) 2010 m)z(30 mo”")(l kmol/m J

0.002m 1mol/L
=1.532x1078 kmol/s
Thus, the ammonia mass diffusion rate is
mdiff = Ndiff M
= (1.532x10® kmol/s)(17.03 kg/kmol)
=2.61x10"" kg/s
=0.261 mg/s > 0.2 mg/s

Discussion The rate of ammonia being released by diffusion through the plug is greater than the rate that the ventilation
system can handle; therefore the plug cannot safely contain the ammonia inside the vessel.

The plug should be replaced with another that has lower diffusion coefficient, smaller diameter, or larger thickness.
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14-54 Natural gas with 8% hydrogen content is transported in an above ground pipeline. The highest rate of hydrogen loss
through the pipe at steady conditions is to be determined.

Assumptions 1 Mass diffusion is steady and one-dimensional since the hydrogen concentrations inside the pipe is constant,
and in the atmosphere it is negligible. Also, there is symmetry about the centerline of the pipe. 2 There are no chemical
reactions in the pipe that results in the generation or depletion of hydrogen. 3 Both H, and CH, are ideal gases.

Properties The binary diffusion coefficient of hydrogen in the steel pipe at the operation temperature is given to be 2.9x10™3
m?/s. The molar masses of H, and CH, are 2 and 16 kg/kmol, respectively (Table A-1). The solubility of hydrogen gas in

steel is given as wy; =2.09x10~* exp(~3950/T)PS® . The density of steel pipe is 7854 kg/m® (Table A-3).

Analysis We can consider the total molar concentration to be constant (C = Cp + Cg = Cg = constant), and the steel pipe to be
a stationary medium since there is no diffusion of steel molecules (N =0) and the concentration of the hydrogen in the
steel pipe is extremely low (Ca << 1). The molar mass of the H, and CH, mixture in the pipe is

M =" yiM; = (0.08)(2) +(0.92)(16) = 14.88kg/kmol

) ) ) ) Steel pipe
Noting that the mole fraction of hydrogen is 0.08, the partial pressure of 203 K
hydrogen is /

; ) )
Yu, = N P,. =(0.08)(500kPa) = 40 kPa = 0.4bar l l
2 P 2 Natural gas
. H,, 8%
Then the mass fraction of hydrogen becomes 500 kPa
Wy, =2.09x10* exp(~3950/T)Py, °° } 4
= 2.09x10~* exp(~3950/ 293)(0.4)°° H, diffusion

=1.85x107%°

The hydrogen concentration in the atmosphere is practically zero, and thus in the limiting case the hydrogen concentration at
the outer surface of pipe can be taken to be zero. Then the highest rate of hydrogen loss through a 100 m long section of the
pipe at steady conditions is determined to be

; Wa1—Wao
Myt Acyl = 27LoD pg —In(r2 )
1.85x107° -0

=27(100m)(7854kg/m?)(2.9x107*3
#(L00m)(7854ka/m)(2. <10 ) = e 71 50)

=3.98<107* kg/s
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3
14-55 Prob. 14-54 is reconsidered. The highest rate of hydrogen loss as a function of the mole fraction of hydrogen in
natural gas is to be plotted.

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

"GIVEN"
thickness=0.01 [m]
D_i=3[m]

L=100 [m]

P=500 [kPa]
y_H2=0.08

T=293 [K]
D_AB=2.9E-13 [m"2/s]

"PROPERTIES"
MM_H2=molarmass(H2)
MM_CH4=molarmass(CH4)
R_u=8.314 [kPa-m"3/kmol-K]
rho=7854 [kg/m”"3]

"ANALYSIS"

MM=y H2*MM_H2+(1-y_H2)*MM_CH4

P_H2=y H2*P*Convert(kPa, bar)
w_H2=2.09E-4*exp(-3950/T)*P_H2"0.5
m_dot_diff=2*pi*L*rho*D_AB*w_H2/In(r_2/r_1)*Convert(kg/s, g/s)
r_1=D_i/l2

r_2=r_1+thickness

Yh2 Myite 5.67x10"1
[o/s]
0.05 3.144E-11
0.06 3.444E-11 5 oax10Lt
0.07 3.720E-11 I
0.08 3.977E-11 —
0.09 4.218E-11 > [
0.1 4.446E-11 “_ 440t
0.11 4.663E-11 5 i
0.12 4.871E-11 =
0.13 5.070E-11 uf
0.14 5.261E-11 378107
0.15 5.446E-11
3.15x10 . . . . .
0.05 0.07 0.09 0.11 0.13 0.15

YH2
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14-56 Pure H, gas is flowing through an iron pipe. The rate at which H, leaks out by diffusion is to be determined for a
known concentration at the inner surface.

Assumptions 1 Mass diffusion is steady and one-dimensional since the hydrogen concentration in the pipe and thus at the
inner surface of the pipe is practically constant, and the hydrogen concentration in the atmosphere and thus at the outer
surface is practically zero. Also, there is symmetry about the centerline of the pipe. 2 There are no chemical reactions in the
pipe that results in the generation or depletion of hydrogen.

Properties The binary diffusion coefficient for hydrogen in the iron at 25°C is Dpg = 2.6 x 10 ** m%/s (Table 14-3b). The
molar mass of hydrogen is M = 2.016 kg/kmol (Table A-1).

Analysis We can consider the total molar concentration to be constant (C = Cx + Cg = Cg = constant), and the container to be
a stationary medium since there is no diffusion of iron molecules (Mg = 0) and the concentration of the hydrogen in the pipe
is extremely low (Ca << 1). Then the molar flow rate of hydrogen through the pipe wall by diffusion can be determined to be

¥ CA,l _CA,Z
Ndiff :2”LDAB —ln(r /r )

2711
(0.1—0) kmol/m®

In(35/25)

=27(10 m)(2.6 x10 ¥ m?/s)

= 4.855x107*2 kmol/s

The mass diffusion rate of hydrogen through the pipe wall is determined by multiplying the molar flow rate with the molar
mass of hydrogen,

mdiff = Iv”\]diff
= (4.855x107*2 kmol/s)(2.016 kg/kmol)
=9.79x 10712 kg/s

Discussion The hydrogen will leak out through the pipe wall by diffusion at a rate of 9.79 x 10 ** kg/s. The leakage can be
reduced by increasing the wall thickness of the pipe.
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3
14-57 Pure H, gas is flowing through an iron pipe. The effect of wall thickness on the rate of H, diffusion through the
pipe wall is to be evaluated.

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

"GIVEN"

M=2.016 [kmol/kg]
D_1=0.025 [m]
D_2=D_1+2*t*1e-3
L=10 [m]
D_AB=2.6e-13 [m"2/s]
C_A_1=0.1 [kmol/m"3]
C_A_2=0 [kmol/m"3]

"ANALYSIS"
N_dot_diff=2*pi#*L*D_AB*(C_A_1-C_A_2)/In(D_2/D_1)
N_dot_diff=m_dot_diff/M

t [mm] g [ko/s) ox10 1
0.5 8.397E-11 I ]
1.0 4.279E-11 810t | _
15 2.906E-11 o | 1
710 L 1
2.0 2.219E-11 I |
25 1.806E-11 _ ea0t | _
3.0 1.531E-11 v i 1
o 540t |
35 1.334E-11 X | |
4.0 1.186E-11 £ 410 L i
4.5 1.071E-11 ) EU - 1
3x101 | 1
5.0 9.788E-12 _
6.0 8.401E-12 2101 | |
7.0 7.406E-12 - ]
-11
8.0 6.657E-12 110 ¢ 1
9.0 6.073E-12 R
10 5.603E-12 0 2 4 6 8 10

Wall thickness [mm]

Discussion Knowing how the wall thickness affects the rate of hydrogen diffusion through the pipe wall can help engineers
to design systems that minimize gas leakage from diffusion. As the wall thickness increases, the rate of mass diffusion
through pipe wall decreases, at first drastically and then gradually toward zero.
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14-58 Helium gas stored inside a cylindrical Pyrex tank, and a sensor detects a leakage of the gas at 1.8 x 10°® g/h. The
concentration of helium at the inner surface of the Pyrex tank is to be determined.

Assumptions 1 Mass diffusion is steady and one-dimensional since the helium concentration in the tank and thus at the inner
surface of the tank is practically constant, and the helium concentration in the atmosphere and thus at the outer surface is
practically zero. Also, there is symmetry about the centerline. 2 There are no chemical reactions in the tank that results in the
generation or depletion of helium. 3 Both ends of the cylindrical tank are impermeable.

Properties The binary diffusion coefficient for helium in the Pyrex tank at 20°C is Dpg = 4.5 x 10> m%s (Table 14-3b). The
molar mass of helium is M = 4.003 kg/kmol (Table A-1).

Analysis The mass diffusion rate through the tank wall is given
My = (1.8x107° g/h)(1/1000 kg/g)(1/3600 h/s)
=5x10" kg/s

We can consider the total molar concentration to be constant (C =Ca+Cg=Cp = constant), and the container to be a
stationary medium since there is no diffusion of Pyrex molecules (Vg = 0) and the concentration of the helium in the tank is
extremely low (Cp << 1). Then the molar flow rate of helium through the pipe wall by diffusion can be determined to be

Naifr = IS/;ﬁ
Cuy—-C
=27LD g~ A2
In(r, /1)

Solving for the concentration of helium at the inner surface Ca; we have

_ Mgige In(ry /1)

C,, =—dam
AMTTM 271Dy,
[ 5x10 ™3 kg/s In(12.5/12)
4.003kg/kmol || 27(2 m)(4.5x107L° m%/s)

=0.0902 kmol/m3

Discussion The concentration of helium at the inner surface of the tank can be expressed in mass basis as pa; = MCa; =
0.361 kg/m°.
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14-59 Pressurized helium gas is stored in a spherical container. The diffusion rate of helium through the container is to be
determined.

Assumptions 1 Mass diffusion is steady and one-dimensional since the helium concentration in the tank and thus at the inner
surface of the container is practically constant, and the helium concentration in the atmosphere and thus at the outer surface is
practically zero. Also, there is symmetry about the center of the container. 2 There are no chemical reactions in the pyrex
shell that results in the generation or depletion of helium.

Properties The binary diffusion coefficient of helium in the pyrex at the specified temperature is 4.5x10™° m%s (Table 14-
3b). The molar mass of helium is M = 4 kg/kmol (Table A-1).

Analysis We can consider the total molar concentration to be constant
(C =Ca + Cg = Cp = constant), and the container to be a stationary
medium since there is no diffusion of pyrex molecules ( Nz =0) and
the concentration of the helium in the container is extremely low (Cp <<

1). Then the molar flow rate of helium through the shell by diffusion Air
can readily be determined from Eq. 14-28 to be He
. Ca1-Ca2 diffusion
Ngigr =471 Dpag ————
r—h

(0.00073 - 0) kmol/m?®

= 47(1.45m)(1.50 m)(4.5x1072° m?/s
7(1.45m)(1.50 M)(4.5x ) 150-1.45

=1.796 x107*° kmol/s

The mass flow rate is determined by multiplying the molar flow rate by the molar mass of helium,
Myir = MN i = (4 kg/kmol)(1.796x107*° kmol/s) = 7.18x 10 kg/s

Therefore, helium will leak out of the container through the shell by diffusion at a rate of 7.18x10™ kg/s or 0.00023 g/year.

Discussion Note that the concentration of helium in the pyrex at the inner surface depends on the temperature and pressure of
the helium in the tank, and can be determined as explained in the previous example. Also, the assumption of zero helium
concentration in pyrex at the outer surface is reasonable since there is only a trace amount of helium in the atmosphere (0.5
parts per million by mole numbers).
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14-60 H A metal spherical vessel is used to contain hydrogen gas. The diffusion rate of hydrogen through the vessel is to
be determined whether it is safe or not with respect to the room’s ventilation system.

Assumptions 1 Mass diffusion is steady and one-dimensional. 2 There are no chemical reactions in the vessel that result in
the generation and depletion of hydrogen.

Properties The solubility of hydrogen in the vessel is given as . ~ag = 0.005 kmol/m®bars. The molar mass of hydrogen is M
= 2.016 kg/kmol (Table A-1).

Analysis The hydrogen concentration in the atmosphere and at the outer surface of the vessel is zero, Ca, = 0 (0r Pa, = 0).
Thus, the rate of hydrogen diffusion through the vessel is

. Ca1-Cap2
Ngiff = 4700 Dyg ——=
nL-n
Py, —P
=47nr, Dy /g 2 A2
2—h
12 2 3 20 bar
=47(2.5m)(2.503m)(1.5%107"“ m*</s)(0.005 kmol/m® - bar)] —————
2503m-2.5m

=3.932x10"° kmol/s
Thus, the hydrogen mass diffusion rate through the vessel is
Mgite = NgigrM
= (3.932x10~? kmol/s)(2.016 kg/kmol)
=7.93x10"% kg/s
=7.93 pg/s >5pg/s

Discussion The rate of hydrogen leakage by diffusion through the vessel is greater than the rate that the ventilation system
can handle; therefore the vessel cannot safely contain the hydrogen.

To prevent hazards from hydrogen leakage, a vessel with lower diffusion coefficient and solubility of hydrogen should be
used. Or the ventilation system for the room should be upgraded.
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14-61 Helium gas is stored in a spherical fused silica container. The diffusion rate of helium through the container and the
pressure drop in the tank in one week as a result of helium loss are to be determined.

Assumptions 1 Mass diffusion is steady and one-dimensional since the helium concentration in the tank and thus at the inner
surface of the container is practically constant, and the helium concentration in the atmosphere and thus at the outer surface is
practically zero. Also, there is symmetry about the midpoint of the container. 2 There are no chemical reactions in the fused
silica that results in the generation or depletion of helium. 3 Helium is an ideal gas. 4 The helium concentration at the inner
surface of the container is at the highest possible level (the solubility).

Properties The solubility of helium in fused silica (SiO,) at 293 K and 500 kPa is 0.00045 kmol /m® bar (Table 14-7). The
diffusivity of helium in fused silica at 293 K (actually, at 298 K) is 4x10™* m%s (Table 14-3b). The molar mass of helium is
M = 4 kg/kmol (Table A-1).

Analysis (a) We can consider the total molar concentration to be constant (C = C + Cg = Cg = constant), and the container to

be a stationary medium since there is no diffusion of silica molecules ( Nz = 0) and the concentration of the helium in the

container is extremely low (Cp << 1). The molar concentration of helium at the inner surface of the container is determined
from the solubility data to be

Ca1 =SxPye =(0.00045kmol/m®.bar)(Gbar) = 2.25x10 > kmol/m® = 0.00225kmol/m®

The helium concentration in the atmosphere and thus at the
outer surface is taken to be zero since the tank is well
ventilated. Then the molar flow rate of helium through the
tank by diffusion becomes

. Cp—C Air
Ny =471,1,Dpg ——52 He
fr,—n 293 K
- 3 500 kPa
_ 47(Lm)(1.01m)(ax10 1 m2/s) (£:00225- O)kmol/m He
(1.01-1)m diffusion

=1.14x10"** kmol/s

The mass flow rate is determined by multiplying the molar flow
rate by the molar mass of helium,

Myir =M Ngir = (4kg/kmol)(1.14x10 2 kmol/s) = 4.57x10 3 kg/s

(b) Noting that the molar flow rate of helium is 1.14 x10™** kmol / s, the amount of helium diffused through the shell in 1
week becomes

Ngir = Ngigr At = (1.14x10 72 kmol/s)(7 x 24 x 3600 s/week)
= 6.895x10 8 kmol/week

The volume of the spherical tank and the initial amount of helium gas in the tank are

v =%7zr3 :%;;(1m)3 =4.189m?

PV (500kPa)(4.189m3)

Ninital = = =
" T R,T  [B.314kPam®/kmolK 293K )

=0.85977 kmol

Then the number of moles of helium remaining in the tank after one week becomes
Nginat = Ninitial — Ngire = 0.85977 —6.895x107° = 0.85977kPa

which is the practically the same as the initial value. Therefore, the amount of helium that leaves the tank by diffusion is
negligible, and the final pressure in the tank is the same as the initial pressure of P, = P; = 500 kPa.
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14-62 Pure N, gas is flowing through a rubber pipe. The rate at which N, leaks out by diffusion is to be determined for the
cases of vacuum and atmospheric air outside.

Assumptions 1 Mass diffusion is steady and one-dimensional since the nitrogen concentration in the pipe and thus at the
inner surface of the pipe is practically constant, and the nitrogen concentration in the atmosphere also remains constant. Also,
there is symmetry about the centerline of the pipe. 2 There are no chemical reactions in the pipe that results in the generation
or depletion of nitrogen. 3 Both the nitrogen and air are ideal gases.

Properties The diffusivity and solubility of nitrogen in rubber at 25°C are 1.5x10™° m%s and 0.00156 kmol/m?.bar,
respectively (Tables 14-3 and 14-7).
Analysis We can consider the total molar concentration to be constant (C = C5 + Cg = Cg = constant), and the container to be
a stationary medium since there is no diffusion of rubber molecules ( Nz =0) and the concentration of the nitrogen in the
container is extremely low (Ca << 1). The partial pressures of oxygen and nitrogen in the air are

Py, = Yn, P =(0.79)(100kPa) = 79kPa = 0.79bar

Vacuum
Po, = Yo, P =(0.21)(100kPa) = 21kPa = 0.21bar

When solubility data is available, the molar flow rate of a gas

N, diffusion *
{

through a solid can be determined by replacing the molar concentration by 1
Ca solidside(0) = SagPa, gasside(0) For a cylindrical pipe the molar rate of N, gas
diffusion can be expressed in terms of solubility as 1 atm
25°C
Nd'ﬁ: | = 27ZLD S —PA'l _ PA’Z S S
A ABTAB In(r, /1) v k 4
. . . Rubber
where Sag is the solubility and Pa; and P4, are the partial pressures of gas pipe

A on the two sides of the wall.
(a) The pipe is in vacuum and thus P, = O:
. _ 1-0)bar
N = 27(10m)(1.5x10*°m? /5)(0.00156 kmol/m? -s - bar _ (-Opar
diff, A,cyl ( )( )( ) In(0.032/0.03)

=2.278x10"% kmol/s

(b) The pipe is in atmospheric air and thus P, = 0.79 bar:

) B 1-0.79)bar
N . =27(10m)(1.5x10*°m? /5)(0.00156 kmol/m?® -s - bar _(1-0.79)bar
aifi Acy = 27(L0M)( X ) 1n(0.032/0.03)

= 4.784x10 " kmol/s

Discussion In the case of a vacuum environment, the diffusion rate of nitrogen from the pipe is about 5 times the rate in
atmospheric air. This is expected since mass diffusion is proportional to the concentration difference.
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14-63 A balloon is filled with helium gas. The initial rates of diffusion of helium, oxygen, and nitrogen through the balloon
and the mass fraction of helium that escapes during the first 5 h are to be determined.
Assumptions 1 The pressure of helium inside the balloon remains nearly constant. 2 Mass diffusion is steady for the time
period considered. 3 Mass diffusion is one-dimensional since the helium concentration in the balloon and thus at the inner
surface is practically constant, and the helium concentration in the atmosphere and thus at the outer surface is practically
zero. Also, there is symmetry about the midpoint of the balloon. 4 There are no chemical reactions in the balloon that results
in the generation or depletion of helium. 5 Both the helium and the air are ideal gases. 7 The curvature effects of the balloon
are negligible so that the balloon can be treated as a plane layer.
Properties The permeability of rubber to helium, oxygen, and nitrogen at 25°C are given to be 9.4x10™, 7.05x10™, and
2.6x10™" kmol/m.s.bars, respectively. The molar mass of helium is M = 4 kg/kmol and its gas constant is R = 2.0709
kPa.m®/kg.K (Table A-1).
Analysis We can consider the total molar concentration to be constant (C = C5 + Cg = Cg = constant), and the balloon to be a
stationary medium since there is no diffusion of rubber molecules ( Nz =0) and the concentration of the helium in the
balloon is extremely low (Ca << 1). The partial pressures of oxygen and nitrogen in the air are

Py, = Yn, P =(0.79)(100 kPa) = 79 kPa = 0.79 bar
Po, = Yo, P =(0.22)(100 kPa) = 21 kPa = 0.21 bar

The partial pressure of helium in the air is negligible. Since the balloon
is filled with pure helium gas at 110 kPa, the initial partial pressure of
helium in the balloon is 110 kPa, and the initial partial pressures of
oxygen and nitrogen are zero.

When permeability data is available, the molar flow rate of a
gas through a solid wall of thickness L under steady one-dimensional
conditions can be determined from Eq. 14-29,

Balloon Air

He
25°C
110 kPa

He
diffusion

’ PA,l - PA,Z
Ngitr awal =PasA————  (kmol/s)

where Pag is the permeability and Pa; and P, are the partial pressures of gas A on the two sides of the wall (Note that the
balloon can be treated as a plain layer since its thickness is very small compared to its diameter). Noting that the surface area
of the balloon is A=7D? = 7(0.15m)? =0.07069 m?, the initial rates of diffusion of helium, oxygen, and nitrogen at 25°C
are determined to be

. Poos— P )
N gitr e =Pag A—et— 2 _ (9.4x107**kmol/m.s.tar)(0.07069 mz)w =0.7309x10~°kmol/s
: L 0.1x103m
Py, —P -
Nyio, =PagA—2t—222— (7.05<10 " kmol/m.s.ar)(0.07069 mz)w: ~0.1047x10"°kmol/s
L 0.1x103m
. Pu.1—P _
Ny n, =PagA—zt—N22 — (2 6410 3kmol/m.s.kar)(0.07069 mz)wz ~0.1452 x10~*kmol/s
e r,—n 0.1x10%m

The initial mass flow rate of helium and the amount of helium that escapes during the first 5 hours are
Maitr e = M Ngitr e = (4kg/kmol)(0.7309 x 10~ kmol/s) = 2.924x10~° kg/s
Myitt He = Maifr e AL = (2.924x10~° kg/s)(5 x 3600 s) = 5.263x10~° kg = 0.05263¢
The initial mass of helium in the balloon is
— PV _ (110 kPa)47(0.075m)* /3] _
RT  (2.077 kPam®/kg -K)(298 K)
Therefore, the fraction of helium that escapes the balloon during the first 5 h is

3.141x10 *kg = 0.3141g

Mg; .052

difire _ 0052639 _ 4 167 (or 16.706)
Minitiar~ 0.31419
Discussion This is a significant amount of helium gas that escapes the balloon, and explains why the helium balloons do not
last long. Also, our assumption of constant pressure for the helium in the balloon is obviously not very accurate since 16.7%
of helium is lost during the process.

Fraction =
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14-64 A balloon is filled with helium gas. A relation for the variation of pressure in the balloon with time as a result of mass

transfer through the balloon material is to be obtained, and the time it takes for the pressure in the balloon to drop from 110 to
100 kPa is to be determined.

Assumptions 1 The pressure of helium inside the balloon remains nearly constant. 2 Mass diffusion is transient since the
conditions inside the balloon change with time. 3 Mass diffusion is one-dimensional since the helium concentration in the
balloon and thus at the inner surface is practically constant, and the helium concentration in the atmosphere and thus at the
outer surface is practically zero. Also, there is symmetry about the midpoint of the balloon. 4 There are no chemical
reactions in the balloon material that results in the generation or depletion of helium. 5 Helium is an ideal gas. 6 The
diffusion of air into the balloon is negligible. 7 The volume of the balloon is constant. 8 The curvature effects of the balloon
are negligible so that the balloon material can be treated as a plane layer.

Properties The permeability of rubber to helium at 25°C is given to be 9.4x10™ kmol/m.s.bar. The molar mass of helium is
M = 4 kg/kmol and its gas constant is R = 2.077 kPa.m*/kg.K (Table A-1).

Analysis We can consider the total molar concentration to be constant (C = C + Cg = Cg = constant), and the balloon to be a
stationary medium since there is no diffusion of rubber molecules ( Nz =0) and the concentration of the helium in the
balloon is extremely low (Cp << 1). The partial pressure of helium in the air is negligible. Since the balloon is filled with
pure helium gas at 110 kPa, the initial partial pressure of helium in the balloon is 110 kPa.

When permeability data is available, the molar flow rate of a gas through a solid wall of thickness L under steady
one-dimensional conditions can be determined from Eq. 14-29,

\ Pa1—Pa. P
N it awal =PasA—————=Pag AI (kmol/s)

where Pag is the permeability and P and P, are the partial pressures of helium on the two sides of the wall (note that the
balloon can be treated as a plain layer since its thickness very small compared to its diameter, and P is simply the pressure
P of helium inside the balloon).

Noting that the amount of helium in the balloon can be expressed as N =P{//R,T and taking the temperature and
volume to be constants,

PV dN v dP dP R,T dN
N = - —= —_— > —=———
R,T d R,T dt dt v dt

@)

Conservation of mass dictates that the mass flow rate of helium from the

balloon be equal to the rate of change of mass inside the balloon, Balloon

Air

dN . P He
E =-N diff Awall = _PABAI (2) 25°C
o _ 110 kPa He

Substituting (2) into (1), diffusion

dP  R,T dN R,T P R, TP A

dt v dt 14 L w
Separating the variables and integrating gives

R ,TP,gA R,TP,gA R,TP,gA
P_ RTPahy  pop? = RulPash e g P RiTPashy
P w Ro w 0 Py w

Rearranging, the desired relation for the variation of pressure in the balloon with time is determined to be

R, TPAgA 3R, TP, . A 4mr? 3
P = Pyexp(———28—1t) = B exp(————28t)  since, for asphere, —=——7—="=
0 exp( U ) = Ry exp( " ) p Vo axi/3 r

Then the time it takes for the pressure inside the balloon to drop from 110 kPa to 100 kPa becomes

100kPa exp( 3(0.08314 bar - m® / kmol - K)(298 K)(9.4 x 10 ™% kmol/m- s - bar)

- t) >t =10,231s=2.84h
110kPa (0.075m)(0.1x10° m)

Therefore, the balloon will lose 10% of its pressure in 2.84 h.
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Water Vapor Migration in Buildings

14-65C Excess moisture changes the dimensions of wood, and cyclic changes in dimensions weaken the joints, and can
jeopardize the structural integrity of building components, causing “squeaking” at the minimum. Excess moisture can also
cause rotting in woods, mold growth on wood surfaces, corrosion and rusting in metals, and peeling of paint on the interior
and exterior wall surfaces.

14-66C The condensation or freezing of water vapor in the wall increases the thermal conductivity of the insulation material,
and thus increases the rate of heat transfer through the wall. Similarly, the thermal conductivity of the soil increases with
increasing amount of moisture.

14-67C Vapor barriers are materials that are impermeable to moisture such as sheet metals, heavy metal foils, and thick
plastic layers, and they completely eliminate the vapor migration. Vapor retarders such as reinforced plastics or metals, thin
foils, plastic films, treated papers and coated felts, on the other hand, slow down the flow of moisture through the structures.
Vapor retarders are commonly used in residential buildings to control the vapor migration through the walls.

14-68C Insulations on chilled water lines are always wrapped with vapor barrier jackets to eliminate the possibility of vapor
entering the insulation. This is because moisture that migrates through the insulation to the cold surface will condense and
remain there indefinitely with no possibility of vaporizing and moving back to the outside.

14-69C A tank that contains moist air at 3 atm is located in moist air that is at 1 atm. The driving force for moisture transfer
is the vapor pressure difference, and thus it is possible for the water vapor to flow into the tank from surroundings if the
vapor pressure in the surroundings is greater than the vapor pressure in the tank.

14-70C When the temperature, total pressure, and the relative humidity are given, the vapor pressure can be determined from
the psychrometric chart or the relation P, = ¢P,;, where Py, is the saturation (or boiling) pressure of water at the specified

temperature and ¢ is the relative humidity.

14-71C The mass flow rate of water vapor through a wall of thickness L in therms of the partial pressure of water vapor on
both sides of the wall and the permeability of the wall to the water vapor can be expressed as

. I:)A,l - PA,Z
Myitr Awall = MPag A————

where M is the molar mass of vapor, P g is the permeability, A is the normal area, and P, is the partial pressure of the vapor.
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14-72 A glass of milk left on top of a counter is tightly sealed by a sheet of 0.009-mm thick aluminum foil. The drop in the
level of the milk in the glass in 12 h due to vapor migration through the foil is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Mass transfer through the foil is one-dimensional. 3 The vapor
permeability of the foil is constant.

Properties The permeance of the foil to water vapor is given to be 2.9x10™*? kg/s.m?.Pa. The saturation pressure of water at
15°C is 1705 Pa (Table 14-9). We take the density of milk to be 1000 kg/m®.

Analysis The mass flow rate of water vapor through a plain layer of thickness L and normal area A is given as (Eq. 14-31)

F)v 1 Pv,2 PA ¢1 Psat,l - ¢2 Psat,z

mv =PA— L = L = MA(¢1 Psat,l - ¢2 Psat,z)
Air
where P is the vapor permeability and M = P/L is the permeance of the 15°C
material, ¢ is the relative humidity and P, is the saturation pressure of water 88 kPa
at the specified temperature. Subscripts 1 and 2 denote the states of the air on RH=50%
the two sides of the foil. Moisture
o o ) ) ) migration
The diffusion area of the foil is A=ar* = z(0.06 m)“ =0.0113m*".
Substituting, the mass flow rate of water vapor through the foil becomes \/ﬁ
m, = (2.9x10 *?kg/s.m?.Pa)(0.0113m?)[1(1705 Pa) — 0.5(1705 Pa)] Aluminum
— 2.7910 M kg/s Milk foil
. . . 15°C
Then the total amount of moisture that flows through the foil during a 12-
h period becomes
My1on = M,At = (2.79<10 ' kg/s)(12x3600s) =1.21x10° kg ~

V=m/ p=(1.21x10"° kg) /(1000 kg/m3) =1.21x10~° m?
Then the drop in the level of the milk becomes

-9 3
ap=Y 12110 7MY 107 m=0.0012mm

A 0.0113m?

