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{Example 2.5}

{Based on assumptions, T_s=25 C, and concentration of CO2 at s surface is zero.}
MM_v=18.

MM_air=29.

MM_CO2=44

D_d=0.55e-3

U_d=2.

T_G=25.+273.

T_L=25.+273.

P_G=1.0133e5

phi=0.6

P_sat=P_sat(Water, T=T_G)

P_v=phi*P_sat

X v=P v/IP_G

m_v=X_v*MM_v/(X_v*MM_v+(1.-X_v)*MM_air)

X vs=P_sat/P_G
m_vs=X_vs*MM_v/(X_vs*MM_v+