Discussion The drop in the level of the milk in 12 h is very small, and thus it is not noticeable.
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14-73 The wall of a house is made of a 20-cm thick brick. The amount of moisture flowing through the wall in 24-h is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Mass transfer through the wall is one-dimensional. 3 The vapor
permeability of the wall is constant.

Properties The permeance of 100 mm thick wall is 46x10™*? Brick

kg/s.m?.Pa (Table 14-10). The saturation pressures of water are wall

3169 Pa at 25°C, and 7384 Pa at 40°C (Table 14-9). ~

Analysis The permeability of the wall is Outside

20cm 0
P = ML = (46x10 2 kg/s-m? - Pa)(0.10m) Room o | a0
250C RH=50%
=46x10713 kg/s-m-Pa
RH=50% ~1"p—

Vapor

The mass flow rate of water vapor through a plain layer of ~ i diffusion

thickness L and normal area A is given as (Eq. 14-31)

F’v,l - Pv,2 —PA ¢1 Psat,l - ¢2 Psat,2
L L i

m, =PA

where P is the vapor permeability, ¢ is the relative humidity and P is the saturation pressure of water at the specified
temperature. Subscripts 1 and 2 denote the states of the air on the two sides of the roof. Substituting, the mass flow rate of
water vapor through the wall is determined to be

[0.50(7384 Pa) — 0.50(3169 Pa)]
0.20m

Then the total amount of moisture that flows through the roof during a 24-h period becomes

r, = (46x10?kg/s.m.Pa) = 4.847x107" kg/s- m?

My 41 =M, At = (4.847x10" kg/s- m*)(24 x 3600s) = 0.04188kg = 41.9g

Discussion The moisture migration through the wal can be reduced significantly by covering the roof with a vapor barrier or
vapor retarder.
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14-74 The roof of a house is made of a 20-cm thick concrete layer. The amount of water vapor that will diffuse through a 15
m x 8 m section of the roof in 24-h is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Mass transfer through the roof is one-dimensional. 3 The vapor
permeability of the roof is constant.

Properties The permeability of the roof to water vapor is given to be 24.7x10™

kg/s.m.Pa. The saturation pressures of water are 768 Pa at 3°C, and 3169 Pa at 1OOOkPa
25°C (Table 14-9). , 3°C
Moisture RH=30%
Analysis The mass flow rate of water vapor through a plain layer of thickness L
and normal area A is given as (Eq. 14-31) 1 1
A
mv —PA IDv,l - PV,Z —PA ¢1 Psat,l _¢2 Psat,z Concrete 20 cm
L L y
where P is the vapor permeability, ¢ is the relative humidity and Pg, is the / )
saturation pressure of water at the specified temperature. Subscripts 1 and 2 250C
denote the states of the air on the two sides of the roof. Substituting, the mass RH=50%

flow rate of water vapor through the roof is determined to be

fh, = (24.710 2kg/s.m.Pa(15 x § m?) 0203169 2‘20_ 0-30(768Pa)] _ , 5075105 kgls
. m

Then the total amount of moisture that flows through the roof during a 24-h period becomes
My 241 =M, At = (2.007x10° kg/s)(24 x 3600s) = 1.73 kg

Discussion The moisture migration through the roof can be reduced significantly by covering the roof with a vapor barrier or
vapor retarder.
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3
14-75 Prob. 14-74 is reconsidered. The effects of temperature and relative humidity of air inside the house on the
amount of water vapor that will migrate through the roof are to be investigated.

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

"GIVEN"

A=15*8 [m"2]

L=0.20 [m]

T_1=25[C]

phi_1=0.50

P_atm=100 [kPa]

time=24*3600 [s]

T_2=3[C]

phi_2=0.30

Permeability=24.7E-12 [kg/s-m-Pa]

"PROPERTIES"
Fluid$='steam_IAPWS'
P_satl=Pressure(Fluid$, T=T_1, x=1)*Convert(kPa, Pa)

P_sat2=Pressure(Fluid$, T=T_2, x=1)*Convert(kPa, Pa)

"ANALYSIS"
m_dot_v=Permeability*A*(phi_1*P_satl-phi_2*P_sat2)/L
m_v=m_dot_v*time

Tl mv

[C] [ka] 24

15 0.8008

16 0.8732 2.2

17 0.9497 i

18 1.031 2

19 1.116 -

20 1.206 1.8

21 1.302 =) I

22 1.402 = 16

23 1.508 > I

24 1.62 e

25 1.738 14

26 1.862

27 1.993 12

28 2.131

29 2.276 1

30 2.428 -
08— .. ..

24 26 28 30

16 18 20 22
T1 [C]
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¢l my
[ka]
0.3 0.9264
0.32 1.008
0.34 1.089
0.36 1.17
0.38 1.251
0.4 1.332
0.42 1.413
0.44 1.495
0.46 1.576
0.48 1.657
0.5 1.738
0.52 1.819
0.54 1.901
0.56 1.982
0.58 2.063
0.6 2.144
0.62 2.225
0.64 2.306
0.66 2.388
0.68 2.469
0.7 2.55

m, [kg]
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03 03 04 045 05 055 06 065 0.7
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14-76 The roof of a house is made of a 20-cm thick concrete layer painted with a vapor retarder paint. The amount of water
vapor that will diffuse through a 15 m x 8 m section of the roof in 24-h is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Mass transfer through the roof is one-dimensional. 3 The vapor

permeabilities of the roof and of the vapor barrier are constant.

Properties The permeability of concrete to water vapor and the permeance of the
vapor retarder to water vapor are given to be 24.7x10™ kg/s.m.Pa and 26x10™
kg/s.m?.Pa, respectively. The saturation pressures of water are 768 Pa at 3°C, and
3169 Pa at 25°C (Table 14-9).

Analysis The mass flow rate of water vapor through a two-layer plain roof of
normal area A is given as (Eqgs. 14-33 and 14-35)

m =A F)V,l B I:>v,2 - A ¢1Psat,l -9, l:)sat,z
R

v
Rv,total

v, total

where Ry a1 1S the total vapor resistance of the medium, ¢ is the relative humidity
and P is the saturation pressure of water at the specified temperature.

Subscripts 1 and 2 denote the air on the two sides of the roof. The total vapor
resistance of the roof is

Rv,total = Rv,roof + Rv,film
L 1
= — 4+ —
P M

0.20m 1
- 12 + 12 2
24.7x107“ kg/s.m.Pa  26x107"“ kg/s.m“.Pa

=4.656x10'%s.m?.Pa/kg

Substituting, the mass flow rate of water vapor through the roof is determined to be

_A # Pty — PPz _ (15x8m?) 0.50(3169 Pa) — 0.30(768 Pa)

m 10 2
Ry total 4.656x10'%s.m* .Palkg

v

100 kPa
3°C
Moisture RH=30%

Al T

A
Concrete 20 cm
Y
S [
Vapor 25°C

retarder RH=50%

=3.490x10"% kg/s

Then the total amount of moisture that flows through the roof during a 24-h period becomes

My 54 = M, At = (3.490 x 10° kg/s)(24 x 3600s) = 0.302kg = 3029
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14-77 The inside wall of a house is finished with 9.5-mm thick gypsum wallboard. The maximum amount of water vapor that
will diffuse through a 3 m x 8 m section of the wall in 24-h is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Mass transfer through the wall is one-dimensional. 3 The vapor
permeability of the wall is constant. 4 The vapor pressure at the outer side of the wallboard is zero.

Properties The permeance of the 9.5 mm thick gypsum wall board to water vapor is given to be 2.86x10° kg/s.m?.Pa. (Table

14-10). The saturation pressure of water at 20°C is 2339 Pa (Table 14-9).

Analysis The mass flow rate of water vapor through a plain
layer of thickness L and normal area A is given as (Eq. 14-31)
P,1—P
mv —PA v,1 v,2
L
A ¢l Psat,l _L¢2 Psat,Z

where P is the vapor permeability and M = P/L is the
permeance of the material, ¢ is the relative humidity and Py is
the saturation pressure of water at the specified temperature.
Subscripts 1 and 2 denote the air on the two sides of the wall.

=P = MA@ Pats — 2 Peat 2)

Noting that the vapor pressure at the outer side of the
wallboard is zero (¢, = 0) and substituting, the mass flow rate
of water vapor through the wall is determined to be

—

Plaster
board

— 9.5 mm

Room
20°C ~
97 kPa ~
RH=60%

)

.‘4

-  Outdoors

Vapor
diffusion

m, = (2.86x107% kg/s.m".P3(3x 8 m?)[0.60(2339 Pa) — 0] = 9.6310° kg/s

Then the total amount of moisture that flows through the wall during a 24-h period becomes

My 41 =M, At = (9.63x10° kg/s)(24 x 36005) = 8.32kg

N\
M\AL™

Discussion This is the maximum amount of moisture that can migrate through the wall since we assumed the vapor pressure

on one side of the wall to be zero.
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14-78 The inside wall of a house is finished with 9.5-mm thick gypsum wallboard with a 0.051-mm thick polyethylene film

on one side. The maximum amount of water vapor that will diffuse through a 3 m x 8 m section of the wall in 24-h is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Mass transfer through the wall is one-dimensional. 3 The vapor
permeabilities of the wall and of the vapor barrier are constant. 4 The vapor pressure at the outer side of the wallboard is zero.

Properties The permeances of the 9.5 mm thick gypsum wall board and of the 0.051-mm thick polyethylene film are given to
be 2.86x10° and 9.1x10™*? kg/s.m% Pa, respectively (Table 14-10). The saturation pressure of water at 20°C is 2339 Pa (Table
14-9).

Analysis The mass flow rate of water vapor through a two-layer plain wall Plaster
of normal area A is given as (Egs. 14-33 and 14-35) board
. F)v,l - I:>v,2 ¢1 Psat,l _¢2 l:)sat,z 4
m, = A =A ‘
Rv,total Rv,total 95
— 9.5mm
where Ry a1 1S the total vapor resistance of the medium, ¢ is the relative Room * C
humidity and P, is the saturation pressure of water at the specified a ~~A~_~ Outdoors
. ) . 20°C
temperature. Subscripts 1 and 2 denote the air on the two sides of the wall. 97 kPa Vapor
H H N \A
The total vapor resistance of the wallboard is RH=60% diffusion
Rv,total = Rv,wall + Rv,ﬁlm TN
1 1
" 2.86x10° kg/s.m?.Pa 91102 kg/s.m2.P _
. g/s.m“.Pa 9. g/s.m*.Pa Polyethylene
=1.10x10'*s.m?.Parkg film

Noting that the vapor pressure at the outer side of the wallboard is zero (¢, = 0) and substituting, the mass flow rate of water
vapor through the wall is determined to be

P..,—a¢,P _
h = A¢1 sat1 — P2 Peat. 2 _(3x8m?) 0.60(2339Pa)-0

=3.06x10"" kg/s
’ Ry tota 1.10x10''s.m? Pa/kg

Then the total amount of moisture that flows through the wall during a 24-h period becomes
My 04 =MAL = (3.06x10" kg/s)(24 x3600s) = 0.0264 kg = 26.4¢

Discussion This is the maximum amount of moisture that can migrate through the wall since we assumed the vapor pressure
on one side of the wall to be zero. Note that the vapor barrier reduced the amount of vapor migration to a negligible level.
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Transient Mass Diffusion

14-79C The diffusion of a solid species into another solid of finite thickness can usually be treated as a diffusion process in a
semi-infinite medium regardless of the shape and thickness of the solid since the diffusion process affects a very thin layer at
the surface.

14-80C When the density of a species A in a semi-infinite medium is known initially and at the surface, the concentration of
the species A at a specified location and time can be determined from
CalX, 1) =Chpj e X
CA,s _CA,i 2“ DABt

where Ca,; is the initial concentration of species A at time t = 0, Ca is the concentration at the inner side of the exposed
surface of the medium, and erfc is the complementary error function.

14-81C The penetration depth is defined as the location where the tangent
to the concentration profile at the surface (x = 0) intercepts the C, =Cp;

line, and it represents the depth of diffusion at a given time. The
penetration depth can be determined to be

Ogitt =+ 77Dt

where D g is the diffusion coefficient and t is the time.

\
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14-82 A thick natural rubber wall is exposed to pure oxygen gas on one side of the surface. The time required for the oxygen
concentration to reach 5% at x = 5 mm of the concentration at the surface is to be determined.

Assumptions 1 The natural rubber wall can be modeled as a semi-infinite medium. 2 The O, concentration in the rubber is
initially zero. 3 The concentration of O, at the rubber surface is constant.

Properties The diffusion coefficient of O, in natural rubber at 25°C = 298 K is Dag = 2.1 x 10 *® m?/s (Table 14-3b).

Analysis This problem is analogous to the one-dimensional transient heat conduction problem in a semi-infinite medium with
specified surface temperature discussed in chapter 4, and thus can be solved accordingly. The solution can be expressed as

Cax,t)=Chp ek X
CA,S _CA,i 2 D/_\Bt

! |
' I
Substituting the specified quantities gives Oxygen |\ I
IS I
gas ! I
Ca(x,1) _eric X & —> : Rubber
CA,S 2 DAB t : : Wa"
! Il
OR 1 5\
0.05=erfc {;J I Smm
2,Dpgt P
AB _:_>

From Table 4-4, we have 0.05 = erfc(1.386), hence :

X

2D t

-1.386 :
|

Thus,

fox T
(1386)2 | D
B { 0.005m T 1

=15493s5=4.30 h
(1.386)2 | 2.1x107°m?/s

Discussion It takes 4 hours and 18 minutes for the O, concentration at 5 mm from the surface to reach 5% of the O,
concentration at the surface.
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14-83 A thick natural rubber wall is exposed to pure oxygen gas on one side of the surface. The oxygen
concentrations varying with the distance from the surface are to be evaluated at different time elapsed.

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

"GIVEN"

c_i=0

c_s=1

D_AB=2.1e-10 [m"2/s]
time_1=10000 [s]
time_2=50000 [s]

0.8

14-49

time_3=150000 [s] (52 0.6
"ANALYSIS" =
¢_1=Semilnfl(c_i,c_s,D_AB,xtime_1) \>-:; 0.4
¢_2=Semilnfl(c_i,c_s,D_AB,xtime_2) )
¢_3=Semilnfl(c_i,c_s,D_AB,xtime_3)

0.2

0
Ca(X.)/Chs

X [m] t=10000 s 50000 s 150000 s
0 1 1 1
0.001 0.6256 0.8273 0.8997
0.002 0.3291 0.6625 0.8011
0.003 0.1432 0.5127 0.7055
0.004 0.05096 0.3827 0.6143
0.005 0.01470 0.2752 0.5287
0.006 0.003415 0.1904 0.4497
0.007 0.0006363 0.1266 0.3778
0.008 9.477E-05 0.08086 0.3135
0.009 1.125E-05 0.04953 0.2568
0.010 1.064E-06 0.02910 0.2077
0.012 4.759E-09 0.008829 0.1306
0.014 8.415E-12 0.002250 0.07776
0.016 5.847E-15 0.0004803 0.04382
0.018 1.572E-18 8.568E-05 0.02334
0.020 0 1.275E-05 0.01174

Discussion As the elapsed time increases the curves are approaching a linear profile that resembles the steady state profile.

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.




14-50

14-84 A piece of steel undergoing a decarburization process, the depth below the surface of the steel at which the
concentration of carbon is reduced to 40% from its initial value as a result of the decarburization process for (a) an hour and
(b) ten hours are to be determined.

Assumptions Carbon penetrates into a very thin layer beneath the surface of the component, and thus the component can be
modeled as a semi-infinite medium regardless of its thickness or shape.

Properties The relevant properties are given in the problem statement.

Analysis This problem is analogous to the one-dimensional transient heat conduction problem in a semi-infinite medium with
specified surface temperature discussed in chapter 4, and thus can be solved accordingly. The solution can be expressed as

Ca(x, 1) =Cp; _erfe X
CA,S _CA,i 2 DABt

Substituting the specified quantities gives

06=erfc| —~

From Table 4-4, we have 0.6 = erfc(0.371), hence
X
2Dyt
(a) The depth of the steel after t =1 h = 3600 s is
x = 2,/D s t (0.371)

= 2,/(1x10~7 cm?/s)(36005) (0.371) = 0.0141cm

=0.371

(b) The depth of the steel after t = 10 h = 36000 s is

x =2,/D g t (0.371)

= 2\/ (1x10~" cm?/s)(360005) (0.371) = 0.0445cm

Discussion The value for the complimentary error function can be determined using the EES software:
0.6=erfc(eta) — eta=0.3708
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14-85 A thick nickel wall is exposed to pure hydrogen gas on one side of the surface. The hydrogen concentration at the
penetration depth, in percentage of its concentration at the surface, is to be determined.

Assumptions 1 The nickel wall can be modeled as a semi-infinite medium. 2 The H, concentration in the nickel is initially
zero. 3 The concentration of H, at the rubber surface is constant.

Properties The diffusion coefficient of H, in nickel at 165°C = 438 K is Dag = 1.0 x 10 ** m?/s (Table 14-3b).

Analysis This problem is analogous to the one-dimensional transient heat conduction problem in a semi-infinite medium with
specified surface temperature discussed in chapter 4, and thus can be solved accordingly. The solution can be expressed as

CAk—Cai__ [ x
CA,S_CA,i 2 D/.\Bt

The penetration depth is given as Hydrogen :
gas

R |

|

|
|
|
I
|
iy ©  Nickel
X =0y =y/7Dpgt : wall
|
:
|

|
|
Substituting gives of
|

~Y

‘)‘um

7D pt - -
M:eﬁc NP | ek ﬁ — erfc (0.8862) 5
Cas 2,/Dpg t 2 : :
| |
From Table 4-4, we have erfc(0.8862) = 0.2101, hence —}-» :
| |

|
Cald 651012210 '

As

Discussion The hydrogen concentration, Ca(x,t)/Cas, at the penetration depth is independent of x and t.
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3
14-86 A thick nickel wall is exposed to pure hydrogen gas on one side of the surface. The hydrogen concentrations
varying with time are to be evaluated at different distances from the surface.

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

1
"GIVEN"
c_i=0
c_s=1 0.8l ]
x_1=0.0005
x_2=0.001 "
D_AB=1.0e-11 [m"2/s] o
k=D_AB =
alpha=D_AB 3_2 0.4

o

"ANALYSIS"
¢_1=Semilnfl(c_i,c_s,D_AB,x_1,time) 0.2
c_2=Semilnfl(c_i,c_s,D_AB,x_2,time)
¢_3=Semilnfl(c_i,c_s,D_AB,x_3,time)

0

0 50000 100000 150000
Time [s]
Ca(X,t)/Cas

t [s] Xx=05mm 1mm 2mm
0 0 0 0
10000 0.2636 0.02535 7.744E-06
20000 0.4292 0.1138 0.001565
30000 0.5186 0.1967 0.009823
40000 0.5762 0.2636 0.02535
50000 0.6171 0.3173 0.04550
60000 0.6481 0.3613 0.06789
70000 0.6726 0.3980 0.09097
80000 0.6926 0.4292 0.1138
90000 0.7094 0.4561 0.1360
100000 0.7237 0.4795 0.1573
110000 0.7360 0.5002 0.1775
120000 0.7469 0.5186 0.1967
130000 0.7565 0.5351 0.2148
140000 0.7651 0.5501 0.2320
150000 0.7728 0.5637 0.2482

Discussion Hydrogen concentration increases with time as it diffuses through the nickel wall.
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14-87 A long cylindrical nickel bar saturated with hydrogen is taken into an area that is free of hydrogen. The length of time
for the hydrogen concentration at the center of the bar to drop by half is to be determined.

Assumptions 1 The bar can be treated as an infinitely long cylinder since it is very long and there is symmetry about the
centerline. 2 The initial hydrogen concentration in the steel bar is uniform. 3 The hydrogen concentration at the surface
remains constant at zero at all times. 4 The Fourier number is t > 0.2 so that the one-term transient solutions are valid.

Properties The molar mass of hydrogen H, is M = 2 kg / kmol (Table A-1). The solubility of hydrogen in nickel at 358 K is
0.00901 kmol / m®.bar (Table 14-7). The diffusion coefficient of hydrogen in nickel at 298 K is Dpg = 1.2x10™ m%s (Table
14-3b).

Analysis This problem is analogous to the one-dimensional transient heat

conduction problem in an infinitely long cylinder with specified surface Well-ventilated
temperature, and thus can be solved accordingly. Noting that 300 kPa = 3 area
bar, the molar density of hydrogen in the nickel bar before it is taken out
of the storage room is * H, diffusion *
Ch, solisside (0) = S x Py, gasside { {
kmol/m®..bar)(3b 2 gas
= (0.00901kmol/m?’ .bar)(3bar) 358 K
=0.027 kmol/m? 300 kPa
§ §
The molar concentration of hydrogen at the center of the bar can be v k v
calculated from Nickel
Ch,.0 = Ch, _ a2 bar

The Biot number in this case can be taken to be infinity since the bar is in a well-ventilated area during the transient case. The
constants A; and A, for the infinite Bi are determined from Table 4-2 to be 1.6021 and 2.4048, respectively. Noting that the
concentration of hydrogen at the outer surface is zero, and the concentration of hydrogen at the center of the bar is one half of
the initial concentration, the Fourier number, t, can be determined from

(0.027/2)-0
0.027-0

Using the definition of the Fourier number, the time required to drop the concentration of hydrogen by half is determined to
be

—1.6021e" (24049 . _ 02014

Dpgt 2 . 0252
r=—18 yto o (020140025 ) 4g. 1085 1214days = 3.33years

r’ Das 1.2<107*2

Therefore, it will take years for this nickel bar to be free of hydrogen.
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14-88 M Chemical resistant gloves of 0.67 mm thickness are used for handling tetrachloroethylene solution. The time it will
take for the solution to penetrate to the inner glove surface at 1% of the concentration at the outer surface is to be determined.

Assumptions 1 The glove wall can be modeled as a semi-infinite medium. 2 The solution concentration in the glove is
initially zero. 3 The concentration of the solution at the outer glove surface is constant.

Properties The diffusion coefficient of tetrachloroethylene in the glove is given as Dag = 3.0 x 10°® m%s.

Analysis This problem is analogous to the one-dimensional transient heat conduction problem in a semi-infinite medium with
specified surface temperature discussed in chapter 4, and thus can be solved accordingly. The solution can be expressed as

Calx,t)=Chp ek X
CA,s _CA,i 2 D/_\Bt

Substituting the specified quantities gives

Ca(x1) ke X
CA,S 2 DABt

X
0.0l=erfc| ——
From Table 4-4, we have 0.01 = erfc(1.82), hence

X

2,/D 5 t

fo| X *
1 (1.82)2| Dy

B {0.00067 mT 1
(1.82)2 | 3.0x10°% m?/s

=1.82

Thus,

=1.13s

Discussion It only takes the tetrachloroethylene solution about 1 second for 1% of the concentration at the exposed outer
glove surface to penetrate to the inner surface. Therefore, this type of glove is not suitable for handling tetrachloroethylene
solution.

Thicker gloves with lower diffusion coefficient of tetrachloroethylene should be used for the safety of the employees.
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14-89 A layer of glucose is submerged under a deep layer of water. (a) The time required for the glucose concentration at x =
1 cm to reach 1% of its concentration at the glucose-water interface, and (b) the penetration depth are to be determined.

Assumptions 1 The water layer can be modeled as a semi-infinite medium. 2 The glucose concentration in the water is

initially zero. 3 The concentration at the glucose-water interface is constant.

Properties The diffusion coefficient of glucose in water at 25°C = 298 K is Dpg = 0.69 x 10™° m%s (Table 14-3a).

Analysis (a) This problem is analogous to the one-dimensional transient heat conduction problem in a semi-infinite medium
with specified surface temperature discussed in chapter 4, and thus can be solved accordingly. The solution can be expressed

as
Co(x,t)=C,;
Cak=Chai _ |  x o
CA,S _CA,i 2 D/_\Bt
Substituting the specified quantities gives
Ca(x1) e X
Cas 2(Dpp't 25°C

Water

Glucose

0.0l=erfc| ——~

From Table 4-4, we have 0.01 = erfc(1.82), hence

X

2/D st

=1.82

Thus,

t:{ X } 1 {o.om}z 1
(1.82)2 | Dy | (1.82)2| 0.69x10°° m?/s
=109405

=3.04 h

(b) The penetration depth of glucose in the water is

it =y7Dpgt

= /7(0.69x10™ m2/5)(109405)
~0.00487 m
=4.87mm

Discussion It took more than three hours for the glucose concentration in the water layer at 1 cm from the glucose-water

interface to reach 1% of its concentration at the interface.
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14-90 A steel component is to be surface hardened by packing it in a carbonaceous material in a furnace at 1150 K. The
length of time the component should be kept in the furnace is to be determined.

Assumptions 1 Carbon penetrates into a very thin layer beneath the surface of the component, and thus the component can be
modeled as a semi-infinite medium regardless of its thickness or shape. 2 The initial carbon concentration in the steel
component is uniform. 3 The carbon concentration at the surface remains constant.

Properties The relevant properties are given in the problem statement.

Analysis This problem is analogous to the one-dimensional transient heat conduction problem in a semi-infinite medium with
specified surface temperature, and thus can be solved accordingly. Using mass fraction for concentration since the data is
given in that form, the solution can be expressed as

Wa (X, 1) =Wy ~erfe| X
Was —Waj 2“ DABt

Substituting the specified quantities gives

0003200012 _ o0 o f X
0.011-0.0012 2/D gt

The argument whose complementary error function is 0.2041 is
determined from Table 4-4 to be 0.8980. That is,

1150 K

Carbon

Steel part

X
2/D st

Then solving for the time t gives

=0.8980

X2 ~ (0.0007m)?

t= = =21,098 5=5.86 h
4D 5 (0.8674)°  4x(7.2x1072m?/5)(0.8980)°

Therefore, the steel component must be held in the furnace for 5.86 h to achieve the desired level of hardening.

Discussion The diffusion coefficient of carbon in steel increases exponentially with temperature, and thus this process is
commonly done at high temperatures to keep the diffusion time to a reasonable level.
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14-91 A steel component is to be surface hardened by packing it in a carbonaceous material in a furnace at 500 K. The length
of time the component should be kept in the furnace is to be determined.

Assumptions 1 Carbon penetrates into a very thin layer beneath the surface of the component, and thus the component can be
modeled as a semi-infinite medium regardless of its thickness or shape. 2 The initial carbon concentration in the steel
component is uniform. 3 The carbon concentration at the surface remains constant.

Properties The relevant properties are given in the problem statement.

Analysis This problem is analogous to the one-dimensional transient heat conduction problem in a semi-infinite medium with
specified surface temperature, and thus can be solved accordingly. Using mass fraction for concentration since the data is
given in that form, the solution can be expressed as

Wa (X, 1) =Wy ~erfe| X
Was —Waj 2“ DABt

Substituting the specified quantities gives

0003200012 _ o0 o f X
0.011-0.0012 2/D gt

The argument whose complementary error function is 0.2041 is
determined from Table 4-4 to be 0.8980. That is,

500 K

Carbon

Steel part

X
2/D st

Solving for the time t gives

=0.8980

x? ~ (0.0007m)?

t= > = —— - =7.234x10"%s = 229,380 years
4D ,5(0.8674)°  4x(2.1x1072°m?/5)(0.8980)

Therefore, the steel component must be held in the furnace forever to achieve the desired level of hardening.

Discussion The diffusion coefficient of carbon in steel increases exponentially with temperature, and thus this process is
commonly done at high temperatures to keep the diffusion time to a reasonable level.
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14-92 A pond is to be oxygenated by forming a tent over the water surface and filling the tent with oxygen gas. The molar
concentration of oxygen at a depth of 1 cm from the surface after 24 h is to be determined.

Assumptions 1 The oxygen in the tent is saturated with water vapor. 2 Oxygen penetrates into a thin layer at the pond
surface, and thus the pond can be modeled as a semi-infinite medium. 3 Both the water vapor and oxygen are ideal gases. 4
The initial oxygen content of the pond is zero.

Properties The diffusion coefficient of oxygen in water at 25°C is Dag = 2.4 x10° m?/s (Table 14-3a). Henry’s constant for
oxygen dissolved in water at 300 K (= 25°C) is given in Table 14-6 to be H = 43,600 bar. The saturation pressure of water at
25°C is 3.17 kPa (Table 14-9).

Analysis This problem is analogous to the one-dimensional transient heat conduction problem in a semi-infinite medium with
specified surface temperature, and thus can be solved accordingly. The vapor pressure in the tent is the saturation pressure of
water at 25°C since the oxygen in the tent is saturated, and thus the partial pressure of oxygen in the tank is

Po, =P - PR, =130-3.17=126.83kPa

Tent

Then the mole fraction of oxygen in the water at the pond surface
becomes 0, gas, 25°C

130 kPa

Po, gasside(0)  1.2683bar

Yo, liquiside (0) = o = 13,6000 2.909x10°° I T N
O, diffusion
The molar concentration of oxygen at a depth of 1 cm from the surface
after 12 h can be determined from Pond
Yo, (x,t)- Yo,i _ oric X
Yo,s = Yo, 2,/Dpgt
Substituting,
x,t)-0 .
% =erfc 001 m =erfc (0.3472) = 0.6234—— Yy, (0.01 m,24 h) = 1.81x107°
2.909x107° -0 2,/(2.4x107° m?/s)(24 x 3600s)

Therefore, there will be 18.1 moles of oxygen per million at a depth of 1 cm from the surface in 24 h.
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14-93 A piece of steel was exposed to a carburizing atmosphere for an hour, and the percentage of mass concentration of
carbon at 0.2 mm and 0.4 mm below the surface are to be determined.

Assumptions Carbon penetrates into a very thin layer beneath the surface of the component, and thus the component can be
modeled as a semi-infinite medium regardless of its thickness or shape.

Properties The relevant properties are given in the problem statement.

Analysis This problem is analogous to the one-dimensional transient heat conduction problem in a semi-infinite medium with
specified surface temperature discussed in chapter 4, and thus can be solved accordingly. Using mass fraction for
concentration since the data are given in that form, the solution can be expressed as

Wa (X, 1) =Wy i _erfe X
Was —Wai 2 DABt
Substituting the specified quantities (for x = 0.0002 m and t = 1 h = 3600 s) gives

Wa(x0)-0002 0.0002m
0.007 -0.002 2/Ax10™ m?/5)(36005)

W, (X,t) —0.002
0.007 —0.002

Thus, mass concentration of carbonatx=0.2mmandt=1his
W, (0.2 mm,1h) = (0.007 —0.002)(0.4561) + 0.002 = 0.00428 = 0.428%

= erfc (0.527)

Similarly, substituting the specified quantities (for x = 0.0004 m and t = 1 h = 3600 s) gives

W, (X, t) —0.002
0.007 —0.002

Thus, mass concentration of carbonatx =04 mmandt=1his

W, (0.4 mm,1h) = (0.007 —0.002)(0.136) +0.002 = 0.00268 = 0.268%

— erfc (1.054)

Discussion The values for the complimentary error function can be determined from Table 4-4 or using the EES software:
z=erfc(0.527) —  z=0.4561 and  z=erfc(1.054) —  z=0.136
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14-94 During an aeration process, the pond surface has its oxygen density suddenly increased to 9 kg/m®. The oxygen density
at 5 cm below the pond surface after 100 hours is to be determined.

Assumptions 1 The pond can be modeled as a semi-infinite medium. 2 Both air and water are stationary.
Properties The diffusion coefficient of oxygen in water at 25°C is Dag = 2.4%10 ° m%s (Table 14-3a).

Analysis This problem is analogous to the one-dimensional transient heat conduction problem in a semi-infinite medium with
specified surface temperature discussed in chapter 4, and thus can be solved accordingly. The solution can be expressed as

X 1) — poai
palx1) PA,i —erf X
Pas —Pai 2,/Dpgt

Substituting the specified quantities (x =5 cmand t = 100 h = 360000 s) gives

pa(X,t)—2kg/m® oric 0.05m
(9 kg/m?® — 2kg/m®) 2,/(2.4x10° m2/s)(3600005)

pa(xt)—2kg/m?

— erfc (0.8505
(9 kg/m® — 2 kg/m®) ( )

From Table 4-4, we have erfc(0.8505) = 0.229, hence
pa(56m,100 h) = (9 kg/m® — 2 kg/m*)(0.229) + 2 kg/m*
=3.60kg/m?

Discussion After 100 h, the oxygen density at 5 cm below the pond surface is increased by 80%. This shows that mass
diffusion through a stationary layer is very slow.
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Diffusion in a Moving Medium

14-95C The diffusion velocity at a location is the average velocity of a group of molecules at that location moving under the
influence of concentration gradient. The average velocity of a species in a moving medium is equal to the sum of the bulk
flow velocity and the diffusion velocity. Therefore, the diffusion velocity can increase of decrease the average velocity,
depending on the direction of diffusion relative to the direction of bulk flow. The velocity of a species in the moving medium
relative to a fixed reference point will be zero when the diffusion velocity of the species and the bulk flow velocity are equal
in magnitude and opposite in direction.

14-96C The mass-average velocity of a medium at some location is the average velocity of the mass at that location relative
to an external reference point. The molar-average velocity of a medium at some location is the average velocity of the
molecules at that location, regardless of their mass, relative to an external reference point. If one of these velocities are zero,
the other will not necessarily be zero. The mass-average and molar-average velocities of a binary mixture will be the same
when the molar masses of the two constituents are equal to each other. The mass and mole fractions of each species in this
case will be the same.

14-97C The mass-average velocity of a medium at some location is the average velocity of the mass at that location relative
to an external reference point. It is the velocity that would be measured by a velocity sensor such as a pitot tube, a turbine
device, or a hot wire anemometer inserted into the flow. The diffusion velocity at a location is the average velocity of a
group of molecules at that location moving under the influence of concentration gradient. A stationary medium is a medium
whose mass average velocity is zero. A moving medium is a medium that involves a bulk fluid motion caused by an
external force.

14-98C (@) T, (B) T, (c)F, (d)F

14-99C The diffusion of a vapor through a stationary gas column is called the Stefan flow. The Stefan’s law can be
expressed as

C DAB In 1- yA,L

ja=NA/A=
Ia A 1-Ypo

where C is the average concentration of the mixture, Dag is the diffusion coefficient of A in B, L is the height of the gas
column, y, . is the molar concentration of a species at X = L, and ya, , is the molar concentration of the species A at x = 0.
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14-100 The amount of chloroform that diffuses from a Stefan tube at a specified temperature and pressure over a specified

time period is measured. The mass diffusivity of chloroform in air is to be determined.

Assumptions 1 Chloroform vapor and atmospheric air are ideal gases. 2 The amount of air dissolved in liquid chloroform is

negligible. 3 Temperatures of air and chloroform remain constant at 25°C.

Properties The relevant properties are given in the problem statement.

Analysis The vapor pressure at the air-chloroform interface is the vapor pressure of chloroform at 25°C, P = 0.263 atm, and

the mole fraction of chloroform vapor (species A) at the interface is determined from

P
AO _ 0.263 atm —0.263
P latm

Yao0=

The total molar density throughout the tube remains constant because of
the constant temperature and pressure conditions and is determined to be

P 101.325kPa

- - = 0.0409 kmol/m®
RT  (8.314kPa-m®/kmol- K)(273+ 25) K

The diffusion rate is given to be 222 g per 10 hours. Then the diffusion
rate per unit interface area is
Ny m 4m
AT VAU MaD%t
B 4(222x1072 kg)
© (119.39 kg/kmol)z(0.05 m)? (10 x 3600 5)
=2.63x107° kmol/s-m?

The distance between the chloroform surface and the top of the tube is
initially 7 cm, and will be 7.44 cm after 10 hours. Therefore, we can take
the average height to be (7 + 7.44)/2 = 7.22 cm.

Finally, the mass diffusivity of chloroform in air is determined using

Nx O 1 Va0
A L 1-Yao

2.63x107° kmol/s- m?

_ (0.0409 kmol/m®)D g i 10
- 0.0722m 1-0.263

which gives

Dys =1.52x107* m?/s

Discussion The Stefan tube is sometimes also known as Arnold diffusion cell.

Air, B
—_—
<< <
k= s
c 2 =
o ) S
g7 = E7)
= ap k-
y= = =
~ ~ ~
a o] ()
: T
{ )
) N
v p
) 3
( Y

1§ Chloroform, A
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14-101E The amount of water that evaporates from a Stefan tube at a specified temperature and pressure over a specified
time period is measured. The diffusion coefficient of water vapor in air is to be determined.

Assumptions 1 Water vapor and atmospheric air are ideal gases. 2 The amount of air dissolved in liquid water is negligible.
3 Heat is transferred to the water from the surroundings to make up for the latent heat of vaporization so that the temperature
of water remains constant at 80°F.

Properties The saturation pressure of water at 80°F is 0.5073 psia (Table A-9E).

Analysis The vapor pressure at the air-water interface is the saturation pressure of water at 80°F, and the mole fraction of
water vapor (species A) is determined from

Pvaporp B 05073pSIa _

Yvaporo = Yo = - 0.0368 Air, B
P 13.8psia
P YaL

Dry air is blown on top of the tube and thus Yysper,L = Ya,.=0. Also, the total L

molar density throughout the tube remains constant because of the constant

temperature and pressure conditions, and is determined to be

. Y
13.
LI 158 psia — 0.00238 Ibmol /&3 ”
R,T (10.73p3|a.1t /IbmoI-RX54OR)

0

The cross-sectional area of the valve is Yao 1

A=7zD?/4=7(1/121 )* / 4=5.45x10"f 2
The evaporation rate is given to be 0.0025 Ibm per 10 days. Then the molar flow rate of vapor is determined to be

. . m
Na = Nygpor = — o = 0.00251bm ~ 1611072 Ibm/s
M (10x 24 % 3600s )(181bm/Ibmol)

vapor

Finally, substituting the information above into Eq. 14-59 we get

Ny CDu | (1-¥au 16110 1bm/s _ (0.00238 1bm/#t®)Dxg 10
A L 1-Yao 5.45¢103%2 10/121 1-0.0368
It gives
Dag = 2.76 x10™ ft¥/s

for the binary diffusion coefficient of water vapor in air at 80°F and 13.8 psia.
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14-102 M Benzene undergoes evaporation in 10 test tubes. The total evaporation rate of benzene to the surrounding air is to
be determined whether or not the level of benzene could result in health risks.

Assumptions 1 Benzene vapor and atmospheric air are ideal gases. 2 The amount of air dissolved in liquid benzene is
negligible. 3 Temperatures of air and benzene remain constant at 25°C.

Properties The molar mass of benzene is given as M = 78.11 kg/kmol. The diffusion coefficient of benzene in air at 25°C is
Dag = 0.88 x 10 ° m?/s (Table 14-2).

Analysis The vapor pressure at the air-benzene interface is the vapor pressure of benzene at 25°C, P50 = 10 kPa, and the mole
fraction of benzene vapor (species A) at the interface is determined from
_Pao  10kPa
Va0 = 5" " 101325 kPa

The total molar density throughout the tube remains constant because of the constant temperature and pressure conditions and
is determined to be

co P _ 101.325kPa
" RT  (8:314KkPa-m¥/kmol- K)(273+ 25) K

=0.09869

=0.0409 kmol/m?

Then, the diffusion rate per unit interface area for one test tube is

& _ CDAB In[l_ yA,LJ

A L 1-Yao
_(0.0409 kmol/m®)(0.88x 10> m?/s) In( 1-0 j
0.01m 1-0.09869

=3.7398x107® kmol/s- m?

The evaporation rate of benzene from one test tube is

. 2 N
M 4 A

m=(78.11 kg/kmol)%(0.0ZS m)?(3.7398 x 10" kmol/s- m?)
=(1.434x107" kg/s)(1000 g/kg)(3600s/hr)
=1.434x10"" kg/s = 0.516g/h
Thus, the total rate of benzene being evaporated from ten test tubes to the surrounding air is
Mot =10(0.516 g/h) =5.16 g/h >3g/h

Discussion The rate of benzene evaporation to the surrounding air is greater than the rate that the HVAC system can handle.
That means benzene vapor will be accumulating and eventually reach a level that is hazardous to health.

To prevent health hazards from benzene exposure, the liquid benzene should be handled under a fume hood.
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14-103 The amount of ethanol that evaporates from a Stefan tube at a specified temperature and pressure over a specified
time period is measured. The mass diffusivity of ethanol in air is to be determined.

Assumptions 1 Ethanol vapor and atmospheric air are ideal gases. 2 The amount of air dissolved in liquid ethanol is
negligible. 3 Temperatures of air and ethanol remain constant at 24°C.

Properties The relevant properties are given in the problem statement.

Analysis The vapor pressure at the air-ethanol interface is the vapor pressure of ethanol at 24°C, P, = 0.0684 atm, and the
mole fraction of ethanol vapor (species A) at the interface is determined from

Pao  0.0684atm

Yao P latm —
The total molar density throughout the tube remains constant because of — L
the constant temperature and pressure conditions and is determined to be < 2
_P_ 101325 kPa — 0.04103kmol/m? g & S
RT  (8.314kPa-m*/kmol- K)(273+ 24) K z2 & =z
= =< ;—_1
Then the diffusion rate per unit interface area is 8 & B8
; A A
Na_m _ oV ) ‘ g
A  MAt MAt ( 1 v
— 0
(789 kg/m®)(0.0445cm®)(10~® m®/cm®) l Ethanol, A J

(46 kg/kmol)(0.8cm2)(10~* m?/cm?)(10 x 36005)
=2.65x10"" kmol/s- m?

The distance between the chloroform surface and the top of the tube is initially 10 cm, and will be 25 cm after 10 hours.
Therefore, we can take the average height to be (10 + 25)/2 = 17.5 cm.

Finally, the mass diffusivity of ethanol in air is determined using

&: CDpg In 1-yaL
A L 1-Yao

2.65%10~" kmol/s- m?

_ (0.04103kmol/m®)D g i 1-0
- 0.175m 1-0.0684

which gives
Dps =1.60x107° m?/s

Discussion The Stefan tube is sometimes also known as Arnold diffusion cell.
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€6

14-104 Methanol undergoes evaporation in a vertical tube. (a) The evaporation rate of methanol is to be determined,
and (b) the mole fraction of methanol vapor as a function of the tube height is to be plotted.

Assumptions 1 Methanol vapor and atmospheric air are ideal gases. 2 The amount of air dissolved in liquid methanol is
negligible. 3 Temperatures of air and methanol remain constant at 25°C.

Properties The molar mass of methanol is given as M = 32 kg/kmol. The diffusion coefficient of methanol in air is given as
Dpg = 1.62 x 107> m?/s.

Analysis (a) The vapor pressure at the air-methanol interface is the vapor pressure of methanol at 25°C, P,o = 17 kPa, and
the mole fraction of methanol vapor (species A) at the interface is determined from
Yoo Pao  17kPa
AT P T 101.325kPa

The total molar density throughout the tube remains constant because of the constant temperature and pressure conditions and
is determined to be

=0.1678

_P_ 101325 kPa — 0.0409 kmol/m?® |
R,T (8.314kPa-m®/kmol-K)(273+25)K Air, B
—
Then the diffusion rate per unit interface area is iy
&_CDAB In 1-yaL ; E
A L 1-Yao s B ¢
_ (0.0409 kmol/m®)(1.62x10° m?/s) | ( 1-0 3 Z 5
0.30m 1-0.1678 8 & B8
= 4.0568x10~" kmol/s-m? - |
The evaporation rate of the methanol in kg/h can be determined with !} ¥ b
. ; \ Methanol, A
Ny=1 5 m=M Naa t J
M A

m = (32 kg/kmol)(4.0568 x 10" kmol/s- m?)(0.8cm?)(10~* m?2/cm?)
=1.039x107° kg/s
=3.74x107° kg/h

Discussion With p = 791 kg/m?, that means the evaporation rate in terms of volume is 4.73x10~° m%h.

(b) This part is solved using EES, and the solution is given below:

"GIVEN"
P_A_0=17 [kPa]
P=101.325 [kPa]
y A_L=0
L=0.3 [m]

"ANALYSIS"
y_A 0=P_A O/P
(1-y_A)(1-y_A_0)=((1-0)/(1-y_A_0))"(x/L)
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x [mm]  ya 0.2 : . : . : . : . : :
0 0.1678
0.01 0.1627
0.02 0.1575 0.16F ]
0.03 0.1524
0.04 0.1471
0.05 0.1419 0.12¢ 1
0.10 0.1152 <
0.15 0.08774 >
020  0.05938 0.08} 7
0.25 0.03015
0.30 0 0.04l ]
o N L N L N L N L N L N
0 0.05 0.1 0.15 0.2 0.25 0.3

X [m]
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14-105 A hydrogen tank is maintained at atmospheric temperature and pressure by venting to the atmosphere through the
charging valve. The initial mass flow rate of hydrogen out of the tank is to be determined.

Assumptions 1 Steady operating conditions at initial conditions exist. 2 Hydrogen and atmospheric air are ideal gases. 3 No
chemical reactions occur in the valve. 4 Air concentration in the tank and hydrogen concentration in the atmosphere are
negligible so that the mole fraction of the hydrogen is 1 in the tank, and 0 in the atmosphere (we will check this assumption
later).

Properties The molar mass of hydrogen is M = 2 kg/kmol (Table A-1). The diffusion coefficient of hydrogen in air (or air in
hydrogen) at 1 atm and 25°C is Dag = 7.2 x10° m*/s (Table 14-2). However, the pressure in the tank is 90 kPa = 0.88 atm.
The diffusion coefficient at 25°C and 0.88 atm is determined from

_ D g 1atm _7.2><10_5

- = =8.18x10°m?/s
P (in atm) 0.88

DAB

Analysis This is a typical equimolar counterdiffusion process since the problem involves two large reservoirs of ideal gas
mixtures connected to each other by a channel, and the concentrations of species in each reservoir (the pipeline and the
atmosphere) remain constant. The cross-sectional area of the valve is

A=7D? /4= 7(0.03m)? /4=7.069x107* m? H,  Air

Noting that the pressure of hydrogen is 90 kPa at the bottom of the charging valve (x = 0) S
and 0 kPa at the top (x = L), its molar flow rate is determined from Eq. 14-64 to be

Dag A Pao—PaL

Ny =Ny o =
H, diff ,A RUT L
_ (8.18x107° m?/s)(7.069x10* m?) (90-0)kPa
(8.314 kPa.m3/kmal. K)(298 K) 0.1m H,
_ 8 25°C
=2.098x10"" kmol/s 90 kPa

Then the mass flow rate of hydrogen becomes
thy, =(NM ), = (2.081:10" kmol/s|2kg/kmol) = 4.210°® kg/s

Discussion This is the highest mass flow rate. It will decrease during the process as air diffuses into the tank and the
concentration of hydrogen in tank drops.
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3
14-106 Prob. 14-105 is reconsidered. The mass flow rate of hydrogen lost as a function of the diameter of the charging
valve is to be plotted.

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

"GIVEN"
thickness=0.02 [m]
T=(25+273) [K]
P_atm=90 [kPa]
D=3 [cm]
extension=0.08 [m]
L=0.10 [m]

"PROPERTIES"

MM_H2=Molarmass(H2)

D_AB_latm=7.2E-5 [m”2/s] “from Table 14-2 of the text at 1 atm and 25 C"
D_AB=D_AB_latm*P_1latm/(P_atm*Convert(kPa, atm)) "at 90 kPa and 25 C"
P_latm=1 [atm]

R_u=8.314 [kPa-m"3/kmol-K]

"ANALYSIS"

A=pi*D"2/4*Convert(cm”"2, m"2)
N_dot_H2=(D_AB*A)/(R_u*T)*(P_atm-0)/L
m_dot H2=N_dot H2*MM_H2

D My, 1.20x10”7

[em] [kg/s] :

1 4.662E-09 Looxao” |

1.2 6.714E-09 i

1.4 9.138E-09 o :

1.6 1.194E-08 > 8.00<10°]

18 1.511E-08 = :

2 1.865E-08 N——

22 2.257E-08 £ i

2.4 2.686E-08 [

2.6 3.152E-08 4.00x108 [

238 3.655E-08 :

3 4.196E-08 sl

3.2 4.774E-08 2,010}

3.4 5.390E-08 , , , ‘ ‘ ‘ | ]
3.6 6.042E-08 1 15 2 25 3 35 4 45 E
3.8 6.732E-08 D [emi
4 7.460E-08

42 8.224E-08

4.4 9.026E-08

46 9.865E-08

48 1.074E-07

5 1.166E-07
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14-107 A pitcher that is half filled with water is left in a room with its top open. The time it takes for the entire water in the

pitcher to evaporate is to be determined.

Assumptions 1 Water vapor and atmospheric air are ideal gases. 2 The amount of air dissolved in liquid water is negligible. 3
Heat is transferred to the water from the surroundings to make up for the latent heat of vaporization so that the temperature of

water remains constant at 15°C.

Properties The saturation pressure of water at 15°C is 1.7051 kPa (Table A-9). The density of water in the pitcher can be
taken to be 1000 kg/m3. The diffusion coefficient of water vapor in air at 15°C (= 288 K) and 87/101.325 = 0.8586 atm can be

determined from

10 T 2.072 (288 K)2.072

D s =1.87x10 =1.87x107° =2.716x10"°m?/s

Analysis The flow area, which is the cross-sectional area of the pitcher, is
A= zD?/ 4= 7(0.08m)* / 4 =5.026x10° m?

The vapor pressure at the air-water interface is the saturation pressure of water at 15°C,
which is 1.7051 kPa. The air at the top of the pitcher (x = L) can be assumed to be dry
(Pa,L=0). The distance between the water surface and the top of the pitcher is initially
15 cm, and will be 30 cm at the end of the process when all the water is evaporated.
Therefore, we can take the average height of the air column above the water surface to
be (15+30)/2 = 22.5 cm. Then the molar flow rate is determined from

N _ DABA I:)A,o - I:)A,L
A=
R,T L
~(2.716x10° m?/s)(5.026x10 > m?) (1.7051- 0) kPa
(8.314kPa.m*/kmol.K)(288 K) 0.225m
=4.320x10 % kmol/s

The initial mass of water in the pitcher is

2

Myater = P% L= (:LOO()kg/m3)M

2
) (0.15m)=0.7540kg

Then the time required to evaporate the water completely becomes

My apor

N\yapor = ——
vapor At x M vapor

m
At = vapor 0.7540kg ~9.70x10" s

Nyapor X M yapor  (4.320x1072% kmol/s)(18 kg/kmol)

Room
10°C
87 kPa
Water
vapor

Water
15°C

which is equivalent to 1122 days. Therefore, it will take the water in the pitcher about 3.1 years to evaporate completely.
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14-108 A large ammonia tank is vented to the atmosphere. The rate of loss of ammonia and the rate of air infiltration into the
tank are to be determined.

Assumptions 1 Ammonia vapor and atmospheric air are ideal gases. 2 The amount of air dissolved in liquid ammonia is
negligible. 3 Heat is transferred to the ammonia from the surroundings to make up for the latent heat of vaporization so that
the temperature of ammonia remains constant at 25°C.

Properties The molar mass of ammonia is M = 17 kg/kmol, and the molar mass of air is M = 29 kg/kmol (Table A-1). The
diffusion coefficient of ammonia in air (or air in ammonia) at 1 atm and 25°C is Dg =2.6 x10™° m?/s (Table 14-2).

Analysis This is a typical equimolar counterdiffusion process since the problem involves two large reservoirs of ideal gas
mixtures connected to each other by a channel, and the concentrations of species in each reservoir (the tank and the
atmosphere) remain constant. The flow area, which is the cross-sectional area of the tube, is

A=7zD? /4= 7(0.015m)? / 4 =1.767x10* m?

NH; Air
Noting that the pressure of ammonia is 1 atm = 101.3 kPa at the bottom of the
tube (x = 0) and 0 at the top (x = L), its molar flow rate is determined from Eq. A—
14-64 to be
. . D A PA, - PA,L
Nammonia = Ndiff,A = RAUBT ° L
(2.6x107° m?/s)(1.767x10* m?) (101.3 - 0)kPa _
= 3 Ammonia
(8.314kPa - m°/kmol - K)(298K) 2m 250C
=9.39x 10 kmol/s 1atm

Therefore, the mass flow rate of ammonia through the tube is
M, =(NM) gy, =(9.39x107* kmol/s)(17 kg/kmol) = 1.60x 10~° kg/s
which corresponds to 0.0504 kg per year.

Note that N B = —-N A during an equimolar counter diffusion process. Therefore, the molar flow rate of air into the

ammonia tank is equal to the molar flow rate of ammonia out of the tank. Then the mass flow rate of air into the pipeline
becomes

My = (NM),;, = (~9.39x107** kmol/s)(29 kg/kmol) = -2.72x 102 kg/s
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14-109E The pressure in a helium pipeline is maintained constant by venting to the atmosphere through a long tube. The
mass flow rates of helium and air, and the net flow velocity at the bottom of the tube are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Helium and atmospheric air are ideal gases. 3 No chemical reactions
occur in the tube. 4 Air concentration in the pipeline and helium concentration in the atmosphere are negligible so that the
mole fraction of the helium is 1 in the pipeline, and 0 in the atmosphere (we will check this assumption later).

Properties The diffusion coefficient of helium in air (or air in helium) at normal atmospheric conditions is Dag = 7.75 x10™
ft’/s (Table 14-2). The molar mass of helium is M = 4 Ibm / Ibmol, and the molar mass of air is 29 Ibm / Ibmol (Table A-
1E).

Analysis This is a typical equimolar counterdiffusion process since the Air
problem involves two large reservoirs of ideal gas mixtures connected to 80°F
each other by a channel, and the concentrations of species in each He Aj
reservoir (the pipeline and the atmosphere) remain constant. 3_( Ir
(a) The flow area, which is the cross-sectional area of the tube, is
A=7D?]4=7(0.25/12%)%/4=3.409x107* f 2 025
« 25in
Noting that the pressure of helium is 14.5 psia at the bottom of the tube
(x=0) and 0 at the top (x = L), its molar flow rate is 30 ft
- B _ DpgAPao—Par
Nhelium - Ndiff,A - RUT L He
(7.75x107* 1 %/5)(3.409 x 10~ 1t 2) (14.5-0) psia A o
(10.73 psia.ft 3/Ibmol.R)640 R) 30 ft Helium, 80°F

: —> 5 lbm/s
=2.204x107** Ibmol/s 14.5 psia

Therefore, the mass flow rate of helium through the tube is

Mhetium = (NM) pejium = (2.204 x 107! Iomol/s)(4 1bm/Ibmol)=8.816 x 10! Ibrm/s

which corresponds to 0.00278 Ibm per year.

(b) Noting that N B = -N a during an equimolar counterdiffusion process, the molar flow rate of air into the helium pipeline
is equal to the molar flow rate of helium. Thus the mass flow rate of air into the pipeline is

My = (NM) ;= (~2.204 x10~** Ibmol/s)(29 Ibm/Ibmol)=-6.392 x 10 *° Ibmv/s

The mass fraction of air in helium pipeline is

| 6.392x10 2 Ibm/s

=LA — - =1.278x10"%~0
Mo (5-8.816 %107 +6.392x107:%) Iom/s

air

which validates our original assumption of negligible air in the pipeline.
(c) The net mass flow rate through the tube is

Mgt = Mhetium + Mair =8.816 1071 —6.392x1071% =—5.510x107° Ibm/s

The mass fraction of air at the bottom of the tube is very small, as shown above, and thus the density of the mixture at x =0
can simply be taken to be the density of helium which is

= Pretum = e = 14.5psia —0.01002 Ibm/t3

RT  (2.681psia ft 3/Ibm.R)(540 R)

Then the average flow velocity at the bottom part of the tube becomes

3 -10
v = Mnet _ 5.510x107"" lbm/s = _1.61x10~* ft/s

" pA (0.01002 Ibm/%3)(3.409x10~* 1 2)

Discussion This flow rate is difficult to measure by even the most sensitive velocity measurement devices. The negative sign
indicates flow in the negative x direction (towards the pipeline).
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14-110E The pressure in a carbon dioxide pipeline is maintained constant by venting to the atmosphere through a long tube.
The mass flow rates of carbon dioxide and air, and the net flow velocity at the bottom of the tube are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Carbon dioxide and atmospheric air are ideal gases. 3 No chemical
reactions occur in the tube. 4 Air concentration in the pipeline and carbon dioxide concentration in the atmosphere are
negligible so that the mole fraction of the carbon dioxide is 1 in the pipeline, and 0 in the atmosphere (we will check this
assumption later).

Properties The diffusion coefficient of carbon dioxide in air (or air in carbon dioxide) at normal atmospheric conditions is
Dag = 1.72x10™ ft?/s (Table 14-2). The molar mass of carbon dioxide is M = 44 Ibm / Ibmol, and the molar mass of air is 29
Ibm /Ibmol (Table A-1E).

Analysis This is a typical equimolar counterdiffusion process since the Air
problem involves two large reservoirs of ideal gas mixtures connected to 80°F
each other by a channel, and the concentrations of species in each Cco,

reservoir (the pipeline and the atmosphere) remain constant.

3—( Air

(a) The flow area, which is the cross-sectional area of the tube, is

A=7D?/4=7(0.25/12%)? /| 4=3.409x10~*
Noting that the pressure of carbon dioxide is 14.5 psia at the bottom of the “—10.25in
tube (x = 0) and 0 at the top (x = L), its molar flow rate is determined from 30 ft
Eq. 14-64 to be

- Dag A Pao —PaL

Nco2 = Nyira = RAEEI. L CO,

v 4
_(L.72x107* £ %/5)(3.409x10* £t 2) (14.5-0) psia G Air
(10.73 psia. f: 3/Ibmol.R)640 R) 30t €O, 80°F e

" 14.5 psia
=4.891x10 Ibmol/s

Therefore, the mass flow rate of carbon dioxide through the tube is
Mo, =(NM)¢o, =(4.891x107* Ibmol/s)(44 Ibm/lbmol)=2.152x 10*° Ibrm/s

which corresponds to 0.00679 Ibm per year.

(b) Noting that N B = -N a during an equimolar counter diffusion process, the molar flow rate of air into the CO, pipeline is
equal to the molar flow rate of CO,. Thus the mass flow rate of air into the pipeline is

My, =(NM),;, = (—4.891x107*2 Ibmol/s)(29 Ibm/Ibmol)=-1.418 x 10 *° Ibms
The mass fraction of air in carbon dioxide pipeline is

] 1.418x107%° Ibm/s
Mow  (5+1.418x1071° —2.152x1071%) Ibm/s

=2.836x10"1 %0

air
which validates our original assumption of negligible air in the pipeline.

(c) The net mass flow rate through the tube is

Myer =Mco, + My =2.152x107° —1.418x1071% =7.34 10~ lbm/s
The mass fraction of air at the bottom of the tube is very small, as shown above, and thus the density of the mixture at x =0
can simply be taken to be the density of carbon dioxide which is
14.5 psia

P 3
P=Peo. =—= =0.110 Ibm/ft
€% T RT  (0.2438 psia.f 3/Ibm.R)(540 R)

Then the average flow velocity at the bottom part of the tube becomes

-11
V= Mnet _ 7.34x107"" lbm/s —1.96%10° ft/s

T pA (0.110 Ibm/%)(3.409x 10~ 1 2)

Discussion This flow rate is difficult to measure by even the most sensitive velocity measurement devices.
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Mass Convection

14-111C The region of the fluid near the surface in which concentration gradients exist is called the concentration
boundary layer. In flow over a plate, the thickness of the concentration boundary layer 3. for a species A at a specified
location on the surface is defined as the normal distance y from the surface at which
Pas ~Pa
pA,S ~Pw

=0.99

where p, s and p, , are the densities of species A at the surface (on the fluid side) and the free stream, respectively.

14-112C The dimensionless Schmidt number is defined as the ratio of momentum diffusivity to mass diffusivity
Sc=v/D,g, and it represents the relative magnitudes of momentum and mass diffusion at molecular level in the velocity

and concentration boundary layers, respectively. The Schmidt number corresponds to the Prandtl number in heat transfer. A
Schmidt number of unity indicates that momentum and mass transfer by diffusion are comparable, and velocity and
concentration boundary layers almost coincide with each other.

14-113C The dimensionless Lewis number is defined as the ratio of thermal diffusivity to mass diffusivity (Le=a/Dpg),

and it represents the relative magnitudes of heat and mass diffusion at molecular level in the thermal and concentration
boundary layers, respectively. A Lewis number of unity indicates that heat and mass diffuse at the same rate, and the thermal
and concentration boundary layers coincide.

14-114C The normalized velocity, thermal, and concentration boundary layers coincide during flow over a plate when the
molecular diffusivity of momentum, heat, and mass are identical. Thatis, v=a=Dpg orPr=Sc=Le=1.

14-115C Mass convection is expressed on a mass basis in an analogous manner to heat transfer as
Meonv = Nimass As (pA,s _pA,oo)

where hpass is the average mass transfer coefficient in m/s, A, is the surface area in m?, and Pas and p, , are the densities of
species A at the surface (on the fluid side) and the free stream, respectively.

14-116C The dimensionless Sherwood number is defined as Sh =h, L/ D, Where L is the characteristic length, hpss is
the mass transfer coefficient and Dag is the mass diffusivity. The Sherwood number represents the effectiveness of mass
convection at the surface, and serves as the dimensionless mass transfer coefficient. The Sherwood number corresponds to
the Nusselt number in heat transfer. A Sherwood number of unity for a plain fluid layer indicates mass transfer by pure
diffusion in a fluid.

14-117C Yes, the Grasshof number evaluated using density difference instead of temperature difference can also be used in
natural convection heat transfer calculations. In natural convection heat transfer, the term Ap/ p is replaced by SAT for
convenience in calculations.
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14-118C The relation f Re / 2= Nu = Sh is known as the Reynolds analogy. It is valid under the conditions that the Prandtl,
Schmidt, and Lewis numbers are equal to units. That is, v =a = D,g or Pr = Sc = Le = 1. Reynolds analogy enables us to

determine the seemingly unrelated friction, heat transfer, and mass transfer coefficients when only one of them is known or
measured.

14-119C The relation f/ 2 = St Pr¥® = St,,5S¢?* is known as the Chilton-Colburn analogy. Here St is the Stanton number,
Pr is the Prandtl number, St is the Stanton number in mass transfer, and Sc is the Schmidt number. The relation is valid
for 0.6 <Pr <60 and 0.6 < Sc < 3000. Its importance in engineering is that Chilton-Colburn analogy enables us to determine
the seemingly unrelated friction, heat transfer, and mass transfer coefficients when only one of them is known or measured.

14-120C Using the analogy between heat and mass transfer, the mass transfer coefficient can be determined from the
relations for heat transfer coefficient using the Chilton-Colburn Analogy expressed as

h Sc 2/3 213

heat a 2/3
heat _ = = — = Le

h pcp(Prj pCP(DABJ P

mass

Once the heat transfer coefficient hyy is available, the mass transfer coefficient hye, can be obtained from the relation above
by substituting the values of the properties.

14-121C The relation hyear = o Cp Ninass 1S the result of the Lewis number Le = 1, and is known as the Lewis relation. Itis
valid for air-water vapor mixtures in the temperature range encountered in heating and air-conditioning applications. The
Lewis relation is commonly used in air-conditioning practice. It asserts that the wet-bulb and adiabatic saturation
temperatures of moist air are nearly identical. The Lewis relation can be used for heat and mass transfer in turbulent flow
even when the Lewis number is not unity.

14-122C A convection mass transfer is referred to as the low mass flux when the flow rate of species undergoing mass flow
is low relative to the total flow rate of the liquid or gas mixture so that the mass transfer between the fluid and the surface
does not affect the flow velocity. The evaporation of water into air from lakes, rivers, etc. can be treated as a low mass-flux
process since the mass fraction of water vapor in the air in such cases is just a few percent.
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14-123 Carbon dioxide and air are separated by a flat rubber plate. The mass concentration gradient of carbon dioxide at the
plate surface on the air side is to be determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable since the mass
fraction of CO, in the air is low. 2 There are no chemical reactions in the plate that results in the generation or depletion of
CO.,. 3 Mass diffusion of CO, through the plate is being convected to the air on the other side of the plate.

Properties The molar mass for CO; is 44.01 kg/kmol (Table A-1). The binary diffusion coefficient for CO, in air at 298 K is
Dpg = 1.6 x 10° m%s (Table 14-2).

Analysis With the CO, diffuses through the rubber plate being convected by air on the other side, we can write the mass
transfer at the air-side plate surface as

Iadiff = JAaconv = JAs

Jas :_DABd_ =Nass (Pas = Pace)

S

Thus, mass concentration gradient at the air-side plate surface is

dpA| __ jas _ jasM

dy |s D g D s
_ 4.43x107*" kmol/s- m?

- 44.01kg/kmol
1.6x107°m?/s ( J )

=-1.219x10"* kg/m*

Discussion The negative sign of the concentration gradient implies that mass transfers from higher concentration to lower
concentration.
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14-124 A film of water on a concrete is undergoing mass convection to air. The mass fraction gradient of water at the surface
is to be determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable since the mass
fraction of vapor in the air is low. 2 Water is at the same temperature as air.

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the specified temperature of
15°C and 1 atm, for which v = 1.47 x 10"°> m%s and p = 1.225 kg/m® (Table A-15). The saturation pressure of water at 15°C is
1.705 kPa (Table A-9). The mass diffusivity of water vapor in air at 15° (288 K) is determined from Eq. 14-15 to be

2072
-10 T

2.072
Dag =Dy, 0.4 =1.87x10 T=1.87x10—1°%

latm
Analysis The air at the water surface will be saturated and that the saturation pressure of water at 15°C is 1.705 kPa, the mass

fraction of water vapor in the air at the surface and at the free stream conditions are, from Eq. 14-10 (molar mass of air and
water is obtained from Table A-1),

=2.33x10"° m?/s

Ma Py M, (1.705kPa) (18.015kg/kmol
Was =Yas = 5 =

= =0.01046
M P Mg, 101.325kPal\ 28.97kg/kmol

Mp  @Po My (O.35)(1.705kPa)[18.015kg/kmo|

B 28.97kg/kmol

: “M,, P M,  101.325kPa

The mass transfer conditions on the water surface is given as

Jas=-—Dng v = Nirass Was =Wa )
S

Thus, the mass fraction gradient is

dWA | __ hmass (WA,s - WA,oo)
dy |s Das
_ (0.03m/s)(0.01046 - 0.003662)
- 2.33x1075 m%/s
=-875m*

Discussion Factors affecting the mass fraction gradient at the water surface are the mass transfer convection coefficient, mass
diffusivity of water vapor in air, and the difference in concentrations at the surface and at the free stream.
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14-125 The average Reynolds number, Schmidt number, Sherwood number, and friction coefficient for (a) an evaporation

process and (b) a sublimation process are to be determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable. 2 Air and

naphthalene vapors behave as ideal gases. 3 Process is isothermal.

Properties The mass diffusivities are

T 2.072 10 (298 K) 2.072

Dy =D - =187x1070 — =1.87x10 =25%10"° m?/s
AB H,O-Air P 1atm

Dag = Dnapn_air =0.61x10° m?/s  (given)
The kinematic viscosity of air at 298K = 25°C is v = 1.562x10 > m?/s (Table A-15).
Analysis (a) For the evaporation process (water-air), we have

VL. (2m/s)(2m)

- =2.56x10°
v 1562x107° m?/s

Re =

-5 2
Sco v :1.562><10 m/S:0.625

Dpg  25x10° m?/s

NrassLe  (0.015m/s)(2 m)

=1200
Das 2.5x107° m?/s

Sh=

Finally, from the Chilton-Colburn analogy,

(0.625)2' =0.01097

h .
f ZZSthSCZ/S -2 r{w/ass ge2/3 :2%5”1/5

m/s

(b) For the sublimation process (haphthalene-air), we have

Re= e - (ZMIEM) __, g5, 108
v 1.562x107 m*/s
-5 .2
sV :1.562><105 m2 /s — 256
DAB 06].)(107 m /S
Sho Pirass L _ (0.015m/s)(2 m) 4920

D 0.61x107° m?/s
Finally, from the Chilton-Colburn analogy,

0.015m/s

s (2.56)2/% =0.0281

h
f =25t SC?° = 2%3&”3 =2

Discussion Note that both evaporation and sublimation processes have the same Reynolds number, since in both cases the

free stream fluid is air at 298 K and 1 atm.
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14-126 Air is blown over a body covered with a layer of naphthalene, and the rate of sublimation is measured. The heat
transfer coefficient under the same flow conditions over the same geometry is to be determined.

Assumptions 1 The concentration of naphthalene in the air is very small, and the low mass flux conditions exist so that the
Chilton-Colburn analogy between heat and mass transfer is applicable (will be verified). 2 Both air and naphthalene vapor are
ideal gases.

Properties The molar mass of naphthalene is 128.2 kg/kmol. Because of low mass flux conditions, we can use dry air
properties for the mixture at the specified temperature of 25°C and 1 atm, at which p =1.184 kg/m3, ¢, =1007J/kg-K,
and @ = 2.141x10™° m?/s (Table A-15).

Analysis The incoming air is free of naphthalene, and thus the mass fraction of naphthalene at free stream conditions is zero,
Wa ., = 0. Noting that the vapor pressure of naphthalene at the surface is 11 Pa, the surface mass fraction is determined to be

P
Wy, = As [ Ma _ 11Pa 128.2kg/kmol _48x10~
’ P (Mg, ) 101,325Pa| 29kg/kmol K 0.75 m?
which confirms that the low mass flux approximation is valid. . —
. r - Air
The rate of evaporation of naphthalene in this case is 950 E— Body
5°C .
ey = = 0K _ 376310 5 ks am . 2°C
=-— = = . X
v® At (45x60s) J 2mis
Then the mass convection coefficient becomes Naphthalene
. _ vapor
.703x10° k
Mirass = i 3.703-10 " kgls —0.0869 m/s

PAWA s —Wp.)  (L.184kg/m3)(0.75m?)(4.8x10* —0)
Using the analogy between heat and mass transfer, the average heat transfer coefficient is determined from Eq. 14-89 to be
2/3
(04
hheat =pC p hmass (D_AB]

2/3
2.141x1075 mzlsJ

~ {1.184kg/m® (1007 /kg. K)0.0869m/s T
0.61x10° m*/s

=239W/m?.°C

Discussion Naphthalene has been commonly used in heat transfer studies to determine convection heat transfer coefficients
because of the convenience it offers.
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14-127 Using a known expression for local convection heat transfer coefficient, the average mass convection coefficient over
a plate is to be determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable since the mass
fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 Water is at the same temperature as air.

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the specified temperature of
25°C and 1 atm, for which ¢, = 1007 J/kg-K, p = 1.184 kg/m?®, and o = 2.141x10 > m?/s (Table A-15). The mass diffusivity of
water vapor in air at 298 K is determined from Eq. 14-15 to be

0T 2.072 ~ (298 K) 2.072
— _ 10 _ 10
Djg = Diyyo-air =187 %1070~ — =187 x10710 2=~ —

=2.5x10"° m?%/s
Analysis The average convection heat transfer coefficient can be determined for L =1 m as
1t 1L
hheat = IJ.O hx dx = EJ‘O 0.5+12x —(.).7X3 dx
= %[0-5X +6x% ~0.175x* |y =0.5+6L-0.175L°

=0.5+6(1m)-0.175(1m)* = 6.325 W/m? - K

Applying the Chilton-Colburn analogy,

2/3 2/3
hheat . o h _ hheat D s
=pC, - mass —
Pimss Das pPCy\ «

Hence, the average mass convection coefficient is

mass

6.325 W/m? - K { 25x10°°

2/3
= =5.88x1073 m/s
(1.184 kg/m®)(1007 J/kg - K) | 2.141x107° J

Discussion Using the Lewis relation, the average mass convection coefficient can be estimated to be
Niess = Nheat /(pcy) =530%107° mis

which is about 10% lower than 5.88x10~> m/s.
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14-128 Ethyl alcohol is spread over a flat table where dry air is blowing over it. The average mass transfer coefficient is to be
determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable. 2 The critical
Reynolds number for flow over a flat plate is 500,000.

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the specified temperature of
25°C and 1 atm: v = 1.562 x 10> m%s (Table A-15). The mass diffusivity of ethyl alcohol in air at 25°C is Dpg = 1.2 x 10
m?/s (Table 14-2).

Analysis The Reynolds number of the flow is

VL _ @ m/s)(Im)

Re= =5
v 1562x107° m*/s

=64,020

which is less than 500,000, and thus the flow is laminar. The Schmidt number in this case is

v 1.562x107° m?/s

Sc= =
DAB 1.2x107° m*</s

=1.3017

Therefore, the Sherwood number in this case is determined from Table 14-13 (for laminar flow over a flat plate with Sc >
0.6) to be

Sh =0.664 Re®® Sc'*® = 0.664(64,020)%° (1.3017)*/% =183.44
Using the definition of Sherwood number, the mass transfer coefficient is determined to be

-5 2
. ShtL>AB _ (183.44)(1.i><10 M?15) _ 4 00220 s
m

Discussion Note that the Nusselt number relations in heat transfer can be used to determine the Sherwood number in mass
transfer by replacing Prandtl number by the Schmidt number.
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14-129 A wet flat plate is dried by blowing air over it. The mass transfer coefficient is to be determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable since the mass
fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 The critical Reynolds number for flow over a
flat plate is 500,000.

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the specified temperature of
15°C and 85 kPa = 85/101.325 = 0.839 atm, for which (Table A-15)

V =Vyam | P(@m) = (1.47x10~° m?/s)/0.839atm = 1.75x10 > m? /s

Analysis The mass diffusivity of water vapor in air
at 288 K is determined from Eq. 14-15 to be

——
_ Dry air
D g = D,0-air 1g°c — Evaporation
18751010 85kpa _ © W
' P 4 mls

10 (288K)2072
0.839 atm
=2.78x10"°m? /s

=1.87x10

The Reynolds number of the flow is

VL _ (3m/s)(2 m)
v 1.75x107° m?/s

Re= = 342,857

which is less than 500,000, and thus the flow is laminar. The Schmidt number in this case is

v 17507 m?/s

= =0.629
Das  2.78410°°m?/s

Sc=

Therefore, the Sherwood number in this case is determined from Table 14-13 to be
Sh=0.664 Re®® Sc*’® = 0.664(342,857)°°(0.629)"' =333.1

Using the definition of Sherwood number, the mass transfer coefficient is determined to be

_ ShD,s  (333.1)(2.78x10"° m?/s)

mass — L om =0.00463 m/s

h
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14-130 A thin slab of solid salt is being dragged through seawater. The mass convection rate of salt being dissolved in
seawater is to be determined.

Assumptions 1 The analogy between heat and mass transfer is applicable. 2 The critical Reynolds number for flow over a flat
plate is 500,000.

Properties The relevant properties are given in the problem statement.
Analysis The Reynolds number of the flow is

VL _ (0.6 m/s)(0.15m)
v 1.022x10°% m?/s

which is less than 500,000 and thus the flow is laminar. The Schmidt number in this case is

Re = = 88063

v 1.022x10°° m?/s
Das 1.2x107° m?/s

Sc= =851.7

Therefore, the Sherwood number in this case is determined from Table 14-13 to be
Sh =0.664 Re®® Sc'”® = 0.664(88063)*® (851.7)° =1868

Using the definition of Sherwood number, the mass transfer coefficient is determined to be

-9 2
h ShDsg _ (1868)(12x107° M*/s) . yo, 105 o
L 0.15m

Hence, the mass convection rate of salt being dissolved in the seawater is
Meony = hmassAs (pA,s - pA,oo)
= (1.494 x107° m/s)2(0.15 x 0.15 m?)(35000 — 31) kg/m>
=0.0235kg/s

Discussion In the analysis of this problem, the mass convection from the edges of the salt slab is considered negligible. This
is a reasonable assumption as the salt slab is thin and the mass convection mainly occurs on the top and bottom surfaces.
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14-131 Wet steel plates are to be dried by blowing air parallel to their surfaces. The rate of evaporation from both sides of a
plate is to be determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable since the mass
fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 The critical Reynolds number for flow over a
flat plate is 500,000. 3 The plates are far enough from each other so that they can be treated as flat plates. 4 The air is dry so
that the amount of moisture in the air is negligible.

Properties The molar masses of air and water are M = 29 and M = 18 kg/kmol, respectively (Table A-1).

Because of low mass flux conditions, we can use dry air properties for the mixture.
The properties of the air at 1 atm and at the film temperature of (15 + 25) = 20°C .
are (Table A-15)

v =1.516x10° m?/s

p = 1.204 kg /m° Brass
plate
c, = 1007 J/ kg K 15°C
Pr=0.7309 Air T T T T
The saturation pressure of water at 15°C is 1.705 kPa (Table A-9). The ismi

mass diffusivity of water vapor in air at 20°C = 293 K is determined from
Eq. 14-15 to be

T 2.072 (293 K)2.072

Dy =Dy o =1.87x10710 — =1.87x1071° =2.42x10"° m?/s
AB H,0-air P 1atm

Analysis The Reynolds number for flow over the flat plate is

VL _ (4 m/s)(0.4m)

Re= =
v 1516x107° m*°/s

=105,540

which is less than 500,000, and thus the air flow is laminar over the entire plate. The Schmidt number in this case is

v 1516x<10°m?/s
Dps  2.42107°m?/s

Sc= =0.626

Therefore, the Sherwood number in this case is determined from Table 14-13 to be
Sh=0.664Re, >°Sc’® = 0.664(105,540)°°(0.626)"'® =184.5
Using the definition of Sherwood number, the mass transfer coefficient is determined to be

_ ShD,g  (184.5)(2.42x107° m?/s)

h = =0.01116 m/s
fmess L 0.4m

Noting that the air at the water surface will be saturated and that the saturation pressure of water at 15°C is 1.705 kPa, the
mass fraction of water vapor in the air at the surface of the plate is, from Eq. 14-10,

M, Pa M, (1.705kPa) ((18kg/kmol
Was =Yas = =

P 29kg/kmol

= = =0.01044
M P M, 101.325kPa

=0

and Wa o
Then the rate of mass transfer to the air becomes
Meyvap. = Niass PAWA s —Wa )
=(0.01116 m/s)(1.204kg/m®)(2x 0.4 mx0.4m)(0.01044—0)
=4.49 x107° kg/s

Discussion This is the upper limit for the evaporation rate since the air is assumed to be completely dry.
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14-132E Air is blown over a square pan filled with water. The rate of evaporation of water and the rate of heat transfer to the
pan to maintain the water temperature constant are to be determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable since the mass
fraction of vapor in the air is low (about 2 percent for saturated air at 80°F). 2 The critical Reynolds number for flow over a
flat plate is 500,000. 3 Water is at the same temperature as the air.

Properties The molar masses of air and water are M = 29 and M = 18 Ibm/lbmol, respectively (Table A-1E). Because of low
mass flux conditions, we can use dry air properties for the mixture at the specified temperature of 80°F and 1 atm, for which
v =1.697 x 10™* ft¥/s, and p = 0.0735 Ibm/ft> (Table A-15E). The saturation pressure of water at 80°F is 0.5073 psia, and the
heat of vaporization is 1048 Btu/lbm. The mass diffusivity of water vapor in air at 80°F = 540 R = 300 K is determined from
Eq. 14-15 to be

T 2072 10 (300 K)2.072

Dps =Dy o =1.87x107 — =1.87x10 =2.54x10"°m?/s = 2.734x10* t °/s

Analysis The Reynolds number for flow over the free surface is
_VL _(10#/s)(15/121)

Re =73,660 ;
v 1.697x107* 1 /s Alr _
80°F  — . iurated Evaporation
which is less than 500,000, and thus the flow is laminar over latm —— air
the entire surface. The Schmidt number in this case is 10ft/s — g g g
. 30% RH ™
sV 1.697x10 41t 2/s, _0.6207
D 2734101 “/s Water
80°F
Therefore, the Sherwood number in this case is determined
from Table 14-13 to be

Sh=0.664Re, °°Sct”® = 0.664(73,660)°°(0.6207)"/% =153.7
Using the definition of Sherwood number, the mass transfer coefficient is determined to be

_ ShD,g  (153.7)(2.734x10* ft °/s)

h
mass L 15/12

=0.0336 ft/s

Noting that the air at the water surface will be saturated and that the saturation pressure of water at 80°F is 0.5073 psia (=
0.0345 atm), the mass fraction of water vapor in the air at the surface and at the free stream conditions are, from Eq. 14-10,

Ma  Pa M, _(0.3)(0.5073psia)[18Ibm/lbmo|

Wy = =
As = YAs 291bm/lbmol

- =0.00643
M P Mg 14.7psia

Mas  @P M4y (1.0)(0.5073psia) ( 18Ibm/Ibmol
WA,oo = yA,w = =

- =0.02142
M P My 14.7psia 29Ibm/lbmoIJ

air
Then the rate of mass transfer to the air becomes

Meyap = Nrass PA W, —W, )= (0.0336 f/s )(0.074 |bm/1t3)(15/12 )2(0.02142—0.00642)=5.83x10 > Ibm/s

Noting that the latent heat of vaporization of water at 80°F is hy; = 1048 Btu/ lbm, the required rate of heat supply to the
water to maintain its temperature constant is

Q = Mgy Ny = (5.83x10™° Ibm/s)(1048Btu/lbm) =0.0611Btu/s = 220Btu/h

Discussion If no heat is supplied to the pan, the heat of vaporization of water will come from the water, and thus the water
temperature will have to drop below the air temperature.
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14-133E Air is blown over a square pan filled with water. The rate of evaporation of water and the rate of heat transfer to the
pan to maintain the water temperature constant are to be determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable since the mass
fraction of vapor in the air is low (about 2 percent for saturated air at 60°F). 2 The critical Reynolds number for flow over a
flat plate is 500,000. 3 Water is at the same temperature as air.

Properties The molar masses of air and water are M = 29 and M = 18 Ibm/lbmol, respectively (Table A-1E). Because of low
mass flux conditions, we can use dry air properties for the mixture at the specified temperature of 60°F and 1 atm, for which
v =1.588 x 10™* ft/s, and p = 0.07633 Ibm / ft> (Table A-15E). The saturation pressure of water at 60°F is 0.2563 psia, and
the heat of vaporization is 1060 Btu/lom. The mass diffusivity of water vapor in air at 60°F = 520 R = 288.9 K is determined
from Eq. 14-15 to be

2.072 2.072
288.9K
Das = Dy0.4r =1.87x107° T 18710 % =2.3510"°m?/s=2.53x10"* &t ?/s
atm
Analysis The Reynolds number for flow over the free surface is
Re= Yk _ (10::)(251 ]1;[22‘;) ~78715 Air  —
\4 15 1 B S o — .
x fgtrl; Saturated Evaporation
which is less than 500,000, and thus the flow is laminar 10 ft/s air
over the entire surface. The Schmidt number in this case is 30% RH _ \
—4 g 2
Sc= DV - 12'5838:15 - 1:[2// S 06277 Water
53x10™
B 2.5 s 60°F
Therefore, the Sherwood number in this case is determined
from Table 14-13 to be

Sh=0.664Re, >>Sc”® = 0.664(78,715)°°(0.6277)"'3 =159.5
Using the definition of Sherwood number, the mass transfer coefficient is determined to be

_ ShD,g  (159.5)(2.53x107* 1 2/s)

h
mass L 15/12

=0.0323 ft/s

Noting that the air at the water surface will be saturated and that the saturation pressure of water at 60°F is 0.2563 psia, the
mass fraction of water vapor in the air at the surface and at the free stream conditions are, from Eq. 14-10,

Ma  Pa M, _(0.3)(0.2563psia)(18Ibm/lbmo|

Wy = =
As = YAs 291bm/lbmol

- =0.00325
M P Mg 14.7psia

Mas  @P M4y (1.0)(0.2563 psia) ( 18Ibm/Ibmol
WA,oo = yA,w = =

: =0.01082
M .ir P My 14.7psia 291bm/Ibmol
Then the rate of mass transfer to the air becomes
Meyap = Mess AW 5 —Wy,.. )= (0.0323 s )(0.07633 |bm/1t3X15/12 # (0.01082-0.00325) = 2.82x107° Ibm/s

Noting that the latent heat of vaporization of water at 60°F is hy; = 1060 Btu/ lom, the required rate of heat supply to the
water to maintain its temperature constant is

Q = Mgy = (2.82x10° Ibm/s)(1060Btu/Ibm) =0.0299 Btu/s = 108 Btu/h

Discussion If no heat is supplied to the pan, the heat of vaporization of water will come from the water, and thus the water
temperature will have to drop below the air temperature.

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.




14-87
14-134 A wet concrete patio is to be dried by winds. The time it takes for the patio to dry is to be determined.
Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable since the mass
fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 The critical Reynolds number for flow over a
flat plate is 500,000. 3 Water is at the same temperature as air.
Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the specified temperature of
15°C and 1 atm, for which v =1.47x107° m?/s and p =1.225kg/m® (Table A-15). The saturation pressure of water at 15°C
is 1.705 kPa. The mass diffusivity of water vapor in air at 15°C = 288 K is determined from Eq. 14-15 to be

2.072 2.072
Dps = Dyy.oair =1.87x107° T 187x10 0 BT 5 sa 105 m? s
2 P latm
Analysis The Reynolds number of the flow is
Re VL _ (50 km/h)(5m) [ 1m/s ]: 4.724%10°
v 1.47x107° m?/s\ 3.6km/h
which is more than 500,000, and thus the flow is Dryair —
turbulent over most of the surface. The Schmidt number 15°C —— Water film  Evaporation
in this case is latm —— 03
.3mm
P 50 km/h —» \ g g ’}
sce V. _ 1.47x107° m*/s 0,631 350%RH — o
Dag  2.33107°m?/s
Therefore, the Sherwood number in this case is determined Concrete

from Table 14-13 to be

Sh =0.037 Re%® 5¢*3
=0.037(4.724x10°)°%8(0.631)"/% = 6934

Using the definition of Sherwood number, the mass transfer coefficient is determined to be

_ShD,  (6934)(2.33x107° m?/s)

Ninass = 1 e =0.03231m/s

Noting that the air at the water surface will be saturated and that the saturation pressure of water at 15°C is 1.705 kPa, the
mass fraction of water vapor in the air at the surface and at the free stream conditions are, from Eq. 14-10,

oo =y, Ma_ P Ma _ (1705kPa) (18kg/kmol | _ ) 1,

As T IAS M P M, 101.325kPa| 29kg/kmol)

" M, ¢Py M,  (0.35)1.705kPa)( 18kg/kmol | 0.003655
A =Y Ao N TT T ML 101.325kPa | 29kg/kmol |

Then the rate of mass transfer to the air becomes

rﬁevap. = hmass pA(WA,s - WA,oo)
— (0.03231m/s)(1.225kg/m®)(5mx5m)(0.01044 — 0.003655)
—0.006714 Kg/s

The total mass of water on the concrete patio is
Myater = PV = 1000kg/m® k5 M x 5 Mx0.3x10° m) = 7.5 kg
Then the time required to evaporate the water on the concrete patio becomes

mwater — 7.5 kg
Meap  0.006714 kg/s

At = =1117 s=18.6min
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14-135 H Liquid benzene is spread over a highway where wind is blowing over it. The mass transfer rate by convection is
to be determined whether or not residents in the vicinity should be evacuated.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable. 2 The critical
Reynolds number for flow over a flat plate is 500,000.

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the specified temperature of
25°C and 1 atm: v = 1.562 x 10> m%s, p = 1.184 kg/m® (Table A-15), for air: M = 28.97 kg/kmol (Table A-1). The molar
mass of benzene is given as M = 78.11 kg/kmol, and the mass diffusivity of benzene in air at 25°C is Dag = 0.88 x 10° m%/s
(Table 14-2).

Analysis The Reynolds number of the flow is

VL _ (20 m/s)(10m)

_ 6
s =6.402x10
v 1562x107° m*“/s

Re=

which is greater than 500,000, and thus the flow is turbulent. The Schmidt number in this case is

v 1562x107° m?/s

Sc= = =
D 0.88x107° m</s

=1.775

Therefore, the Sherwood number in this case is determined from Table 14-13 (for turbulent flow over a flat plate with Sc >
0.6) to be

Sh=0.037Re®® 5¢!/® = 0.037(6.402 x 0°)%8 (1.775)Y/3 =12483

Using the definition of Sherwood number, the mass transfer coefficient is determined to be

ShD . S m?
h - ShDse _ (12483)(0.88x10°° m?/s) _ o oo e
L 10m

At the liquid benzene surface, the mass fraction of benzene vapor in air is

M, Pas M, 10 kPa 78.11kg/kmol
Was =Yas = =

=0.2661
M P M 101.325kPa )\ 28.97 kg/kmol

air
At the free stream, the mass fraction of benzene vapor is zero
Wpo =0
Thus, the mass transfer rate of benzene to the air by convection is
M = Niass PAWAs =W, )
=(0.01099 m/s)(1.184 kg/m?) % (10 m)2(0.2661-0)

=0.272kgls
=979 kg/h >500kg/h

Discussion The mass transfer rate of benzene to the air is estimated to be 979 kg/h, which is greater than 500 kg/hr. Since the
mass transfer rate of benzene is greater than the safe level, the residents should be evacuated.
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14-136 A wet flat plate is dried by blowing air over it. The mass transfer coefficient is to be determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable since the mass
fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 The critical Reynolds number for flow over a
flat plate is 500,000.

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the specified temperature of
40°C and 1 atm, for which (Table A-15)

v =1.702x10"° m? /s

Analysis The mass diffusivity of water vapor in air Dry air -
at 313 K is determined from Eq. 14-15 to be a00c Evaporation
Dag = Dy,0-air 1 atm Wet
2 25mls — \'
T 2072 > o —
—1.87x1071° )

10 (313K)2072
latm
=277x10"° m? /s

=1.87x10

The Reynolds number of the flow is

VL _ (2.5m/s)(5m)

Re= )
v 1.702x107° m“/s

=734,430

which is greater than 500,000, and thus we have combined laminar and turbulent flow. The Schmidt number in this case is

v 1.70210° m?/s

- 0.614
Dy 2.77x10°m?/s

Sc=

Therefore, the Sherwood number in this case is determined using the analogy between the heat and mass transfer to be
Sh=(0.037 Re®® - 871)Sc'”® = (0.037 x 734,430%8 —871)(0.614)"'% =809.8
Using the definition of Sherwood number, the mass transfer coefficient is determined to be

_ ShD,g _ (809.8)(2.77x10"> m?/s)

mass — L 5m =0.00449 m/s

h
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14-137E A spherical naphthalene ball is suspended in a room where it is subjected to forced air flow. The average mass
transfer coefficient between the naphthalene and the air is to be determined.

Assumptions 1 The concentration of naphthalene in the air is very small, and the low mass flux conditions exist so that the
Chilton-Colburn analogy between heat and mass transfer is applicable (will be verified). 2 Both air and naphthalene vapor are
ideal gases. 3 Both the ball and the room are at the same temperature.

Properties The Schmidt number of naphthalene in air at room temperature is given to be 2.35. Because of low mass flux
conditions, we can use dry air properties for the mixture at the specified temperature of 80°F and 1 atm from Table A-15E,

k= 0.01481 Btu/h.t.°F
1 =1.247x107° Ibm/ft.s

v =1.697x10"* 1t %/s
Pr=0.7290

Analysis Noting that the Schmidt number for naphthalene in air is 2.35, the mass diffusivity of naphthalene in air is
determined from

v v 1.697x107* 1t %/s

- =7.22x107° & ?/s
D s Sc 2.35

Sc=

The Reynolds number of the flow is
VD _ (15ft/s)(2/12t)

Re= = =14,732 .
v (L.697x107* ft 2/s) Ar Naphthalene
80°F
Noting that ., = u for air in this case since the air and the ball are lam _ |
assumed to be at the same temperature, the Sherwood number can be 15 ft/s —_—

determined from the forced heat convection relation for a sphere by
replacing Pr by the Sc number to be

hinass D 1/2 213 | A0.4| Moo e
sh=1mess2 _ 5.1 [0.4Re2+ 0,06 Re?' o[ 2

Das Hs
=2+ [0.4(14,732)“ 2.10.06(14,732)2'3 kz.?,5)°-4
=121

Then the mass transfer coefficient becomes

_ ShD,g  (121)(7.22x107°  °/s)

Nass = =0.0524 ft/s
mass D (2/12)

Discussion Note that the Nusselt number relations in heat transfer can be used to determine the Sherwood number in mass
transfer by replacing Prandtl number by the Schmidt number.
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14-138 A raindrop is falling freely in atmospheric air. The terminal velocity of the raindrop at which the drag force equals the
weight of the drop and the average mass transfer coefficient are to be determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable since the mass
fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 The raindrop is spherical in shape. 3 The
reduction in the diameter of the raindrop due to evaporation when the terminal velocity is reached is negligible.

Properties Because of low mass flux conditions, we can use dry air properties for the mixture. The properties of air at 1 atm
and the free-stream temperature of 25°C (and the dynamic viscosity at the surface temperature of 9°C) are (Table A-15)
p=1.184kg/m® 1, =1.849x107° kg/m.s
v =1.562x1075 m2/s Hs, gg-c =1.759x107° kg/m.s

At 1 atm and the film temperature of (25+9)/2 = 17°C = 290 K, the kinematic viscosity of air is, from Table A-15,
v =1.488x10"° m?/s, while the mass diffusivity of water vapor in air is, Eq. 14-15,

T 2.072 10 (290 K) 2.072

Dus =Dy o =1.87x10710 —— =1.87x10 =237x10"°m? /s
AB H,0-air p 1atm

Analysis The weight of the raindrop before any evaporation occurs is

Air
3 o
Fp, =mg = piy = (1000 kg/m%[m}(g.s m/s?) =1.38x1074 N 25°C
6 1latm
] ] ou? o ) Raindrop
The drag force is determined from Fp =CpAy —— where drag coefficient C, is to be 9°C

determined using Fig. 10-20 which requires the Reynolds number. Since we do not know the

velocity we cannot determine the Reynolds number. Therefore, the solution requires a trial-

error approach. We choose a velocity and perform calculations to obtain the drag force. After a

couple trial we choose a velocity of 8 m/s. Then the Reynolds number becomes i

_VD _ (8 m/s)(0.003m)
v 1562x107° m?/s

Re =1536

The corresponding drag coefficient from Fig. 7-17 is 0.5. Then,

pu;2 _ (Ols)y(o.ois m)? } (L.184 kg/n; )8 mis)?

Fp =CpAy =1.34x107*

which is sufficiently close to the value calculated before. Therefore, the terminal velocity of the raindrop is V =8 m/s. The
Schmidt number is

v 1.488x107° m?/s

Sc= T
Dag 2.37x107°> m</s

=0.628

Then the Sherwood number can be determined from the forced heat convection relation for a sphere by replacing Pr by the Sc
number to be

Sh:M

1/4
—2+[0.4Re!2+0.06Re?? ECO'A('L!—@J
AB

Hs

5 \l/4
=2+ [0.4(1536)” 2 +0.06(1536)*"° k0.628)°'4 [MJ =219

1.759x107°
Then the mass transfer coefficient becomes

_ShDpg  (21.9)(2.37x107° m?/s)

h =0.173m/s
mess D 0.003m
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14-139E The liquid layer on the inner surface of a circular pipe is dried by blowing air through it. The mass transfer
coefficient is to be determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable since the mass
fraction of vapor in the air is low (about 2 percent for saturated air at 540 R). 2 The flow is fully developed.
Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the specified temperature of

540 R and 1 atm, for which v =1.697x10* t 2/s (Table A-15E). The mass diffusivity of water vapor in air at 540 R is
determined from Eq. 14-15 to be

T 2.072
Dag = Dyygap =1.87x10710 ——
AB H,0-air P Wet pipe
40/1. 2.072
1871020 GO 5 5s105 m /s _
Air, 540 R
=2.73x107* %% /s 1 atm, 6 ft/s

The Reynolds number of the flow is

VD _ (6f/s)(0.7/121)

Re >
v 1.697x107* ft %/s

= 2062

which is less than 2300 and thus the flow is laminar. Therefore, based on the analogy between heat and mass transfer, the
Nusselt and the Sherwood numbers in this case are Nu = Sh = 3.66. Using the definition of Sherwood number, the mass
transfer coefficient is determined to be

_ ShD,s  (3.66)(2.73x107* t ?/s)
msT o p 0.7/12f

h =0.017ft/s

Discussion The mass transfer rate (or the evaporation rate) in this case can be determined by defining logarithmic mean
concentration difference in an analogous manner to the logarithmic mean temperature difference.
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14-140 The liquid layer on the inner surface of a circular pipe is dried by blowing air through it. The mass transfer coefficient
is to be determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable since the mass
fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 The flow is fully developed.

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the specified temperature of

15°C and 1 atm, for which v =1.47x10~° m?/s (Table A-15). The mass diffusivity of water vapor in air at 288 K is
determined from Eq. 14-15 to be

10 T 2.072
DAB = DHZO—air =187X10 T W t . Room, 150C
et pipe
2.072
_1.87x10 08K 5 335,105 m2 /s
. . _, Air15°C
Analysis The Reynolds number of the flow is 1 atm, 3 m/s

_VD _ (3m/s)(0.15m)
v 1.47x10"° m?/s

which is greater than 10,000 and thus the flow is turbulent. The Schmidt number in this case is

Re =30,612

v 147x10°m?/s

- 5 =0.6302
DAB 2.332407° m*“/s

Sc=

Therefore, the Sherwood number in this case is determined from Table 14-13 to be
Sh=0.023Re®® 5c®“ =0.023(30,612)°%(0.6302)°* = 74.17
Using the definition of Sherwood number, the mass transfer coefficient is determined to be

_ ShD,g  (74.17)(2.332x107° m?/s)
mass D 0.15m

h =0.0115m/s
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14-141 Prob. 14-140 is reconsidered. The mass transfer coefficient as a function of the air velocity is to be plotted.

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

"GIVEN"
D=0.15 [m]
L=10 [m]
P=101.3 [kPa]
T=(15+273) [K]
Vel=3 [m/s]

"PROPERTIES"
Fluid$="air'

rho=Density(Fluid$, T=T, P=P)
mu=Viscosity(Fluid$, T=T)

nu=mu/rho

D_AB=1.87E-10*T"2.072/(P*Convert(kPa, atm)) "from the text"

"ANALYSIS"
Re=Vel*D/nu

"Re is calculated to be greater than 10,000, and thus the flow is turbulent.”

Sc=nu/D_AB

Sh=0.023*Re”0.8*Sc"0.4

h_mass=Sh*D_AB/D

Vel hmass
[m/s] [m/s]

1 0.004789
15 0.006624
2 0.008339
2.5 0.009968
3 0.01153
35 0.01305
4 0.01452
4.5 0.01595
5 0.01736
55 0.01873
6 0.02008
6.5 0.02141
7 0.02272
7.5 0.02401
8 0.02528
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Simultaneous Heat and Mass Transfer

14-142C In steady operation, the mass transfer process does not have to involve heat transfer. However, a mass transfer
process that involves phase change (evaporation, sublimation, condensation, melting etc.) must involve heat transfer. For
example, the evaporation of water from a lake into air (mass transfer) requires the transfer of latent heat of water at a
specified temperature to the liquid water at the surface (heat transfer).

14-143C During evaporation from a water body to air, the latent heat of vaporization will be equal to convection heat transfer
from the air when conduction from the lower parts of the water body to the surface is negligible, and temperature of the
surrounding surfaces is at about the temperature of the water surface so that the radiation heat transfer is negligible.

14-144C It is possible for a shallow body of water to freeze during a cool and dry night even when the ambient air and
surrounding surface temperatures never drop to 0°C. This is because when the air is not saturated (¢ < 100 percent), there will
be a difference between the concentration of water vapor at the water-air interface (which is always saturated) and some
distance above it. Concentration difference is the driving force for mass transfer, and thus this concentration difference will
drive the water into the air. But the water must vaporize first, and it must absorb the latent heat of vaporization from the
water. The temperature of water near the surface must drop as a result of the sensible heat loss, possibly below the freezing
point.
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14-145E In a hot summer day, a bottle of drink is to be cooled by wrapping it in a wet cloth, and blowing air to it. The
temperature of the drink in the bottle when steady conditions are reached is to be determined.

Assumptions 1 The low mass flux conditions exist so that the Chilton-Colburn analogy between heat and mass transfer is
applicable since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 80°F). 2 Both air and water
vapor at specified conditions are ideal gases (the error involved in this assumption is less than 1 percent). 3 Radiation effects
are negligible.

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the average temperature of
(T, +T,)/2 which cannot be determined at this point because of the unknown surface temperature T,. We know that

T, <T,, and, for the purpose of property evaluation, we take T, to be 60°F. Then the properties of water at 60°F and the
properties of dry air at the average temperature of (60+80)/2 = 70°F and 1 atm are (Tables A-9E and A-15E)

Water at 60°F: h¢, =1060 Btu/lbm, P, =0.2563 psia. Also, at 80°F, Py, @goer = 0.5073psia
Dry air at 70°F: ¢, =0.24 Btu/lbm-°F, o =0.8093% ?/h = 2.25x10~* t */s

Also, the molar masses of water and air are 18 and 29 Ibm/lbmol, respectively (Table A-1E), and the mass diffusivity of
water vapor in air at 70°F (= 294.4 K) is

T 2.072 10 (2944 K)2.072

Das =Dy 0.qr =1.87x107 — =1.87x10 =2.44x10"°m?s = 2.63x10~* &t /s

Analysis The surface temperature of the jug can be determined by rearranging Chilton-Colburn equation as

T o1 hy M, Rs—R. Wrapped

® w_chemV P T Witha wet
(@)

\/ cloth
where the Lewis number is ) -
Air B ‘/
2.25107* 1 %/s °F —» :
Le=—2 - &2 ~0.856 8o°F 2-L drink
DAB 26&1074.&2/8 30/0 RH —_—
E—

Note that we could take the Lewis number to be 1 for
simplicity, but we chose to incorporate it for better \/

accuracy.

The air at the surface is saturated, and thus the vapor pressure at the surface is simply the saturation pressure of
water at the surface temperature (0.2563 psia). The vapor pressure of air far from the surface is determined from

P =PPar@t, = (0.3)Pegr@soer = (0.3)(0.5073psia) = 0.152psia
Noting that the atmospheric pressure is 1 atm = 14.7 psia, substituting the known quantities gives

T, =80°F— =58.4°F

1060Btu/Ibm 181bm/Ibmol | (0.2563 - 0.152) psia
(0.24Btu/Ibm2°F)0.856)* | 291bm/Ibmol 14.7psia
Therefore, the temperature of the drink can be lowered to 58.4°F by this process.

Discussion Note that the value obtained is very close to the assumed value of 60°F for the surface temperature. Therefore,
there is no need to repeat the calculations with properties at the new surface temperature of 58.4°F
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14-146 Air is blown over a jug made of porous clay to cool it by simultaneous heat and mass transfer. The temperature of the
water in the jug when steady conditions are reached is to be determined.

Assumptions 1 The low mass flux conditions exist so that the Chilton-Colburn analogy between heat and mass transfer is
applicable since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 Both air and water
vapor at specified conditions are ideal gases (the error involved in this assumption is less than 1 percent). 3 Radiation effects
are negligible.

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the average temperature of
(T, +T,)/2 which cannot be determined at this point because of the unknown surface temperature T,. We know that

T, <T,, and, for the purpose of property evaluation, we take T, to be 20°C. Then, the properties of water at 20°C and the
properties of dry air at the average temperature of 25°C and 1 atm are (Tables A-9 and A-15)

Water at 20°C: hy, =2454kJ/kg, P, =2.34kPa. Also,at 30°C, Py,ig30:c = 4.246kPa
Dry air at 25°C: ¢, =1.007 kl/kg-°C, & =2.141x10"° m?/s

Also, the mass diffusivity of water vapor in air at 25°C is Dy gy =2.50 x107° m? /s (Table 14-4), and the molar masses of
water and air are 18 and 29 kg/kmol, respectively (Table A-1).

Analysis The surface temperature of the jug can be determined by rearranging Chilton-Colburn equation as

hfg Mv Pv,s - Pv,oo

S v
chez’3 M P

S 0

where the Lewis number is - Water that

c Hotdryair leaks out
P =2.141><10 m /S=O.8564 300°C —_— TN
Das  2.50<10°m?/s BRRA L P
Y AP

Note that we could take the Lewis number to be 1 for simplicity, [0

but we chose to incorporate it for better accuracy. — {rooooos

The air at the surface is saturated, and thus the vapor pressureatthe ~ \. . .0.0.0.".

surface is simply the saturation pressure of water at the surface temperature (2.34 ¢ -0
kPa). The vapor pressure of air far from the surface is determined from

P = Pea@r, =(0.35)Piy@zoec = (0.35)(4.246 kPa) =1.486 kPa

Noting that the atmospheric pressure is 1 atm = 101.3 Pa, substituting the known quantities gives

T —a0C_ 2454 kJ/kg _ 18 kg/kmol (2.34-1.486) kPa _ . .~
(1.007 ki/kg.°C)(0.8564) % 29 kg/kmol ~ 101.3kPa

Therefore, the temperature of the drink can be lowered to 15.9°C by this process.

Discussion The accuracy of this result can be improved by repeating the calculations with dry air properties evaluated at
(30+15.9)/2 = 23.0°C and water properties at 15.9°C.
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3
14-147 Prob. 14-146 is reconsidered. The water temperature as a function of the relative humidity of air is to be
plotted.

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

"GIVEN"
P=101.3 [kPa]
T_infinity=30 [C]
phi=0.35

"PROPERTIES"

Fluid$='steam_IAPWS'

h_f=enthalpy(Fluid$, T=T_s, x=0)
h_g=enthalpy(Fluid$, T=T_s, x=1)
h_fg=h_g-h_f

P_sat_s=Pressure(Fluid$, T=T_s, x=0)
P_sat_infinity=Pressure(Fluid$, T=T_infinity, x=0)
c_p_air=CP(air, T=T_ave)

T _ave=1/2*(T_infinity+T_s)

alpha=2.141E-5 [m~2/s] “from the text at 25 C"
D_AB=2.50E-5 [m"2/s] “from the text at 25 C"
MM_H20=molarmass(H20)

MM _air=molarmass(air)

"ANALYSIS"

Le=alpha/D_AB

P_v_infinity=phi*P_sat_infinity

P_v s=P sat_s

T _s=T_infinity-h_fg/(c_p_air*Le”(2/3))*MM_H20/MM_air*(P_v_s-P_v_infinity)/P

¢ Ts 30
[C]

0.1 12.63

0.15 13.97

0.2 15.24 26

0.25 16.46

03 17.63

0.35 18.74

0.4 19.81 22

0.45 20.83 O

05 21.82 —

0.55 22.77 »

0.6 23.68 - 18

0.65 24.57

0.7 25.42

0.75 26.24 14

0.8 27.04

0.85 27.81

0.9 28.56

0.95 29.29 10— ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

1 30 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1
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14-148 A soaked sponge is experiencing dry air flow over its surface. The temperature difference, T, — T, is to be
determined if it is soaked with (a) water and (b) ammonia.

Assumptions 1 The low mass flux conditions exist so that the Chilton-Colburn analogy between heat and mass transfer is
applicable since the mass fractions of water and ammonia vapor in the air are low. 2 Air and water and ammonia vapors at
specified conditions are ideal gases. 3 Radiation effects are negligible.

Properties The properties of air at 1 atm and 20°C (Table A-15):

Air: ¢, =1.007 kJ/kg-K, @=2.074x10°m’s, M =28.97 kg/kmol (Table A-1)
The properties of water at 10°C (Table A-9):

Water: hy = 2478 kl/lkg, P,s=1.2276 kPa, M, =18.015 kg/kmol (Table A-1)
The properties of ammonia at —40°C (Table A-11):

NH;:  hy=1389kl/kg, P, =71.66kPa, M, =17.03 kg/kmol (Table A-1)
Analysis (a) For mass transfer between water vapor and air, the Lewis number is

a  2.074x10°m?/s
Dag  2.42x107°m?/s

Le= =0.8570

The temperature difference (T,, — Ts) can be determined from the Chilton-Colburn analogy, Eq. 14-92:

T T = hfg MV IDv,s _Pv,oo
o T ls T 213
cple M P
B (2478 kd/kg) (18.015}(1.2276 - oj
(1.007 k/kg - K)(0.8570)?/3 \ 28.97 \ 101.325
=20.5 K

(b) For mass transfer between ammonia and air, the Lewis number is

a  2.074x107°m?/s
Dpg  2.6x107°m?/s

Le= =0.7977

The temperature difference (T,, — Ts) can be determined from the Chilton-Colburn analogy, Eq. 14-92:
hfg MV Pv,s - Pv,oo

T _Tschl_em M P
~ (1389 ki/kg) (17.03 In.ee - oj
©(1.007 ki/kg - K)(0.7977) %3  28.97 \ 101.325
~667 K

Discussion The much higher temperature difference (T, — Ts) experienced on the ammonia-soaked sponge means that
ammonia can achieve greater evaporative cooling than water. Indeed, because of ammonia’s vaporization properties, it has
been used as a refrigerant.
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14-149 A water-soaked 10 cm x 10 cm square sponge is experiencing heat transfer by convection and radiation. (a) The rate
of evaporation of water from the sponge and (b) the net radiation heat transfer rate are to be determined.

Assumptions 1 The analogy between heat and mass transfer is applicable. 2 Steady state condition exists. 3 Constant
properties. 4 Water vapor behaves as ideal gas. 5 The bottom surface of the sponge is well insulated.

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the average temperature of
(T*+Ts)/2 = (20+30)°C/2 = 25°C. The properties of dry air at 25°C and 1 atm are (Table A-15)

Dry air: ¢, = 1007 J/kg-K, p = 1.184 kg/m®, and o = 2.141x10"> m%/s.
Then the properties of water at 30°C are (Table A-9)

Water: pj s = p, = 0.0304 kg/m® and hy, = 2431 kJ/kg. Array of radiant lamps
The mass diffusivity of water vapor in air at 25°C is

Dye = 2.50x10 % m¥s (Table 14-4), . / SPONge 1 ulation

Analysis (a) Applying the Chilton-Colburn analogy, [

2/3 2/3
hheat _ a h _ hheat Dag
=PCp - mass — —
Nivass D g pPCr\ @

Hence, the average mass convection coefficient is

hmass

30 W/m? - K [ 25%x1075

2/3
- =279x10° m/s
(1.184 kg/m*)(1007 J/kg - K) | 2.141x107° J

The evaporation rate is then
rhv = mconv = hmassAs(pA,s _pA,oo)
= (279%1072 m/s)(0.1m)?(0.0304 — 0) kg/m*®
=8.48x107% kg/s

(b) Performing energy balance on the sponge, considering the processes of evaporation, convection and radiation, we have
Qeonv + Qg = Qevap - Qud = Qevap = Qeonv = rhvh fg — hheatAs (T _Ts)

Q. = (848x107° kg/s)(2431x10° J/kg) — (30 W/m? - K)(0.1m)? (20— 30) K
=20.6 W—(-3W)
=23.6W

Discussion Note that the heat transfer by evaporation is about 7 times larger than the heat transfer by convection. Also, for
dry air flow the density of water vapor at the free stream is negligible.
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14-150 A thin layer of liquid water on a concrete surface is experiencing simultaneous heat and mass transfer. The
conduction heat flux through the concrete is to be determined.

Assumptions 1 The analogy between heat and mass transfer is applicable. 2 Steady state condition exists. 3 Constant
properties. 4 Water vapor behaves as ideal gas. 5 The bottom surface of the concrete is well insulated.

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the average temperature of
(T*+Ts)/2 = (30+20)°C/2 = 25°C. The properties of dry air at 25°C and 1 atm are (Table A-15)

Dry air: ¢, = 1007 J/kg-K, p = 1.184 kg/m®, and o = 2.141x10"> m%/s.
Then the properties of water at 20°C are (Table A-9)
Water: pj s = p, = 0.0173 kg/m® and hy, = 2454 kJ/kg.

The mass diffusivity of water vapor in air at 25°C is Qsnd  isg  Tovso
Dy = 2.50x10°° m¥/s (Table 14-4), By == / J
Analysis Applying the Chilton-Colburn analogy, R, — = Thin layer of
) 23 ) o\ ] Concrete liquid water
heat a heat AB .
=pC — h = —— q N
Pimess g pEDAB) e Pcp( a ] H

Hence, the average mass convection coefficient is

hmass

50 W/m? - K [ 25%x1075

2/3

— . =| =465x10"m/s
(1.184 kg/m*)(1007 J/kg - K) | 2.141x10~

The evaporation rate per unit area is then

Jv =Meony T AS =Niass (Pas = Pae)
= (46.5x10~% m/s)(0.0173 - 0) kg/m®
=8045x107* kg/s-m?
Then, the heat flux for each of the heat transfer process is

Evaporation:  Geyay = jyhg = (8045x107* ka/s- m?)(2454 x10° J/kg) =1974 W/n?
Convection: Goonv = Mheat (T.o — Ts) = (50 W/m? - K)(30 — 20) K = 500 W/m?

Radiation: Orag = 60 (Tour —T) = (0.95)(5.67 x107® W/m?® - K*#)(303* — 293*) K* =57.03 W/nv?

Performing energy balance on liquid water layer, considering the processes of evaporation, convection, radiation and
conduction, we have

qconv + qrad + qcond = qevap

Qeond = qevap —Uconv — Yrad
=1974 W-500 W-57.03W
=1417 W

Discussion The positive value of the conduction heat flux through the concrete indicates that heat flux by conduction is going
into the liquid water layer.
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14-151 A person is standing outdoors in windy weather. The rates of heat loss from the head by radiation, forced convection,
and evaporation are to be determined for the cases of the head being wet and dry.

Assumptions 1 The low mass flux conditions exist so that the Chilton-Colburn analogy between heat and mass transfer is
applicable since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 Both air and water
vapor at specified conditions are ideal gases (the error involved in this assumption is less than 1 percent). 3 The head can be
approximated as a sphere of 30 cm diameter maintained at a uniform temperature of 30°C. 4 The surrounding surfaces are at
the same temperature as the ambient air.

Properties The air-water vapor mixture is assumed to be

dilute, and thus we can use dry air properties for the Wet
mixture. The properties of air at the free stream temperature 30°C
of 25°C and 1 atm are, from Table A-15,
_ . .

k =0.02551W/m-C, Pr=0.7296 Air Evaporation

1 =1.84910"° kg/m-s v =1.562x107° m?/s fitg‘ ——
The mass diffusivity of water vapor in air at the average
temperature of (25 + 30)/2 = 27.5°C = 300.5 K is, from Eq.
14-15,

T 2.072 10 (3005 K)2.072

Dag =Dy, 0.4r =1.87x1071° —5—=187x10 =2.55x10"° m?s

The saturation pressure of water at 25°C is Pyygps-c =3.169 kPa. Properties of water at 30°C are
hty =2431kJ/kg and P, =4.246kPa (Table A-9).

The gas constants of dry air and water are R, = 0.287 kPa.mS/kg.K and Ryaer = 0.4615 kPa.m3/kg.K (Table A-1).
Also, the emissivity of the head is given to be 0.95.

Analysis (a) When the head is dry, heat transfer from the head is by forced convection and radiation only. The radiation heat
transfer is

Qug = AAC (T — T ) = (0.95)[7(0.3m)?](5.67 x10° W/n? - K*)[(30 + 273K)* — (25+ 273 K)*] =8.3 W
The Reynolds number for flow over the head is

_ VD _ (25/3.6 m/s)(0.3m)

Re >
v 1.562x10°m?/s

=133,380

Then the Nusselt number and the heat transfer coefficient become

1/4
Nu =2-+[0.4Re!/2+0.06 Re2’3}>r°-4[”_°°j
Hs

s\l/4
=2+ [0.4(133,380)1’2 +0.06(133,380)*'° k0.7296)°'4 [MJ = 268

1.872x107°

he k NU = 0.02551 W/m-°C

(268) = 22.8W/m? .°C
D 0.3m

Then the rate of convection heat transfer from the head becomes
Quony = hA (T —T,.) = (22.8W/m?.°C)[ 7(0.3m)?](30 — 25)°C = 32.2W
Therefore,

thal,dry =Quony + Qg =32.2+8.3=40.5W
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(b) When the head is wet, there is additional heat transfer mechanism by evaporation. The Schmidt number is

v 1562x107°m?/s

Sc= >
Dag  2.55x10°m?/s

=0.613

The Sherwood number and the mass transfer coefficients are determined to be

1/4
sh=2+[0.4Re"'?+0.06 Rez’skco{"_w}
Hs

_5\1/4
=2+ [0.4(133,380)“ 2 +0.06(133,380)*'* k0.613)°'4 {MJ =250

1.872x107°
_ ShD,s  (250)(2.55x10° m?/s)

h = =0.0213m/s
mass L 0.3m

The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the saturation pressure of water at
the surface temperature (4.246 kPa at 30°C). The vapor pressure of air far from the water surface is determined from

Py = Peaor, =(0-30)Prugpsc = (0.30)(3.169 kPa) = 0.9507 kPa

Treating the water vapor and the air as ideal gases, the vapor densities at the water-air interface and far from the surface are
determined to be

P
At the surface: Pys = —= = 4'§46 kPa =0.0304 kg/m?
® R, (0.4615kPa-m®/kg-K)@30 +273) K
P
Away from the surface:  p, (= ——— = 09507 kPa =0.0069 kg/m?

"R, (0.4615kPa.m?/kg-K)(25 +273) K
Then the evaporation rate and the rate of heat transfer by evaporation become

M = Niss A (Py5 = Py.0) = (0.0213 m/s)[x(0.3m)*](0.0304 - 0.0069) kg/m*
=0.0001415kg/s

and
Qevap =m,h¢ =(0.0001415 kg/s)(2431 ki/kg) = 0.344 kW =344 W
Then the total rate of heat loss from the wet head to the surrounding air and surfaces becomes

Quotawet = Qeonv +Qrag + Qevap =32.2+8.3+344 = 385W

Discussion Note that the heat loss from the head can be increased by more than 9 times in this case by wetting the head and
allowing heat transfer by evaporation.
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14-152 The heating system of a heated swimming pool is being designed. The rates of heat loss from the top surface of the
pool by radiation, natural convection, and evaporation are to be determined.

Assumptions 1 The low mass flux conditions exist so that the Chilton-Colburn analogy between heat and mass transfer is
applicable since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 Both air and water
vapor at specified conditions are ideal gases (the error involved in this assumption is less than 1 percent). 3 The entire water
body in the pool is maintained at a uniform temperature of 30°C. 4 The air motion around the pool is negligible so that there
are no forced convection effects.

Properties The air-water vapor mixture is assumed to be dilute, and

thus we can use dry air properties for the mixture at the average _ Tsur =0°C

temperature of (T, +T,)/2= (20+30)/2 = 25°C = 298 K. The Air, 20°C

properties of dry air at 298 K and 1 atm are, from Table A-15, 6 étyitgH Qevap Qrad Qeonv
k =0.02551W/m-°C, Pr =0.7296 3 E \/ 5
o =2.14110"° m?/s v =1.562x10"m?/s

The mass diffusivity of water vapor in air at the average
temperature of 298 K is determined from Eq. 14-15 to be

Pool
2.072
30°C
Das = Dy oy =1.87x1071° L _
z P Heating
2072 fluid
=1.87x107%° % =2.50x10"° m?/s -—
—> !

The saturation pressure of water at 20°C is Pyygpg-c = 2.339 kPa.
Properties of water at 30°C are

ht, =2431kJ/kg and P, =4.246kPa (Table A-9).

The gas constants of dry air and water are R, = 0.287 kPa.m*/kg.K and Ryser = 0.4615 kPa.m%/kg.K (Table A-1). The
emissivity of water is 0.95 (Table A-18).

Analysis (a) The surface area of the pool is
A= (20 m)(20 m) = 400 m?
Heat transfer from the top surface of the pool by radiation is
Qug = A (TS =T ) = (0.95)(400 m?)(5.67 x 108 W/m? . K“)[(so +273K)* —(0+273K)* ]: 61,930 W

(b) The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the saturation pressure of
water at the surface temperature (4.246 kPa at 30°C). The vapor pressure of air far from the water surface is determined from

Py = Peaor. = (0.60)Pygaoc = (0.60)(2.339 kPa) =1.40 kPa

Treating the water vapor and the air as ideal gases and noting that the total atmospheric pressure is the sum of the vapor and
dry air pressures, the densities of the water vapor, dry air, and their mixture at the water-air interface and far from the surface
are determined to be

At the surface:

P

Pus == 4'546 kPa =0.0304 kg/m®
R,Ts  (0.4615kPa.m’/kg-K)(30 +273) K
P _

Pas = as (101.325—4.246) kPa _11164 kg/m3

TR.T,  (0.287 kPamd/kg-K)(30 +273) K
Ps = Pys + Pas =0.0304+1.1164 =1.1468 kg/m®
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Away from the surface:

P

Pui = o= 1‘30 kPa =0.0104 kg/m®
RyT. (0.4615kPa-m?®/kg-K)(20 +273) K
Pa 0 325-1.

po =t (101.325-1.40) kPa _1.1883kg/m®

T R,T. (0.287kPa-m3/kg-K)(20 +273) K
P = Pyew + Pae =0.0104+1.1883=1.1987 kg/m*

Note that p., > p,, and thus this corresponds to hot surface facing up. The perimeter of the top surface of the pool is p =
2(20+ 20) = 80 m. Therefore, the characteristic length is

i:M:Sm
p 80m

Then using densities (instead of temperatures) since the mixture is not homogeneous, the Grashoff number is determined to
be

_9(p, - p > (9.81m/s?)(1.1987 —1.1468 kg/m*)(5 m)?

(LR . ———— =2.224x10"
PaveV [(1.1987 +1.1468) / 2 kg/m®1(1.562 x 10> m* /)

Gr

Recognizing that this is a natural convection problem with hot horizontal surface facing up, the Nusselt number and the
convection heat transfer coefficients are determined to be

Nu = 0.15(Gr Pr)Y/® = 0.15(2.224 x 10** x 0.7296)*® =818.1

Nuk _ (818.1)(0.02551 W/m. °C)

and ooy = =4.174 W/m? -°C
conv L 5 m
Then natural convection heat transfer rate becomes
Qconv =henA (T —T,)=(4.174 W/n? - °C)(400 mz)(30 —20)°C=16,695W

(c) Utilizing the analogy between heat and mass convection, the mass transfer coefficient is determined the same way by
replacing Pr by Sc. The Schmidt number is determined from its definition to be

v 1562x10° m?/s

=0.625
Dpg  250x107°m?/s

Sc=

The Sherwood number and the mass transfer coefficients are determined to be

Sh=0.15(GrSc)Y® =0.15(2.224 x 10! x 0.625)3 = 777.0

5 2
ho ShIiAB _ (777.0)(2.55(’) x107> m*</s) _ 0.003885 m/s
m

Then the evaporation rate and the rate of heat transfer by evaporation become

mv =Niass As (Pys = Puo)

= (0.003885 m/s)(400 m?)(0.0304 — 0.0104)kg/m?
=0.03108 kg/s =111.9kg/h

and Qevap =M,y =(0.03108 Kg/s)(2,431,000 J/kg) = 75,555 W

Then the total rate of heat loss from the open top surface of the pool to the surrounding air and surfaces is

0 - Qra L QO +Q =61930+16,695+ 75555 = 154,180 W

total, top conv evap

Therefore, if the pool is heated electrically, a 154 kW resistance heater will be needed to make up for the heat losses from the
top surface.

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.




14-106

14-153 The heating system of a heated swimming pool is being designed. The rates of heat loss from the top surface of the
pool by radiation, natural convection, and evaporation are to be determined.

Assumptions 1 The low mass flux conditions exist so that the Chilton-Colburn analogy between heat and mass transfer is
applicable since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 Both air and water
vapor at specified conditions are ideal gases (the error involved in this assumption is less than 1 percent). 3 The entire water
body in the pool is maintained at a uniform temperature of 25°C. 4 The air motion around the pool is negligible so that there
are no forced convection effects.

Properties The air-water vapor mixture is assumed to be dilute, and T. =0°C

thus we can use dry air properties for the mixture at the average Air 20°C o

temperature of (T, +T,)/2=(20+25)/2 = 22.5°C = 295.5 K. The 1’atm Q Q Q
evap rad conv

properties of dry air at 22.5°C and 1 atm are, from Table A-15, 60% RH
k =0.02533W/m-°C, Pr=0.7303 s 3 \/ s
a=2.10810"°m?/s v =1539x10">m?/s

The mass diffusivity of water vapor in air at the average
temperature of 295.5 K is, from Eq. 14-15, Pool

T 2072 25°C
Das = Dyyoar =1.87x107"° — Heating

fluid
(295.5K >0 —

latm —
=2.46x107° m?/s

=1.87x10710

The saturation pressure of water at 20°C is Pyygp-c = 2.339 kPa. Properties of water at 25°C are
ht, =2442kJ/kg and P, =3.169kPa (Table A-9). The gas constants of dry air and water are Ry = 0.287 kPa.m*/kg.K and
Ruater = 0.4615 kPa.m?/kg.K (Table A-1). The emissivity of water is 0.95 (Table A-18).
Analysis (a) The surface area of the pool is
A, = (20 m)(20 m) = 400 m?
Heat transfer from the top surface of the pool by radiation is
Qug = AG(T —Tgh ) = (0.95)(400 m?)(5.67 x1078 W/m? - K4)[(25 +273K)" —(0+273K)* ]: 50,235 W
(b) The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the saturation pressure of
water at the surface temperature (3.169 kPa at 25°C). The vapor pressure of air far from the water surface is determined from
Prw = Pearar, = (0.60)Pey@poec = (0.60)(2.339 kPa) =1.40 kPa
Treating the water vapor and the air as ideal gases and noting that the total atmospheric pressure is the sum of the vapor and

dry air pressures, the densities of the water vapor, dry air, and their mixture at the water-air interface and far from the surface
are determined to be

At the surface:

R 3.169 kPa

TR/, (0.4615kPam?/kg-K)(25 +273) K
Py (101.325-3.169) kPa

Pas T RT, (0287 kPam’lkg-K)25 + 273) K

Ps = Pys + Pas =0.0230+1.1477 =1.1707 kg/m®

Pus =0.0230 kg/m®

=1.1477 kg/m*®
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Away from the surface:

P

Pui = o= 1‘30 kPa =0.0104 kg/m®
RyT. (0.4615kPa-m?®/kg-K)(20 +273) K
Pa 0 325-1.

po =t (101.325-1.40) kPa _1.1883kg/m®

T R,T. (0.287kPa-m3/kg-K)(20 +273) K
P = Pyew + Pae =0.0104+1.1883=1.1987 kg/m*

Note that p., > p,, and thus this corresponds to hot surface facing up. The perimeter of the top surface of the pool is p =
2(20+ 20) = 80 m. Therefore, the characteristic length is

i:M:Sm
p 80m

Then using densities (instead of temperatures) since the mixture is not homogeneous, the Grashoff number is determined to
be

_9(p., - pIL®  (9.81m/s?)(1.1987 —1.1707 kg/m*)(5 m)?

(L - ~——— =1.224x10"
PavgV [(1.1987 +1.1707) / 2 kg/m*](1.539 x 10> m? /)

Gr

Recognizing that this is a natural convection problem with hot horizontal surface facing up, the Nusselt number and the
convection heat transfer coefficients are determined to be

Nu = 0.15(Gr Pr)Y/® =0.15(1.224 x10** x 0.73)"/% =670.6

Nuk _ (670.6)(0.02533 W/m- °C)

and hegry = =3.397 W/m? -°C
conv L 5 m
Then natural convection heat transfer rate becomes
Q. = NeonvAs (Ts = T.,) = (3.397 W/m? - °C)(400 m*)(25 — 20)°C = 6794 W

(c) Utilizing the analogy between heat and mass convection, the mass transfer coefficient is determined the same way by
replacing Pr by Sc. The Schmidt number is determined from its definition to be

v 1539x107° m? /s

Sc= =
Dag 2.46x10™° m< /s

=0.626

The Sherwood number and the mass transfer coefficients are determined to be

Sh=0.15(GrSc)*® =0.15(1.224 x 10'* x 0.626)"/° =637.1

-5 2
n ZShLL)AB _ (637.1)(2.456x10 M215) _ 0003135 mys
m

Then the evaporation rate and the rate of heat transfer by evaporation become

mv =Niass As (Pys = Puo)

= (0.003135 m/s)(400 m?)(0.0230 — 0.0104)kg/m®
=0.01580 kg/s = 56.88kg/h

and Qevap =, h¢, =(0.01580 kg/s)(2,442,000J/kg) = 38,584 W
Then the total rate of heat loss from the open top surface of the pool to the surrounding air and surfaces is

:Qrad +Q

Q Qevap =50,235+ 6794 + 38,584 = 95,610 W

4
total, top conv

Therefore, if the pool is heated electrically, a 95.6 kW resistance heater will be needed to make up for the heat losses from
the top surface.

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.




14-108

14-154 Glass hottles are washed in hot water in an uncovered rectangular glass washing bath. The rates of heat loss
from the top and side surfaces of the bath by radiation, natural convection, and evaporation as well as the rates of heat and
water mass that need to be supplied to the water are to be determined.

Assumptions 1 The low mass flux conditions exist so that the
Chilton-Colburn analogy between heat and mass transfer is )
applicable since the mass fraction of vapor in the air is low Air, 25°C

(about 2 percent for saturated air at 300 K). 2 Both air and water 1atm Qevap Qus  Qoonv
vapor at specified conditions are ideal gases (the error involved 50% RH

in this assumption is less than 1 percent). 3 The entire water g g \/ $ S
body and the metal container are maintained at a uniform

temperature of 50°C. 4 Heat losses from the bottom surface are
negligible. 5 The air motion around the bath is negligible so that
there are no forced convection effects.

Properties The air-water vapor mixture is assumed to be dilute, ﬁ ﬁ ﬁ ﬁ ﬁ ﬁ
i ; i Water | y

and thus we can use dry air properties for the mixture at the bath
average temperature of (T, +T,)/2 = (25+50)/2 = 37.5°C. The (?‘EC Heat

properties of dry air at 37.5°C and 1 atm are, from Table A-15, supplled
k =0.02643W/m-°C, Pr=0.7262
a=2.312<10"°m?/s v=1.679x10°m?/s

The mass diffusivity of water vapor in air at the average Resistance heater
temperature of 310.5 K is, from Eq. 14-15,

T 2.072 10 (3105 K)2.072

Das =Dy o =1.87x10710 —— 5 =1.87x10 =2.73x10° m?/s

The saturation pressure of water at 25°C is Pyygps-c =3.169 kPa. Properties of water at 50°C are
hty =2383kJ/kg and P, =12.35kPa (Table A-9). The specific heat of water at the average temperature of (15+50)/2 =
32.5°Cis ¢, = 4.178 kJ/kg.°C.

The gas constants of dry air and water are R, = 0.287 kPa.m*/kg.K and Ry = 0.4615 kPa.m%/kg.K (Table A-1).
Also, the emissivities of water and the sheet metal are given to be 0.61 and 0.95, respectively, and the specific heat of glass is
given to be 1.0 kJ/kg.°C.

Analysis (a) The mass flow rate of glass bottles through the water bath in steady operation is
Mpottie = Mpotile % Bottleflow rate = (0.150 kg/bottle)(800 bottles/min) =120 kg/min = 2 kg/s
Then the rate of heat removal by the bottles as they are heated from 25 to 50°C is
Qbottie = MpornieCp AT = (2kg/s)\1kI/kg.° C)50 — 25 C=50,000W
The amount of water removed by the bottles is
Myater.out = (Flow rate of bottles)Water removed per bottle)
= (800bottles/ min)0.6g/bottle)= 480g/min = 8x10 3 kg/s = 28.8kg/h

Noting that the water removed by the bottles is made up by fresh water entering at 15°C, the rate of heat removal by the
water that sticks to the bottles is

Qwater removed — rhwater removed C p AT = (8X1073 kg/s)(4178 J/kg : OC)(SO _15)OCZ 1170w
Therefore, the total amount of heat removed by the wet bottles is
Qtotal,removed = leassremoved + Qwater removed — 50,000+1170 = 51,170W

(b) The rate of heat loss from the top surface of the water bath is the sum of the heat losses by radiation, natural convection,
and evaporation. Then the radiation heat loss from the top surface of water to the surrounding surfaces is
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Quad.top = FAT (TS —Toir) = (0.95)(8 M*)(5.67 x107° W/nt - KH)[(50 + 273 K)* — (15+ 273 K)*] = 1726 W
The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the saturation pressure of water at
the surface temperature (12.35 kPa at 50°C). The vapor pressure of air far from the water surface is determined from
P = Pagr, =(0.50)Pyygosec =(0.50)(3.169 kPa) =1.585kPa
Treating the water vapor and the air as ideal gases and noting that the total atmospheric pressure is the sum of the vapor and

dry air pressures, the densities of the water vapor, dry air, and their mixture at the water-air interface and far from the surface
are determined to be

At the surface:

Pis 12.35kPa

Pys = = - =0.0829 kg/m®
" R/ (0.4615kPa.m?/kg-K)(50 +273K)
P _
PR T (101.32;3 12.35) kPa _ 0.9598 kg/m®
RaTs  (0.287 kPa.m®/kg- K)(50 + 273 K)
Ps = Pys + Pas =0.0829+0.9598 =1.0427 kg/m®
Away from the surface:
P
Py = —2 = 1'5385 kPa =0.0115 kg/m®
7 R/T,  (0.4615kPa-m3/kg- K)(25 +273K)
P _
po, =22 (101.325-1.585) kPa 11662 kg/m®

TR,T.  (0.287kPa-m3/kg-K)(25 +273K)
Po = Pyoo + Pas =0.0115+1.1662 =1.1777 kg/m*

Note that p,, > p,, and thus this corresponds to hot surface facing up. The area of the top surface of the water bath is A; = 2

m x 4 m =8 m?and its perimeter is p = 2(2 + 4) = 12 m. Therefore, the characteristic length is
2
L=A_8M _ge67m
p 12m

Then using densities (instead of temperatures) since the mixture is not homogeneous, the Grashoff number is determined to
be

or = 9P~ )L (9.81m/s?)(1.1777 —1.0427 kg/m®)(0.667 m)°

9
2 T 1777 1 L4 2 ka7 10 S ey L2810
Pavg¥ [ +1.0427)/ 2 kg/m®](1.679x10™> m*/s)

Recognizing that this is a natural convection problem with hot horizontal surface facing up, the Nusselt number and the
convection heat transfer coefficients are determined to be

Nu = 0.15(Gr Pr)Y/® = 0.15(1.26 x10° x0.7262) /3 =146

Nuk _ (146)(0.02643 W/m-°C)
L 0.667 m

=5.79 W/m? -°C

and Neony =

Then the natural convection heat transfer rate becomes

Q
Utilizing the analogy between heat and mass convection, the mass transfer coefficient is determined the same way by
replacing Pr by Sc. The Schmidt number is determined from its definition to be

heonvAs (Ts =T.,) = (5.79 W/m? - °C)(8 m?)(50 — 25)°C = 1158 W

conv

v 1679x107° m®/s

Sc= =
Dag 2.73x107° m- /s

=0.615

The Sherwood number and the mass transfer coefficients are determined to be
Sh=0.15(GrSc)"'® = 0.15(1.27x10° x0.615)"/3 =138
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hD . -5 2
e = ShD pg _ (138)(2.73x10™> m*/s) — 0.00565 m/s
L 0.667 m

Then the evaporation rate and the rate of heat transfer by evaporation become

m\, = Ninass As (Py,s = Py o)

= (0.00568 m/s)(8 m?)(0.0829 —0.0115)kg/m*
=0.00324 kg/s =11.7 kg/h

and Qevap = Myhyy = (0.00324 kg/s)(2383 ki/kg) = 7.72 KW = 7720 W

The total rate of heat loss from the open top surface of the bath to the surrounding air and surfaces is

-0 -0 Q ap =1726+1158+7720 =10,604 W

+
total, top rad conv ev,

Q

Therefore, if the water bath is heated electrically, a 10.6 kW resistance heater will be needed just to make up for the heat loss
from the top surface.

(c) The side surfaces are vertical plates, and treating the air as dry air for simplicity, heat transfer from them by natural
convection is determined to be

o = 960 ~T,)L  (9.81m/s?)(1/310.5 K)(50 — 25) K)(1 m)®
- _ -

9
= =2.80x10
v (1.679%x107° m*/s)

Nu = 0.1(Gr Pr)*/® = 0.1(2.80x10° x0.7262)"/° =127

o _Nuk _ (127)(0.02643 W/m-°C)

conv = L m =3.36 W/m? -°C

Q heonvAs (Ts —T.,) = (3.36 W/m? - °C)(12 x1m?)(50 — 25)°C =1007 W

conv,side =
The radiation heat loss from the side surfaces of the bath to the surrounding surfaces is

Qrad,side = gAsO-(rs4 _Tsﬁrr)
= (0.61)(12mx1m)(5.67 x1078 W/m? - K*)[(50 + 273 K)* — (15+ 273 K)*1 = 1662 W

and Q Q Qra , =1007 +1662 = 2669 W

total,side = <conv

(d) The rate at which water must be supplied to the maintain steady operation is equal to the rate of water removed by the
bottles plus the rate evaporation,

Mimake-up = Mremoved + Meyap = 0.00800+0.00324 = 0.01124 kg/s = 40.5kg/h
Noting that the entire make-up water enters the bath 15°C, the rate of heat supply to preheat the make-up water to 50°C is
Qpreheatmgwater = Mpake-upwater Cp AT = (0.01124Kkg/s)(4178J/kg - °C)(50 —15)°C=1644 W

Then the rate of required heat supply for the bath becomes the sum of heat losses from the top and side surfaces, plus the heat
needed for preheating the make-up water and the bottles,

Qtotal = Qbottle + (Qrad + Qconv + Qevap )top + (Qrad + Qconv)side + Qmakeupwater
=51,170+10,604 + 2669 +1644=66,087W

Therefore, the heater must be able to supply heat at a rate of 66.1 kW to maintain steady operating conditions.
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14-155 Glass bottles are washed in hot water in an uncovered rectangular glass washing bath. The rates of heat loss from the
top and side surfaces of the bath by radiation, natural convection, and evaporation as well as the rates of heat and water mass
that need to be supplied to the water are to be determined.

Assumptions 1 The low mass flux conditions exist so that the Air, 25°C
Chilton-Colburn analogy between heat and mass transfer is 1 atm Qv Qrad Qconv
applicable since the mass fraction of vapor in the air is low 50% RH

(about 2 percent for saturated air at 300 K). 2 Both air and s s \/ E 5
involved in this assumption is less than 1 percent). 3 The entire

water body and the metal container are maintained at a uniform

temperature of 55°C. 4 Heat losses from the bottom surface are

negligible. 5 The air motion around the bath is negligible so

that there are no forced convection effects.

Water | ,
and thus we can use dry air properties for the mixture at the 55°C supplled
average temperature of (T, +T,)/2 = (25+55)/2 = 40°C. The
properties of dry air at 40°C and 1 atm are, from Table A-15,

k =0.02662W/m-°C, Pr=0.7255

water vapor at specified conditions are ideal gases (the error
Properties The air-water vapor mixture is assumed to be dilute, bath Heat
a=2.34610"m?/s v =1.700x10""m?/s Resistance heater

The mass diffusivity of water vapor in air at the average temperature of 313 K is determined from Eq. 14-15 to be

T 2072 10 (313 K)2.072

Dps =Dy o =1.87x1070 —— 5 =1.87x10 =2.77x107° m?/s

The saturation pressure of water at 25°C is Pyygps-c =3.169 kPa. Properties of water at 55°C are
hty =2371kJ/kg and P, =15.76 kPa (Table A-9). The specific heat of water at the average temperature of (15+55)/2 =
35°Cis c, =4.178 ki/kg.°C.

The gas constants of dry air and water are R, = 0.287 kPa.m*/kg.K and Ryser = 0.4615 kPa.m%/kg.K (Table A-1). Also, the
emissivities of water and the sheet metal are given to be 0.61 and 0.95, respectively, and the specific heat of glass is 1.0
kJ/kg.°C.

Analysis (a) The mass flow rate of glass bottles through the water bath in steady operation is
Mpottie = Mpotile % Bottleflow rate = (0.150 kg/bottle)(800 bottles/min) =120 kg/min = 2 kg/s
Then the rate of heat removal by the bottles as they are heated from 25 to 55°C is
Qbottie = MpornieC p AT = (2Kkg/s)\1kI/kg.° C)55 — 25 C=60,000W
The amount of water removed by the bottles is
Myater.out = (Flow rate of bottles)Water removed per bottle)
= (800bottles/ min)0.6g/bottle)= 480g/min = 8x10 3 kg/s = 28.8kg/h

Noting that the water removed by the bottles is made up by fresh water entering at 15°C, the rate of heat removal by the
water that sticks to the bottles is

Qwater removed = rhwater removed C p AT = (8X1073 kg/s)(4178J/kg . OC)(55 _15)°C: 1337W
Therefore, the total amount of heat removed by the wet bottles is

Qtotal,removed = leassremoved + Qwater removed — 60,000 +1337 = 61,337W

(b) The rate of heat loss from the top surface of the water bath is the sum of the heat losses by radiation, natural convection,
and evaporation. Then the radiation heat loss from the top surface of water to the surrounding surfaces is

Qud.top = AT —Tehr) = (0.95)(8M?)(5.67 x 10~ WinT - K*)[(55+ 273 K)* — (15+ 273K)*] = 2023 W
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The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the saturation pressure of water at
the surface temperature (15.76 kPa at 55°C). The vapor pressure of air far from the water surface is determined from

Piw = Pagr, =(0.50)Pyygosec =(0.50)(3.169 kPa) =1.585 kPa
Treating the water vapor and the air as ideal gases and noting that the total atmospheric pressure is the sum of the vapor and

dry air pressures, the densities of the water vapor, dry air, and their mixture at the water-air interface and far from the surface
are determined to be

At the surface:

P
oy =t _ 1570 kPa - 0.1041kg/m®
" R,y  (0.4615kPam®/kg-K)(55 + 273 K)
P _
s =2 (101.3235 15.76) kPa  0.9090 kg/m?
RaTs  (0.287 kPa.m®/kg- K)(55 + 273 K)
Ps = Pys + Pas = 0.1041+0.9090 =1.0131 kg/m*
Away from the surface:
P
., =t _ Lo85kPa ~0.0115kg/m®
© R,T, (0.4615kPa-m®/kg-K)(25 +273K)
P _
pan =2 _ (101.325-1.585) kPa _ 11662 kg/m®

TR,T.  (0.287kPa-m3/kg-K)(25 +273K)
Po = Pyoo + Pas =0.0115+1.1662 =1.1777 kg/m*

Note that p,, > p,, and thus this corresponds to hot surface facing up. The area of the top surface of the water bath is A; = 2

m x 4 m =8 m?and its perimeter is p = 2(2 + 4) = 12 m. Therefore, the characteristic length is
2
L=A_8M _ge67m
p 12m

Then using densities (instead of temperatures) since the mixture is not homogeneous, the Grashoff number is determined to
be

_ 3 2 _ 3 3
Gr = 9(p,—p)L" _ (9.81m/s")(1.1777 —-1.0131 kg/m™)(0.667 m) —152x10°

Pavg”” [(1.1777 +1.0131)/ 2 kg/m3](1.702x10~° m?/s)?

Recognizing that this is a natural convection problem with hot horizontal surface facing up, the Nusselt number and the
convection heat transfer coefficients are determined to be

Nu = 0.15(Gr Pr)*® =0.15(1.52x10° x0.726)*/® =155

Nuk  (155)(0.02662 W/m-°C)
hconv = =
L 0.667m

and =6.19 W/m? -°C

Then the natural convection heat transfer rate becomes

Q
Utilizing the analogy between heat and mass convection, the mass transfer coefficient is determined the same way by
replacing Pr by Sc. The Schmidt number is determined from its definition to be

heonvAs (T =T..) = (6.19 W/m? -°C)(8 m?)(55 — 25)°C =1486 W

conv

v 1702x107° m®/s
Dpg  2.77x107° m? /s

Sc= =0.614

The Sherwood number and the mass transfer coefficients are determined to be

Sh=0.15(GrSc)"® = 0.15(1.52x10° x0.614) /% =147
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hD . -5 2
e = ShD pg _ 147)(2.77x10™> m*=/s) — 0.00610 m/s
L 0.667m

Then the evaporation rate and the rate of heat transfer by evaporation become

m\, = Ninass As (Py,s = Py o)

= (0.00610 m/s)(8 m?)(0.1041—0.0115)kg/m?®
=0.00452 kg/s = 16.3kg/h

and  Qqqp = Myhyy = (0.00452 kg/s)(2371 k/kg) =10.7 kW =10,700 W

Then the total rate of heat loss from the open top surface of the bath to the surrounding air and surfaces is

Q = Qug * Quony * Quyap = 2023+1486+10,700 = 14,209 W

total, top

Therefore, if the water bath is heated electrically, a 14 kW resistance heater will be needed just to make up for the heat loss
from the top surface.

(c) The side surfaces are vertical plates, and treating the air as dry air for simplicity, heat transfer from them by natural
convection is determined to be

or = 980 ~T,)  (9.81m/s?)(1/313 K)(55 — 25) K)(1 m)®
= _ -

9
o =3.25x10
v (1.702x107> m*“/s)

Nu = 0.1(Gr Pr)*/® =0.1(3.25x10° x0.7255)*/% =133

h_ Nuk _ (133)(0.02662 W/m-°C)

conv = m =3.54 W/m? .°C

Q heonvAs (Ts —T..) = (3.54 W/m? -°C)(12x1m?)(55 — 25)°C =1275 W

conv,side =
The radiation heat loss from the side surfaces of the bath to the surrounding surfaces is

Qrad,side = SASU(TS4 _Tsflrr)
= (0.61)(12 mx1m)(5.67 x1078 W/m? - K[(55+ 273 K)* — (15+ 273 K)*] =1948 W

and Q Q Qra , =1275+1948=3223 W

total,side = <eonv

(d) The rate at which water must be supplied to the maintain steady operation is equal to the rate of water removed by the
bottles plus the rate evaporation,

Mirake-up = Mremoved T Mevap = 0.00800+0.00452 = 0.01252kg/s = 45.1kg/h
Noting that the entire make-up water enters the bath 15°C, the rate of heat supply to preheat the make-up water to 55°C is
Qpreheatingwater = Mppye-upwater Cp AT = (0.01252kg/s)(4178J/kg - °C)(55 -15)°C= 2092 W

Then the rate of required heat supply for the bath becomes the sum of heat losses from the top and side surfaces, plus the heat
needed for preheating the make-up water and the bottles,

Qtotal = Qbottle + (Qrad + Qconv + Qevap )top + (Qrad + Qconv)side + Qmakeupwater
=61,337+14,209 + 3223+ 2092=80,860W

Therefore, the heater must be able to supply heat at a rate of 80.9 kW to maintain steady operating conditions.
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Review Problems

14-156 The mole fraction of the water vapor at the surface of a lake and the mole fraction of water in the lake are to be
determined and compared.

Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is weakly soluble in water and thus Henry’s law is
applicable.

Properties The saturation pressure of water at 15°C is 1.705 kPa (Table A-9).

Analysis The air at the water surface will be saturated. Therefore, the partial pressure of water vapor in the air at the lake
surface will simply be the saturation pressure of water at 15°C,

F)vapor = Fsat@15°C = 1.705kPa

Air
Assuming both the air and vapor to be ideal gases, the mole 92 kPa, 15°C
fraction of water vapor in the air at the surface of the lake is Y120, airsid
determined from Eq. 14-11 to be .Y/ (AT SIce
I:)vapor 1.705kPa . ., . e —
Yvapor = b = 92KkPa =0.0185 (or 18.5 percent) A= Vepo numas 3 1D
Water contains some dissolved air, but the amount is Lake, 15°C
negligible. Therefore, we can assume the entire lake to be

liquid water. Then its mole fraction becomes

ywater,liquidside =10 (OI’ 100%)

Discussion Note that the concentration of water on a molar basis is 100 percent just beneath the air—water interface and 1.85
percent just above it, even though the air is assumed to be saturated (so this is the highest value at 15°C). Therefore, huge
discontinuities can occur in the concentrations of a species across phase boundaries.

14-157 The ideal gas relation can be expressed as PV = NR,T =mRT where R, is the universal gas constant, whose value is

the same for all gases, and R is the gas constant whose value is different for different gases. The molar and mass densities of
an ideal gas mixture can be expressed as

PV=NR,T — C:ﬁ: P =constant
v R

u

and PV =mRT — p:m:iiconstant
vV RT

Therefore, for an ideal gas mixture maintained at a constant temperature and pressure, the molar concentration C of the
mixture remains constant but this is not necessarily the case for the density p of mixture.
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14-158E The masses of the constituents of a gas mixture at a specified temperature and pressure are given. The partial

pressure of each gas and the volume of the mixture are to be determined.

Assumptions The gas mixture and its constituents are ideal gases.

Properties The molar masses of CO, and CH, are 44 and 16 lbm/lbmol, respectively (Table A-1E)

Analysis The mole numbers of each gas and of the mixture are

m
COp: Neo, =2 o 1OM 4 0997 Ipmol

Mco, 44 Ibm/lbmol

Mcw,  3lbm

= =0.18751bmol
Mcy,  161bm/Ibmol
4

Niota = Neo, +Nep, =0.0227+0.1875=0.2102 Ibmol

1Ibm CO,
31bm CH,

600 R
20 psia

14-115

Using the ideal gas relation for the mixture and for the constituents, the volume of the mixture and the partial pressures of the

constituents are determined to be

14
P 20 psia
_ Neo,RuT _ (0.0227 Ibmol)(10.73 psia - f * / Ibmol - R)(600 R)
co: v 67.661°
b Ncn,RuT  (0.1875 Ibmol)(10.73 psia - ft  / Ibmol - R)(600 R)
CHe v 67.66 1

_NR,T _ (0.2102Ibmol)(10.73psia-t° /1bmol- R)(600R) _ - .3

=2.160 psia

=17.84 psia

Discussion Note that each constituent of a gas mixture occupies the same volume (the volume of the container), and that the

total pressure of a gas mixture is equal to the sum of the partial pressures of its constituents. That is,

Ptotal = PCOZ + PCH4 = 2.160 + 17.84 = 20 pSia.
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14-159 Dry air flows over a water body at constant pressure and temperature until it is saturated. The molar analysis of the
saturated air and the density of air before and after the process are to be determined.

Assumptions The air and the water vapor are ideal gases.

Properties The molar masses of N,, O,, Ar, and H,O are 28.0, 32.0, 39.95 and 18 kg / kmol, respectively (Table A-1). The
molar analysis of dry air is given to be 78.1 percent N,, 20.9 percent O,, and 1 percent Ar. The saturation pressure of water at

25°C is 3.169 kPa (Table A-9). Also, 1 atm = 101.325 kPa.

Analysis (a) Noting that the total pressure remains constant at 101.32 kPa during this process, the partial pressure of air
becomes

P=Py + F)vapor

. Saturated
P =P— I:)vatpow Dryair  —— air
~101.325-3.169 = 98.156kPa fitfn — —  Evaporation
Then the molar analysis of the saturated air becomes ;gégjo (N)z —_— g g g
.J70 Uy ( 4
y _ PHZO ~ 3169 00313 1% Ar
"OT P 101325 Water
yo = Py, YN,dryPayair  0.781(98.156 kPa) _ 0.7566
Na T p P 101.325 '
Vo = Po,  Yo,dryParyar  0.209(98.156 kPa) 0.2025
%" p P 101.325 '
P Paryai . .
Yar _Par _ Y Ar,dry Fdry air _ 0.01(98.156 kPa) — 0.0097
P P 101.325

(b) The molar masses of dry and saturated air are

Maryar = O ¥iM; =0.781x 28.0+0.209x 32.0-+ 0.01x 39.95 = 29.0 kg/kmol

Maaair = O, ¥iM; =0.7566x 28.0+0.2025x 32.0+0.0097 x 39.9+0.0313<18 = 28.62 kg/kmol

Then the densities of dry and saturated air are determined from the ideal gas relation to be

L P ~ 101.325kPa
Pavar =R, IMgyar T [(8.314kPa-m3/kmol- K)/ 29.0kg/kmol|(25 + 273)K

P 101.325kPa

Poatair = (Ry /Mgy T [(8.314kPa-m3/kmol- K)/ 28.62kg/kmol](25 + 273)K

=1.186kg/m?>

=1.170kg/m*

Discussion We conclude that the density of saturated air is less than that of the dry air, as expected. This is due to the molar
mass of water being less than that of dry air.
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plotted.

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

D_AB=2.67E-5*exp(-17400/T)

€€

14-117

Using the relation D, = 2.67x107° exp(—17,400/T) the diffusion coefficient of carbon in steel is to be

T, K Dag, M /s
300 1.728E-30
400 3.425E-24
500 2.056E-20
600 6.792E-18
700 4.278E-16
800 9.563E-15
900 1.072E-13
1000 7.409E-13
1100 3.604E-12
1200 1.347E-11
1300 4.108E-11
1400 1.069E-10
1500 2.447E-10

Dpag [M%s]

240100 T T

2.00x10719
1.60x1010
1.20x10710
8.00x10™1

4.00x101 |

0.00C

300

500

700

900

T [K]

1100

1300

150C
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14-161 A circular pan filled with water is cooled naturally. The rate of evaporation of water, the rate of heat transfer by
natural convection, and the rate of heat supply to the water needed to maintain its temperature constant are to be determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable since the mass
fraction of vapor in the air is low (about 2 percent for saturated air at 25°C). 2 The critical Reynolds number for flow over a
flat plate is 500,000. 3 Radiation heat transfer is negligible. 4 Both air and water vapor are ideal gases.

Properties The air-water vapor mixture is assumed to be dilute, and thus we can use dry air properties for the mixture at the
average temperature of (T, +T,)/2 = (15+20)/2 = 17.5°C = 290.5 K. The properties of dry air at 17.5°C and 1 atm are,

from Table A-15,

k =0.02495W/m-°C, Pr=0.7316 1atm Evaporation
20°C
a =2.042407°m%/s v =1493x10"° m?/s 30% RH g % g
The mass diffusivity of water vapor in air at the average temperature

of 290.5 K is, from Eq. 14-15,
Water

2072 N
Dy = Dt o =1.87x10—1°TT 15°C

(290.5K)*°7?

=1.87x1071° =2.37x10"° m2/s .

The saturation pressure of water at 20°C is Pyygpo-c = 2.339 kPa. Properties of water at 15°C are
ht, =2466 kJ/kg and P, =1.7051kPa (Table A-9). The specific heat of water at the average temperature of (15+20)/2 =

17.5°C is ¢, = 4.184 kJ/kg.°C. The gas constants of dry air and water are R, = 0.287 kPa.mS/kg.K and Ryaeer = 0.4615
kPa.m%kg.K (Table A-1).

Analysis (a) The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the saturation
pressure of water at the surface temperature (1.7051 kPa at 15°C). The vapor pressure of air far from the water surface is
determined from

Py = Peaor, =(0-30)Pyygpoc = (0.30)(2.339 kPa) = 0.7017 kPa

Treating the water vapor and the air as ideal gases and noting that the total atmospheric pressure is the sum of the vapor and
dry air pressures, the densities of the water vapor, dry air, and their mixture at the water-air interface and far from the surface
are determined to be

At the surface:

P
P L7051kPa = 0.01283kg/m®
" RTs  (0.4615kPa-m3/kg-K)(15 +273) K
P _
P L (101.325-1.7051) kPa 12052 kg/m’

RyTy  (0.287 kPam?3/kg- K)(15 +273) K
Ps = Pys + Pas =0.01283+1.2052 =1.21803 kg/m*

Away from the surface:

P

P 0.7217 kPa  0.00519 kg/m?
R,T, (0.4615kPa-m>/kg-K)(20 +273) K
P, _

L (101.325-0.7017) kPa 11966 kg/m?

TR,T.  (0.287 kPa-m3/kg-K)(20 +273K)
P = Pyw + Pas =0.00519+1.1966 =1.2018 kg/m*

Note that p_, < p,, and thus this corresponds to hot surface facing down. The area of the top surface of the water A; = 7er2
and its perimeter is p = 2ar,, . Therefore, the characteristic length is

2
A K _0BM 405
p 2m, 2 2
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Then using densities (instead of temperatures) since the mixture is not homogeneous, the Grashoff number is determined to
be

3 2 3 3
Gr = g(p, — o)L _ (9.81m/s)(1.21803 -1.2018 kg/m")(0.075 m) —2.49x10°

PV [(1.2180 +1.2018)/ 2 kg/m®](1.493x107° m?/s)?

Recognizing that this is a natural convection problem with cold horizontal surface facing up, the Nusselt number and the
convection heat transfer coefficients are determined to be (Table 14-13)

Nu = 0.27(Gr Pr)¥/# =0.27(2.49x10° x0.7316)*/* =5.58
and

_ Nuk _ (5.58)(0.02495 W/m.°C)

h. .= =1.86 W/m? -°C
v 0.075m

Then the rate of heat transfer from the air to the water by forced convection becomes

Q. =hemA (T, —T) = (1.86 W/m? - °C)[(0.15m)?](20 —15)°C = 0.66 W (to water)

conv

(b) Utilizing the analogy between heat and mass convection, the mass transfer coefficient is determined the same way by
replacing Pr by Sc. The Schmidt number is determined from its definition to be

v 1.493x10°m?/s
Dpg  2.37x10°m?/s

Sc= =0.630

Therefore, the Sherwood number in this case is determined from Table 14-13 to be
Sh = 0.27(GrSc)Y* =0.27(2.53x10° x0.629) /4 =5.39
Using the definition of Sherwood number, the mass transfer coefficient is determined to be

_ ShD,g  (5.39)(2.37x10"° m?/s)

h
mass L 0.075m

=0.00170m/s

Then the evaporation rate and the rate of heat transfer by evaporation become
M = Niss As (0y,5 — Py, ) = (0.00170 m/s)[z(0.15m)?](0.01283—0.00519) kg/m*
=90.18x10"" kg/s = 0.0033kg/h
and

Qevap =My Ny =(9.17x107" kg/s)(2466 k/kg) =0.00226 kW = 2.26 W

(c) The net rate of heat transfer to the water needed to maintain its temperature constant at 15°C is

Onet =Q. +Quony = 2.26+(-0.66) =1.6W

evap

Discussion Note that if no heat is supplied to the water (by a resistance heater, for example), the temperature of the water in
the pan would drop until the heat gain by convection equals the heat loss by evaporation.
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14-162 Air is blown over a circular pan filled with water. The rate of evaporation of water, the rate of heat transfer by
convection, and the rate of energy supply to the water to maintain its temperature constant are to be determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable since the mass
fraction of vapor in the air is low (about 2 percent for saturated air at 15°C). 2 The critical Reynolds number for flow over a
flat plate is 500,000. 3 Radiation heat transfer is negligible. 4 Both air and water vapor are ideal gases.

Properties The air-water vapor mixture is assumed to be dilute, and thus we can use dry air properties for the mixture at the
average temperature of (T, +T,)/2 = (15+20)/2 = 17.5°C = 290.5 K. The properties of dry air at 17.5°C and 1 atm are, from

Table A-15,

k =0.02496W/m-°C, Pr=0.7316 lam —— _
5 5 2 200C —» Evaporation

a=2.042x10"m*/s v=1.493x10"m*“/s 30% RH
The mass diffusivity of water vapor in air at the average 3 mls —
temperature of 290.5 K is, from Eq. 14-15,

T 2072 Water
Dag = Diy,0.4ir =1.87x107° — 15°C
290.5K)2072 .
_187x10 10 20T 0105 mss

latm

The saturation pressure of water at 20°C is Pyygpo-c = 2.339 kPa. Properties of water at 15°C are

ht, =2466 kJ/kg and P, =1.7051kPa (Table A-9). Also, the gas constants of water is Ryaer = 0.4615 kPa.m*/kg.K (Table
A-1).

Analysis (a) Taking the radius of the pan ro = 0.15 m to be the characteristic length, the Reynolds number for flow over the
pan is

VL _ (3m/s)(0.15m)

Re=—= 5 2
v 1.493x107°m*/s

=30,141

which is less than 500,000, and thus the flow is laminar over the entire surface. The Nusselt number and the heat transfer
coefficient are
Nu =0.664Re, ®*Pr'®® = 0.664(30,141)**(0.7316)"'% =103.9

Nuk  (103.9)(0.02496W/m-°C)
L 0.15m

=17.29W/m? . °C

hheat =

Then the rate of heat transfer from the air to the water by forced convection becomes
Qconv =hoynAs (T, —T) = (17.29 W/m? - °C)[(0.15m)?](20 —15)°C =6.11W (to water)

(b) Utilizing the analogy between heat and mass convection, the mass transfer coefficient is determined the same way by
replacing Pr by Sc. The Schmidt number is determined from its definition to be

v 1493<10°m?/s
DAB 2.37><10_5 m2/s

Sc= =0.630

Therefore, the Sherwood number in this case is determined from Table 14-13 to be

Sh=0.664Re, ®*sc*”® = 0.664(30,141)°°(0.630)"'* = 98.82
Using the definition of Sherwood number, the mass transfer coefficient is determined to be

-5 .2
h _ShDs _ (98.82)(237>10°m?/s) _ oot o
L 0.15m

The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the saturation pressure of water at
the surface temperature (1.7051 kPa at 15°C). The vapor pressure of air far from the water surface is determined from

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.




14-121
Pye = Puaar, = (0-30)Poygarrc = (0.30)(2.339kPa) = 0.7017 kPa

Treating the water vapor and the air as ideal gases, the vapor densities at the water-air interface and far from the surface are
determined to be

P
At the surface: Pys = —o = 1'7;)51 kPa =0.01283 kg/m*
" R, (0.4615kPa-m®/kg-K)(15 +273) K
P
Away from the surface:  p, ,, = —— 0.7017kPa =0.00519 kg/m*®

" RT, (0.4615kPa-m3/kg-K)(20 +273) K
Then the evaporation rate and the rate of heat transfer by evaporation become
mv =Niass A (Pys = Puo)

= (0.01561 m/s)[z(0.15 m)?](0.01283 — 0.00519) kg/m?>
=8.430 x107° kg/s = 0.03035kg/h

and
Quvep = Myhgy =(8.430x10°® kg/s)(2466 ki/kg) = 0.02079 KW = 20.79 W
(c) The net rate of heat transfer to the water needed to maintain its temperature constant at 15°C is
Qnet = Qevap + Qgony =20.79 + (-6.11) =14.7W
Discussion Note that if no heat is supplied to the water (by a resistance heater, for example), the temperature of the water in
the pan would drop until the heat gain by convection equals the heat loss by evaporation.

Also, the rate of evaporation could be determined almost as accurately using mass fractions of vapor instead of
vapor fractions and the average air density from the relation ., =l PAWA s —Wa ) -
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14-163 Henry’s law is expressed as

Pi, gas side(o)

yi,liquidside(o) = H

Henry’s constant H increases with temperature, and thus the fraction of gas i in the liquid y; jiquid sice deCreases. Therefore,
heating a liquid will drive off the dissolved gases in a liquid.

14-164 A glass of water is left in a room. The mole fraction of the water vapor in the air at the water surface and far from the
surface as well as the mole fraction of air in the water near the surface are to be determined when the water and the air are at
the same temperature.

Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is weakly soluble in water and thus Henry’s law is
applicable.

Properties The saturation pressure of water at 20°C is 2.339 kPa (Table A-9). Henry’s constant for air dissolved in water at
20°C (293 K) is given in Table 14-6 to be H = 65,600 bar. Molar masses of dry air and water are 29 and 18 kg/kmol,
respectively (Table A-1).

Analysis (a) Noting that the relative humidity of air is 70%, the partial pressure of water vapor in the air far from the water
surface will be

P, roomair = #Pear@200c = (0.7)(2.339kPa) =1.637kPa

Air
Assuming both the air and vapor to be ideal gases, the mole fraction of 1581(':3
water vapor in the room air is a
70% RH

_ Pvapor _ 1.637 kPa

= =0.0164 (or 1.64% /\
Yvapor =5~ = J00kPa ¢ 0) D

Water
20°C

(b) Noting that air at the water surface is saturated, the partial pressure of water vapor in the
air near the surface will simply be the saturation pressure of water at 20°C,

Py interface = Psat@20cc = 2.339kPa . Then the mole fraction of water vapor in the air at the

interface becomes

Pv]surface _ 2339|(Pa

- -0.0234 (or 2.34%)
P 100kPa N

(c) Noting that the total pressure is 100 kPa, the partial pressure of dry air at the water surface is
Pair. surface = P — Py surface =100—2.339 =97.661 kPa

yv,surface -

From Henry’s law, the mole fraction of air in the water is determined to be

Paryair,gasside  (97.661/101.325) bar

R =1.47x107° =0.0015%
ydryalr,llquldsme H 65,600 bar x 0

Discussion The water cannot remain at the room temperature when the air is not saturated. Therefore, some water will
evaporate and the water temperature will drop until a balance is reached between the rate of heat transfer to the water and the
rate of evaporation.
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14-165 A 0.1-mm thick soft rubber membrane separates pure O, from air. The mass flow rate of O, through the membrane
per unit area and the direction of flow are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Mass transfer through the membrane is one-dimensional. 3 The
permeability of the membrane is constant.

Properties The mass diffusivity of oxygen in rubber at 298 K is Dag = 2.1x10™° m?/s (Table 14-3b). The solubility of oxygen
in rubber at 298 K is 0.00312 kmol / m3.bar (Table 14-7). The molar mass of oxygen is 32 kg / kmol (Table A-1).

Analysis The molar fraction of oxygen in air is 0.21. Therefore, the partial pressure of
oxygen in the air is

P ¥~ Rubber
Yo, =—22 P, » = Yo, P =0.21x (3atm) = 0.63 atm membrane
©: Air
The partial pressure of oxygen on the other side is simply Po, 1 =1atm. Then the molar 2;‘:2 3 atm

flow rate of oxygen through the membrane by diffusion can readily be determined to be

PA,l - PA,Z L

L |

— (215109 m?/5)0.00312kmolm® bar) L0632t (1.01325 bar )
0.1x10°m { Zlatm

— N m02

Ndiff,A,waII = DABS

=2.456 x10 "% kmol/m? - s
Then the mass flow rate of oxygen gas through the membrane becomes
Myir = MN i = (32 kg/kmol)(2.456 x10~° kmol/m? -s) =7.86x 10 2 kg/m? -s

The positive sign indicates that the direction of the flow will be from the pure oxygen inside to the air outside.
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14-166 The walls of a house are made of 20-cm thick bricks. The maximum amount of water vapor that will diffuse through
a 3 m x 5 m section of the wall in 24-h is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Mass transfer through the wall is one-dimensional. 3 The vapor
permeability of the wall is constant. 4 The vapor pressure at the outer side of the wall is zero.

Properties The permeance of the brick wall is given to be 23x10™*? kg/s.m? Pa. The saturation pressure of water at 20°C is
2339 Pa (Table 14-9).

Analysis The mass flow rate of water vapor through a plain layer of thickness
L and normal area A is given by (Eq. 14-31)

P,=0
5 P,l_P,Z ¢1P t,1_¢2P t,2
m, =PA - L =S —PA—2 L =2 = MA(¢, Peats —#2 Psat,z) 20°C ‘/

) . ) 85 kPa
where P is the vapor permeability and M = P/L is the permeance of the 60% RH
material, ¢ is the relative humidity and P is the saturation pressure of water
at the specified temperature. Subscripts 1 and 2 denote the air on the two my

sides of the wall.

20cm

Noting that the vapor pressure at the outer side of the wallboard is zero (¢, ai
= 0) and substituting, the mass flow rate of water vapor through the wall is
determined to be

m, = (23x10*?kg/s.m?.Pa)(3x5m?)[0.60(2339 Pa) —0] = 4.84210~" kg/s
Then the total amount of moisture that flows through the wall during a 24-h period becomes
My 24 p =MAL = (4.842x107" kg/s)(24x36005s) = 0.0418 kg = 41.8¢

Discussion This is the maximum amount of moisture that can migrate through the wall since we assumed the vapor pressure
on one side of the wall to be zero.
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14-167 A nickel part is put into a room filled with hydrogen. The ratio of hydrogen concentrations at the surface of the part
and at a depth of 2-mm from the surface after 24 h is to be determined.

Assumptions 1 Hydrogen penetrates into a thin layer beneath the surface of the nickel component, and thus the component
can be modeled as a semi-infinite medium regardless of its thickness or shape. 2 The initial hydrogen concentration in the
nickel part is zero.

Properties The molar mass of hydrogen H, is M = 2 kg/kmol (Table A-1). The solubility of hydrogen in nickel at 358 K
(=85°C) is 0.00901 kmol/ma.bar (Table 14-7). The mass diffusivity of hydrogen in nickel at 358 K is Dag =1.2x10™2 m?/s
(Table 14-3b). Also, 1 atm = 1.01325 bar.

Analysis This problem is analogous to the one-dimensional
transient heat conduction problem in a semi-infinite medium
with specified surface temperature, and thus can be solved H,
accordingly. Using mass fraction for concentration since the 3 atm
data is given in that form, the solution can be expressed as

WA ) —Wai orfc X
WA,s_WA,i 2 DABt

The molar density of hydrogen in the nickel at the interface is
determined from Eq. 14-20 to be

Nickel part

CHz,solidside(o) =Sx PHz,gas side
= (0.00901kmol/mp.ba’)(3x1.01325bar)
=0.0274kmol/mpu

The argument of the complementary error function is
X 2x10%m

2\Dagt  2,/(1.2x1072 m? /5)(24x 3600s)

=3.106

The corresponding value of the complementary error function is determined from Table 4-4 to be

X
erfc | ——— | =erfc (3.105) = 0.000015
[2,/ Dpgt J
Substituting the known guantities,

Ca(x,t)-0

=0.000015 — C,(x,t)=4.1x10"" kmol/m?®
0.0274-0

Therefore, the hydrogen concentration in the steel component at a depth of 2 mm in 24 h is very small.
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14-168 A tanker truck carrying liquid herbicide overturned and caused a spill over a field. The depth of the soil at which
plant and insect life is likely to be affected by the spill is to be determined.

Assumptions The herbicide-soaked soil can be modeled as a semi-infinite medium.
Properties The relevant properties are given in the problem statement.

Analysis This problem is analogous to the one-dimensional transient heat conduction problem in a semi-infinite medium with
specified surface temperature discussed in chapter 4, and thus can be solved accordingly. The solution can be expressed as

Wa (X, ) =Wy _erfe X
WA,S _WA,i 2 DABt

Substituting the specified quantities gives

0.00l—Ozerrc X

From Table 4-4, we have 0.001 = erfc(2.33), hence

X

2/Dpgt
X =2,/D g t (2.33)

= 2,/(2x107 m2/5)(18005) (2.33)
~0.0280m
=2.8cm

=233

Discussion The spill will likely affect life down to about 3 cm from the soil surface.
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14-169 An aquarium is oxygenated by forcing oxygen to the bottom of it, and letting the oxygen bubbles rise. The
penetration depth of oxygen in the water during the rising time is to be determined.

Assumptions 1 Convection effects in the water are negligible. 2 The pressure and temperature of the oxygen bubbles remain
constant.

Properties The mass diffusivity of oxygen in liquid water at 298 K is 1 atm
Dag = 2.4 x10”° m? /s (Table 14-3b). 2500

Analysis The penetration depth can be determined directly from its definition
(Eq. 14-38) to be

Aquarium  ©2 bubbles

Syt =D pst = m(2.4x10°° m2/s)(4s) 25°C g g g
=1.73x10"* m=0.173mm

Therefore, oxygen will penetrate the water only a fraction of a milimeter.

14-170 A sphere of crystalline sodium chloride (NaCl) was suspended in a stirred tank filled with water. The average mass
transfer coefficient is to be determined.

Assumptions 1 The properties of NaCl are constant.
Properties The density of NaCl and its solubility in water at 20°C are given to be 2160 kg/m® and 320 kg/m?, respectively.

Analysis The initial diameter of the sphere is

D3 D3
m, =pV = pT—>0.lOO kg = (2160 kg/m3)Tl—> D, =0.04455m

The final diameter of the sphere is

m; = pV = p = ———>(0.90)(0.100 kg) = (2160 kg/m?) TZ——> D, =0.04301m

The rate of mass change is

m, —m, _ (0.100—0.090) kg

=1.667x10"° kg/s
At 10x60s

m=

The average surface area is

_aD{ +7D} _ 7(0.04455m)? + (0.04301m)?
B 2 B 2

The mass transfer coefficient is determined from

A =6.023x107* m?

mo 1.667x107° kg/s
AsApp  (6.023x107° m?)(320 —0)kg/m?

mass

=8.65x107% m/s
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14-171 Liquid toluene evaporates into air from the open-top of a cylindrical container. The concentration of toluene at a
certain location is to be determined.
Properties The molar mass of toluene is 92 kg/kmol. The diffusion coefficient of toluene at 25°C is given to be
Dpg =0.084x107* m?/s.

Analysis The vapor pressure of toluene is

_ 10 mmHg

—— (101,325 kPa) = 1333 Pa
760 mmHg

A0

The rate of evaporation can be expressed by

0.060kg/day N, 7(0.2m)°
4

= (92 kg/kmol) — N5 403x1077 kmol/m? -
24x3600s/day A A

The diffusion coefficient at 6.4°C is determined from

6.4+ 273

1.5
=7.63x10"° m?/s
25+ 273

Dys =(0.084x107* mzls)(

The vapor pressure of toluene at 10 mm above the surface is determined from

Na _ DABP”{P_PA,LJ

A LRT P—"Pao
“m? 101,325-P
2 403x10~7 kmol/m? -s — (7.63x10 m3 /5)(101,325 Pa) In AL
(0.010 m)(8314 Pa- m*°/kmol - K)(6.4 + 273 K) | 101,325-1333
P,L =608.4Pa

Then the concentration of toluene is determined to be

PaL 608.4 Pa

M = - (92 kg/kmol)=0.02410 kg/m® = 24.1g/m>
R,T (8314 Pa- m*/kmol - K)(6.4 + 273 K)

CA,L =
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14-172 Liquid methanol is accidentally spilt on a 1 m x 1 m laboratory bench while a fan is providing a 20 m/s air flow
parallel over the bench surface. The evaporation rate of methanol in molar basis is to be determined.

Assumptions 1 The analogy between heat and mass transfer is applicable. 2 The critical Reynolds number for flow over a flat
plate is 500,000. 3 Methanol vapor is an ideal gas.

Properties The kinematic viscosity of air at 25°C and 1 atm is v = 1.562x10 > m%s (Table A-15). The diffusion coefficient of
methanol vapor in air at 25°C = 298 K is Dpg = 1.6x10 > m?/s.

Analysis The Reynolds number of the flow is

Re= YL _ (20M/S)AM) ) 5904108

v 1562x107° m?/s

which is greater than 500,000 and thus the flow is turbulent. The Schmidt number in this case is

v 1562x107° m?/s

Sc= —
DAB 1.6x107° m*“/s

=0.9763

Therefore, the Sherwood number in this case is determined from Table 14-13 to be
Sh =0.037Re®® 5¢!® = 0.037(1.2804 x10°) 8 (0.9763)*® = 2822
Using the definition of Sherwood number, the mass transfer coefficient is determined to be

-5 .2
. smEAB _ (2822 )(1.61 x10°° M%1S) _ ) oas15 mis
m

The concentration of methanol vapor at the air-methanol interface can be determined using

Pa 4 kPa

Cas = = - =0.001614 kmol/m®
" R,T  (8.314kPa-m*/kmol- K)(273+ 25) K

Hence, the evaporation rate of methanol in molar basis is

Nconv = hmass As (CA,s - CA,oo)
= (0.04515 m/s)(1m?2)(0.001614 — 0) kmol/m®
=7.29%x107° kmol/s

Discussion Methanol has a molar mass of M = 32.04 kg/kmol. Hence he evaporation rate in mass basis is

Meony = NoonyM = (7.29x107° kmol/s)(32.04 kg/kmol) = 2.33x107 kg/s
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14-173E The top section of a solar pond is maintained at a constant temperature. The rates of heat loss from the top surface
of the pond by radiation, natural convection, and evaporation are to be determined.

Assumptions 1 The low mass flux conditions exist so that the Chilton-Colburn analogy between heat and mass transfer is
applicable since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 80°F). 2 Both air and water
vapor at specified conditions are ideal gases (the error involved in this assumption is less than 1 percent). 3 The water in the
pool is maintained at a uniform temperature of 80°F. 4 The critical Reynolds number for flow over a flat surface is 500,000.

Properties The air-water vapor mixture is assumed to be

dilute, and thus we can use dry air properties for the mixture at . o
the average temperature of (T, +T,)/2=(70+80)/2 = 75°F. Allr,azg F «/J
The properties of dry air at 75°F and 1 atm are, from Table A- 100% RH Taur =60°F
15E, 40 mph
k =0.01469Btu/h-ft -°F —_ Qevap Qrad Qconv
Pr=0.7298 — 3 3 \/ 3 S
—_—
o =2.288x107* 1t %/s
v =0.167x10"° ?/s
The saturation pressure of water at 70°F is Pond
Pat@ro-r = 0.3632 psia. Properties of water at 80°F are 80°F
h¢, =1048 Btu/lbm and P, =0.5073 psia (Table A-9). The Heating
gas constant of water is Ryer = 0.5957 psia.ft3/Ibm.R (Table fluid
A-1E). The emissivity of water is 0.95 (Table A-18). The ' I
mass diffusivity of water vapor in air at the average — |
temperature of 75°F = 535 R = 297.2 K is determined from |
Eqg. 14-15to be
T 2.072 10 (297.2K)2'072

Dag =Dy, 0.4 =1.87x1071° —5—=187x10 =2.49x107° m?/s = 2.68x10* ft %/s

Analysis (a) The pond surface can be treated as a flat surface. The Reynolds number for flow over a flat surface is

VL _ (40x5280/3600f/s)(100 1)

— =3.51x10"
v 0.167x10731 ?/s

Re

which is much larger than the critical Reynolds number of 500,000. Therefore, the air flow over the pond surface is turbulent,
and the Nusselt number and the heat transfer coefficient are determined to be

Nu = 0.037Re, *®Pr!’® = 0.037(3.51x10")°8(0.7298)"'® = 36,212

Nuk  (36,212)(0.01469 Btu/h-ft - °F)
L 100 ft

Neat = =532 Btu/h-ft? -°F

Then the rate of heat transfer from the air to the water by forced convection becomes

o) heonvAs (T, =T, ) = (5.32Btu/h- 2 - °F)(10,000 ft 2)(80 — 70)°F = 532,000 Btu/h (to water)

conv

(b) Noting that the emissivity of water is 0.95 and the surface area of the pool is A; = (100 ft)(100 ) =10,000t 2 heat
transfer from the top surface of the pool by radiation is

Qg = AC(TS =T ) = (0.95)(10,000 £ 2)(0.1714 x 1078 Btu/h- 1t 2 - R*)[(540 R)* — (520 R)*] = 194,000 Btu/h

(c) Utilizing the analogy between heat and mass convection, the mass transfer coefficient is determined the same way by
replacing Pr by Sc. The Schmidt number is determined from its definition to be

v 0.167x107°%%/s

Sc= 4g2
Dag 2.68x107 " ft “/s

=0.623
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Then utilizing the analogy between heat and mass convection, the Sherwood number is determined by replacing Pr number
by the Schmidt number to be

Sh=0.037Re, ®sc!”® =0.037(3.51x107)*%(0.623)"'3 = 34,350
Using the definition of Sherwood number, the mass transfer coefficient is determined to be

_ ShD,s _ (34,350)(2.68x107* ft °/s)

h
mass D 1001t

= 0.0921t/s

The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the saturation pressure of water at
the surface temperature (P, s = 0.5073 psia at 80°F). The humidity of air is given to be 100%, and thus the air far from the
water surface is also saturated. Therefore, P, ,, = Pyygr0-r = 0.3632 psia.

Treating the water vapor as an ideal gas, the vapor densities at the water-air interface and far from the surface are determined
to be

5 .
At the surface: Pus = o= 0.2073psia = 0.00158 Ibm/ft®

® " R,T, (0.5957 psia-f /Ibm-R)(80 +460) R

R 0.3632 psia
R,T.  (0.5957 psia-ft /lbm-R)(70 + 460) R

Away from the surface:  p, ., =0.00115 Ibm/ft*

Then the evaporation rate and the rate of heat transfer by evaporation become

M =Niass A (Py,s = Py ) = (0.09211/5)(10,000 f 2)(0.00158 - 0.00115) Ibm/ft*
=0.396 Ibm/s =1426 Ibm/h

and

Qevap = Myhyg = (1426 1bm/h)(1048 Btu/lbm)=1,494,000Btu/h

Discussion All of the quantities calculated above represent heat loss for the pond, and the total rate of heat loss from the
open top surface of the pond to the surrounding air and surfaces is

:de +Q

Q +Q__ =194,000+532,000+1,494,000 = 2,220,000 Btu/h

total, top conv evap

This heat loss will come from the deeper parts of the pond, and thus the pond will start cooling unless it gains heat from the
sun or another heat source. Note that the evaporative heat losses dominate. Also, the rate of evaporation could be determined
almost as accurately using mass fractions of vapor instead of vapor fractions and the average air density from the relation

mevap = hrmss pAs(WA,s _WA,oo) .
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14-174E The top section of a solar pond is maintained at a constant temperature. The rates of heat loss from the top surface
of the pond by radiation, natural convection, and evaporation are to be determined.

Assumptions 1 The low mass flux conditions exist so that the Chilton-Colburn analogy between heat and mass transfer is
applicable since the mass fraction of vapor in the air is low (about 2 percent for saturated air at 90°F). 2 Both air and water
vapor at specified conditions are ideal gases (the error involved in this assumption is less than 1 percent). 3 The water in the
pool is maintained at a uniform temperature of 90°F. 4 The critical Reynolds number for flow over a flat surface is 500,000.

Properties The air-water vapor mixture is assumed to be

dilute, and thus we can use dry air properties for the . R

mixture at the average temperature of (T, +T,)/2= Allr’azr?] F «/J
(70+90)/2 = 80°F. The properties of dry air at 80°F and 100% RH Taur =60°F
1 atm are, from Table A-15E, 40 mph

k = 0.01481Btu/h-ft -°F Qe Qus  Qeonv

Pr = 0.7290 — s g \/ s S
—_—

a=2.328x10"* tt2/h

v =1.697x10"* ft %/s

The saturation pressure of water at 70°F is Pond
Pataro-r = 0.3632 psia. Properties of water at 90°F are 90°F
ht, =1043Btu/lbm and P, =0.6988psia (Table A-9). Heating
The gas constant of water is Ryater = 0.5957 fluid .

psia.ft’/Ibm.R (Table A-1E). The emissivity of water is I
0.95 (Table A-18). The mass diffusivity of water vapor — |

in air at the average temperature of 80°F = 540 R = 300 |
K is determined from Eq. 14-15 to be

T 2.072 10 (300K) 2.072

Dag =Dy, 0.4ir =1.87x1071° — =1.87x10 =2.54x10° m?/s = 2.73x10* &t ?/s

Analysis (a) The pond surface can be treated as a flat surface. The Reynolds number for flow over a flat surface is

VL (40x5280/3600f/s)(100 f)

: =3.46x10"
v 1.697x107* 1 /s

Re

which is much larger than the critical Reynolds number of 500,000. Therefore, the air flow over the pond surface is turbulent,
and the Nusselt number and the heat transfer coefficient are determined to be

Nu = 0.037Re, *®Pr'® =0.037(3.46x10")%8(0.7290)"/ = 35,785

Nuk  (35785)(0.01481 Btu/h-ft - °F)
L 100 ft

Nheat = =5.30 Btu/h-ft 2 -°F

Then the rate of heat transfer from the air to the water by forced convection becomes

Q  =hyA (T, —T,) = (5.30Btu/h-ft 2 -°F)(10,000 ft ?)(90 — 70)°F = 1,060,000Btu/h (to water)

conv

(b) Noting that the emissivity of water is 0.95 and the surface area of the pool is A; = (100 ft)(100 ) =10,000t 2 heat
transfer from the top surface of the pool by radiation is

Qug = AC(TS —To 1) = (0.95)(10,000 £ 2)(0.1714 x107® Btu/h- 1t 2 - R*)[(550 R)* — (520 R)*] = 299,400 Btu/h

(c) Utilizing the analogy between heat and mass convection, the mass transfer coefficient is determined the same way by
replacing Pr by Sc. The Schmidt number is determined from its definition to be

v 1.697x107*ft%/s

Sc= 4g2
Dp  2.73x107°f /s

=0.622
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Then utilizing the analogy between heat and mass convection, the Sherwood number is determined by replacing Pr number
by the Schmidt number to be

Sh=0.037Re, *¥sc!® = 0.037(3.46 x107) %8 (0.622)Y/® = 33,940
Using the definition of Sherwood number, the mass transfer coefficient is determined to be

_ ShD,s  (33940)(2.73x10~* ft'/s)

h
mass D 1001t

=0.09271/s

The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the saturation pressure of water at
the surface temperature (P, s = 0.6988 psia at 90°F). The humidity of air is given to be 100%, and thus the air far from the
water surface is also saturated. Therefore, P, ,, = Pyygr0-r = 0.3632 psia.

Treating the water vapor as an ideal gas, the vapor densities at the water-air interface and far from the surface are determined
to be

5 .
At the surface: Pus = o= 00998 psia =0.00213 Ibm/ft®

® " R,T, (05957 psia-f >/Ibm-R)(0 +460) R

Pl 0.3632 psia

= = . =0.00115 Ibm/#3
R,T,  (0.5957 psia-ft °/Ibm-R)(70 + 460) R

Away from the surface:  p, ,

Then the evaporation rate and the rate of heat transfer by evaporation become

M =hiass A (Pys = Pu) = (0.0927 1/5)(10,000 1 #)(0.00213 - 0.00115) Ibm/ft®
=0.908 Ibm/s = 3269 Ibm/h

and Qevap =My Ngy = (3269 Ibm/h)(1043 Btu/lbm) = 3,410,000Btu/h

Discussion All of the quantities calculated above represent heat loss for the pond, and the total rate of heat loss from the
open top surface of the pond to the surrounding air and surfaces is

:de +Q

Q +Q__ =299,400+1,060,000+ 3,410,000 = 4,769,400 Btu/h

total, top conv evap

This heat loss will come from the deeper parts of the pond, and thus the pond will start cooling unless it gains heat from the
sun or another heat source. Note that the evaporative heat losses dominate. Also, the rate of evaporation could be determined
almost as accurately using mass fractions of vapor instead of vapor fractions and the average air density from the relation

n“]evap = Nirass pA(WA,s - WA,oo) .
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14-175E A swimmer extends his wet arms into the windy air outside. The rate at which water evaporates from both arms and
the corresponding rate of heat transfer by evaporation are to be determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable since the mass
fraction of vapor in the air is low (about 2 percent for saturated air at 60°F). 2 The arm can be modeled as a long cylinder.

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the average temperature of
(40 + 80)/2 = 60°F and 1 atm, for which v = 1.588x10™ ft¥s , and p = 0.07633 Ibm/ ft* (Table A-15E). The saturation
pressure of water at 40°F is 0.1217 psia. Also, at 80°F, the saturation pressure is 0.5073 psia and the heat of vaporization is
1048 Btu/lbm (Table A-9E). The gas constant of water is R = 0.5957 psia.ft*/Ibm.R (Table A-1E). The mass diffusivity of
water vapor in air at 60°F = 520 R = 288.9 K is determined from Eq. 14-15 to be

2.072 2.072
Das = Dy.oair =1.87x1071° T 18710 {288.9K} 7 2.35<10° m?/s = 2.53x10~* &t /s
2 P latm
Analysis The Reynolds number for flow over a cylinder is Air, 1 atm
40°F, 50% RH
Re VD _ (20x5280/3600 fi/s)(3/12 ) 46180 oo

v 1.588x107* t %/s

The Schmidt number in this case is Wet arm ////
A4g2
sce 1.588<10" tt /8:0.628 k‘\ ]

Dps 253107t /s N
Then utilizing the analogy between heat and mass convection, the Sherwood number is 80°F
determined from Table 14-13 or by replacing Pr number by the Schmidt number in Eq.
7-35, the result is
0.62Re®5ScH/3 re V" 0.62(46180)°5(0.628)% [ ( 46180 ¢ |
Sh=0.3+— 2 +[ ] =0.3+= : ——7 1+[ : ] =125
[1+ (0.4/3(;)2’3]l 282,000 14 (0,4/0.628)2/3]l 282,000

Using the definition of Sherwood number, the mass transfer coefficient is determined to be

_ ShD,g  (125)(2.53x10 1t */s)

h
mass D 3/12t

=0.1265t/s

The air at the water surface is saturated, and thus the vapor pressure at the surface is simply the saturation pressure of water at
the surface temperature (0.5073 psia at 80°F). The vapor pressure of air far from the water surface is determined from

Py = Peara@r, = (0.50)Psgauorr = (0.50)(0.1217 psia) = 0.0609 psia

Treating the water vapor as an ideal gas, the vapor densities at the water-air interface and far from the surface are determined
to be

P .
At the surface: Pys = —o= 05073 psia =0.00158 Ibm/t®

* R, (0.5957 psia-ft 3/Ibm- R)(80 +460) R

Py 0.0609 psia

— —— =0.000204 lbm/#3
RyT.,  (0.5957 psia-t °/Ibm-R)(40 + 460) R

Away from the surface: p, ,, =

Then the evaporation rate and the rate of heat transfer by evaporation become
M, = Niass As (Py,s = Pueo) = (0.1265 R/5)[2 x 7 (3/12 1)(2 1)](0.001 58 — 0.000204) Ibm/#t 3
=5.47x10"* Ibm/s=1.97 Ibm/h
and Qevap =My Ny = (5.47x107* Ibm/s)(1048 Btu/lbm)=0.573 Btu/s

Discussion The rate of evaporation could be determined almost as accurately using mass fractions of vapor instead of vapor
fractions and the average air density from the relation ;= N PAMWA s —Wa ) -
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14-176 A sphere of ice is exposed to wind. The ice evaporation rate is to be determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable since the mass
fraction of vapor in the air is low (about 2 percent for saturated air at 300 K). 2 The flow is fully developed.

Properties The properties are given in problem statement.

Analysis The Reynolds and Schmidt numbers are

Re= YD _ (S0/38M90.05M) _g o, 18 —  Wind
v 132x107 m¥s —  1oC
7 — 50km/h

se=—¥ 18240 M 505,10

DAB - 2.5><10_5 m2/s

The Sherwood number is

21305 6 PN R
Sh=[4+1.21(ReSc) ]° = 4+1.21[(5.26x10 )(5.28 10 )] =334

Using the definition of Sherwood number, the mass transfer coefficient is determined to be

-5 2
D 0.05m

The evaporation rate is determined as follows:

' Pro  Par P
N =Ny AC = hmass(Ru—T “Rr )" irass = (1-0.10)

u
0.56 kPa (1_ 0 10)
(8.314kPa - m3/kmol - kg)(272 K) '
=3.72x107% kmol/m? -s
Myap = NIMA = (3.72 x 10 kmol/m? - 5)(18 kg/kmol)[(0.05 m)?
=5.26x10"" kg/s=1.89g/h

=(0.0167 m/s)
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14-177 Benzene-free air flows in a tube whose inner surface is coated with pure benzene. The average mass transfer
coefficient, the molar concentration of benzene in the outlet air, and the evaporation rate of benzene are to be determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable. 2 The flow is
fully developed.

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the specified temperature of
25°C and 1 atm, for which v =1.562x107° m?/s (Table A-15). The mass diffusivity of benzene in air at 298 K is
D s =0.88x107° m?/s (Table 14-2). The molar mass of benzene is 78 kg/kmol.

Analysis (a) The Reynolds number of the flow is

Re— VD _ G m/s)(O.gS rr;) 16,005 benzene
v 1562x107> m-/s
which is greater than 10,000 and thus the flow is turbulent. The —, Air,25°C
Schmidt number in this case is 1atm, 5 m/s
5,2
sce 21.562x10 m</s _1775

Dps  0.8810°m?/s
Therefore, the Sherwood number in this case is determined from Table 14-13 to be
Sh=0.023Re"® 5c®* = 0.023(16,005)*(1.775)** = 66.8
Using the definition of Sherwood number, the mass transfer coefficient is determined to be

_ ShD,s _ (66.8)(0.88x10° m?/s)

= =0.0118 m/s
mass D 0.05m

h

(b) The molar concentration of benzene in the outlet air is determined as follows

P 13kPa
* R, (8.314kPa-m%/kmol-K)(25 + 273 K)

=5.25x10"° kmol/m®

(Cs _Cin)_(cs _Cout)
In( Cs _Cin J
Cs _Cout
(5.25x107° —0) - (5.25x10 > -C,,)

n 5.25x107° -0
5.25x107° —C,,

VAc (Cout _Cin) = hmassA

(5)(7 x0.052 / 4)(C,; —0) = (0.0118)(7r x 0.05x 6)

—Cyy =3.56x107% kmol/m?®
(c) The evaporation rate of benzene is determined from
mevap = MVA, (Cout -Cin)

7%(0.05m)?2

= (78 kg/kmol)(5 m/s 3.56x10~2 kmol/m® -0
g

=2.73x107% kg/s =9.81kg/h
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14-178 The liquid layer on the inner surface of a circular pipe is dried by blowing air through it. The average mass transfer
coefficient, log-mean driving force for mass transfer (in molar concentration units, the evaporation rate, and the tube length
are to be determined.

Assumptions 1 The low mass flux model and thus the analogy between heat and mass transfer is applicable since the mass
fraction of vapor in the air is low (about 2 percent for saturated air at 325 K). 2 The flow is fully developed.

Properties Because of low mass flux conditions, we can use dry air properties for the mixture at the specified temperature of

52°C and 1 atm, for which v =1.818x107°> m?/s (Table A-15). The mass diffusivity of water vapor in air at 52+273 = 325 K
is determined from Eq. 14-15 to be

10 T 2.072
Das =Dy oair =1.87x107" ———
AB H,0-air Wet pipe
2.072
~187x10%0 B2 3004105 m? /s _
1 . Air,52°C
Analysis (a) The Reynolds number of the flow is 1atm, 5 m/s
Re= YD __ O s)(o.gs ";) ~13750
v 1.818x107> m-/s
which is greater than 10,000 and thus the flow is turbulent. The Schmidt number in this case is
-5 52
sc- ¥ 1.818x10 i m2 /s 0606
Das 3.00x10 > m*“/s
Therefore, the Sherwood number in this case is determined from Table 14-13 to be
Sh=0.023Re® 5c%“ = 0.023(13,750)°°(0.606)** =38.49
Using the definition of Sherwood number, the mass transfer coefficient is determined to be
hD 49)(3. ~m?
- ShDpg _ (38.49)(3.00x10° M*/s) _ o 1oono e
D 0.05m
(b) The log-mean driving force for mass transfer (in molar concentration units) is determined as follows
P
. 13.0kPa ~5.03x10~ kmol/m?
RyT  (8.314kPa-m>®/kmol-K)(325 K)
R . .
A 0 1X;L3 6kPa =5.03x10"* kmol/m?
R,T  (8.314kPa-m®/kmol- K)(325 K)
P, 10.0 kPa

Cout = - : =3.70x10~3 kmol/m?
R,T  (8.314kPa-m*/kmol- K)(325 K)

(Cw —Cin) —(Cu —Cout)
In(CW ~Cin J
Cy —Cout
 (5.03x10% -5,03x10™*) - (5.03x10"° ~3.70x107%)

n 5.03x107% -5.03x107*
5.03x107° -3.70x1073

AC =

=2.61x1072 kmol/m?®

(c) The evaporation rate is determined from
n.']evap = MVAC (Cout - Cin)

2
= (18 kg/kmol)(5 m/s)@(&mxm*3 —5.03x107*) kmol/m®

=5.65x10"* kg/s =2.03kg/h
(d) The tube length is determined from

5.65x107* kg/s
18 kg/kmol

m
li;l""p =has AAC — = (0.02309 m/s)7(0.05 m)L(2.61x10~% kmol/m*®) — L=3.32m
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Fundamentals of Engineering (FE) Exam Problems

14-179 The basic equation describing the diffusion of one medium through another stationary medium is

. d(C,/C) . d(C,/C)
@ Jja AB X (B) ja AB dx
C) ja :_kM (d) ja :_kd_T e) None of them
dx dx
d(C,/C)

Answer (a) jo =—CDgg q
X

14-180 For the absorption of a gas, like carbon dioxide, into a liquid, like water, Henry’s law states that partial pressure of
the gas is proportional to the mole fraction of the gas in the liquid-gas solution with the constant of proportionality being
Henry’s constant. A bottle of soda pop (CO,-H,0) at room temperature has a Henry’s constant of 17,100 kPa. If the
pressure in this bottle is 120 kPa and the partial pressure of the water vapor in the gas volume at the top of the bottle is
neglected, the concentration of the CO, in the liquid H,O is

(a) 0.003 mol-CO,/mol (b) 0.007 mol-CO,/mol (c) 0.013 mol-CO,/mol
(d) 0.022 mol-CO,/mol (e) 0.047 mol-CO,/mol

Answer (b) 0.007 mol-CO,/mol

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

H=17.1 [MPa]

P=0.120 [MPa]

y=P/H
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14-181 A rubber object is in contact with nitrogen (N,) at 298 K and 250 kPa. The solubility of nitrogen gas in rubber is
0.00156 kmol/m?®-bar. The mass density of nitrogen at the interface is

(a) 0.049 kg/m® (b) 0.064 kg/m® (c) 0.077 kg/m? (d) 0.092 kg/m? (e) 0.109 kg/m?

Answer (e) 0.109 kg/m?

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T=298 [K]

P_N2_gasside=250 [kPa]*Convert(kPa, bar)

S=0.00156 [kmol/m”3-bar] "Table 14-7"

C_N2_solidside=S*P_N2_gasside

M_N2=MolarMass(N2)

rho_N2_solidside=C_N2_solidside*M_N2

14-182 Nitrogen gas at high pressure and 298 K is contained in a 2-m x 2-m x 2-m cubical container made of natural rubber
whose walls are 4 cm thick. The concentration of nitrogen in the rubber at the inner and outer surfaces are 0.067 kg/m? and
0.009 kg/m?®, respectively. The diffusion coefficient of nitrogen through rubber is 1.5x10™° m?/s. The mass flow rate of
nitrogen by diffusion through the cubical container is

(a) 8.24x10™%kg/s  (b) 1.35x10%kg/s  (c) 5.22x107 kgls  (d) 9.71x10°kg/s  (e) 3.58x10° kg/s

Answer (c) 5.22x10° kg/s

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

s=2 [m]

L=0.04 [m]

rho_A_1=0.067 [kg/m~3]

rho_A_2=0.009 [kg/m~3]

A=6*s"2

D_AB=1.5E-10 [m~2/s] "Table 14-3b"

m_dot_diff=D_AB*A*(rho_A_1-rho_A 2)/L
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14-183 A recent attempt to circumnavigate the world in a balloon used a helium filled balloon whose volume was 7240 m®
and surface area was 1800 m® The skin of this balloon is 2 mm thick and is made of a material whose helium diffusion
coefficient is 1x10™ m?s. The molar concentration of the helium at the inner surface of the balloon skin is 0.2 kmol/m* and
the molar concentration at the outer surface is extremely small. The rate at which helium is lost from this balloon is

() 0.26 kg/h (b) 1.5 kg/h () 2.6 kg/h (d) 3.8 kg/h () 5.2 kg/h

Answer (c) 2.6 kg/h

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

Ci=0.2 [kmol/m"3]

Co=0 [kmol/m"3]

D=1E-9 [m"2/s]

L=0.002 [m]

M=4 [kg/kmol]

A=1800 [m”2]

Ndot=D*A*(Ci-Co)/L

Mdot=Ndot*M*3600

14-184 Carbon at 1273 K is contained in a 7-cm-inner-diameter cylinder made of iron whose thickness is 1.2 mm. The
concentration of carbon in the iron at the inner surface is 0.5 kg/m® and the concentration of carbon in the iron at the outer
surface is negligible. The diffusion coefficient of carbon through iron is 3x10™* m%s. The mass flow rate carbon by diffusion
through the cylinder shell per unit length of the cylinder is

(a) 2.8x10° kg/s (b) 5.4x10° kg/s (c) 8.8x10° kg/s (d) 1.6x10° kg/s (e) 5.2x10°® kg/s

Answer (a) 2.8x10 kg/s

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T=1273 [K]

D_i=0.07 [m]

D_o=D_i+2*0.0012 [m]

rho_A_1=0.5 [kg/m~3]

rho_A_2=0 [kg/m"3]

D_AB=3.0E-11 [m"2/s] "Table 14-3b"

r_1=D_i/l2

r_2=D_o/2

L=1[m]
m_dot_diff=2*pi*L*D_AB*(rho_A_1-rho_A_2)/In(r_2/r_1)

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.




14-141

14-185 The surface of an iron component is to be hardened by carbon. The diffusion coefficient of carbon in iron at 1000°C is

given to be 3x10™ m?/s. If the penetration depth of carbon in iron is desired to be 1.0 mm, the hardening process must take at
least

(@) 1.10h (b) 1.47 h (c) 1.86 h (d) 2.50 h () 2.95 h

Answer (€) 2.95h

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

D_AB=3E-11 [m"2/s]

delta_diff=1E-3 [m]

delta_diff=sqrt(pi*D_AB*t)

t_hour=t*Convert(s, h)

14-186 A natural gas (methane, CH,) storage facility uses 3 cm diameter by 6 m long vent tubes on its storage tanks to keep
the pressure in these tanks at atmospheric value. If the diffusion coefficient for methane in air is 0.2x10* m%/s and the
temperature of the tank and environment is 300 K, the rate at which natural gas is lost from a tank through one vent tube is

(a) 13x10™° kg/day  (b) 3.2x10™ kg/day (c) 8.7x10° kg/day  (d) 5.3x10™ kg/day (e) 0.12x107 kg/day

Answer (a) 13x107° kg/day

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

d=0.03 [m]

L=6 [m]

D_AB=0.2E-4 [m"2/s]

P=101 [kPa]

T=300 [K]

M=16 [kg/kmol]

A=pi*d"2/4
Ndot=(D_AB*A/(R#*T))*(P/L)
Mdot=Ndot*M*Convert(day, s)
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14-187 Saturated water vapor at 25°C (Pg,; = 3.17 kPa) flows in a pipe that passes through air at 25°C with a relative humidity
of 40 percent. The vapor is vented to the atmosphere through a 7-mm-internal diameter tube that extends 10 m into the air.
The diffusion coefficient of vapor through air is 2.5x10° m?/s. The amount of water vapor lost to the atmosphere through
this individual tube by diffusion is

(a) 1.02x10°® kg (b) 1.37x10° kg (c) 2.28x10° kg (d) 4.13x10° kg (e) 6.07x10° kg

Answer (b) 1.37x10°® kg

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T=25[C]

phi=0.40

D=0.007 [m]

L=10 [m]

D_AB=2.5E-5 [m"2/s] "Table 14-2"

P_A_O=pressure(steam_iapws, x=1, T=T) "pressure of vapor at x=0"

P_A L=phi*P_A 0 "pressure of vapor at x=L.=10 m"

A=pi*D"2/4

R_u=8.314[kPa-m"3/kmol-K]

N_dot_vapor=(D_AB*A)/(R_u*T)*(P_A_0-P_A_L)/L

MM=MolarMass(H20)

m_dot_vapor=N_dot_vapor*MM

time=24+*3600 [s]

m_vapor=m_dot_vapor*time

"Some Wrong Solutions with Common Mistakes"
P_A_L=0 "Taking the vapor pressure at air side zero"
N_dot_vapor=(D_AB*A)/(R_u*T)*(P_A_O-W_P_A_L)/L
_dot_vapor=W_N_dot_vaporMM
_vapor=W_m_dot_vapor*time

W_
W_N_
W_m
W_m

14-188 When the is unity, one can expect the momentum and mass transfer by diffusion to be the same.
(a) Grashof (b) Reynolds (c) Lewis (d) Schmidt (e) Sherwood

Answer (d) Schmidt
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14-189 Air flows in a 4-cm-diameter wet pipe at 20°C and 1 atm with an average velocity of 4 m/s in order to dry the surface.

The Nusselt number in this case can be determined from Nu = 0.023Re®® Pr®4 where Re = 10,550 and Pr = 0.731. Also, the
diffusion coefficient of water vapor in air is 2.42x10"° m?/s. Using the analogy between heat and mass transfer, the mass
transfer coefficient inside the pipe for fully developed flow becomes

(a) 0.0918 m/s (b) 0.0408 m/s (c) 0.0366 m/s (d) 0.0203 m/s (e) 0.0022 m/s

Answer (d) 0.0203 m/s

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

D=0.04 [m]

T=20[C]+273 [K]

P=1 [atm]

V=4 [m/s]

Re=10550

Pr=0.731

D_AB=2.42E-5 [m"2/s]
Nus=0.023*Re”0.8*Pr"0.4 "Table 14-13"
Sh=Nus

h_mass=(Sh*D_AB)/D

"Some Wrong Solutions with Common Mistakes"
W_Sh=3.66 "Considering laminar flow"
W_h_mass=(W_Sh*D_AB)/D

14-190 Air flows through a wet pipe at 298 K and 1 atm, and the diffusion coefficient of water vapor in air is 2.5x10° m%s.
If the heat transfer coefficient is determined to be 35 W/m?-°C, the mass transfer coefficient is

(a) 0.0326 m/s (b) 0.0387 m/s (c) 0.0517 m/s (d) 0.0583 m/s (e) 0.0707 m/s

Answer (a) 0.0326 m/s

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T=298 [K]

P=1 [atm]

h_heat=35 [W/m”2-C]

D_AB=2.5E-5 [m”"2/s] "Table 14-2"

rho=1.184 [kg/m”"3]

c_p=1007 [J/kg-C]

alpha=2.141E-5 [m"2/s]

h_heat=h_mass*rho*c_p*(alpha/D_AB)"\(2/3)
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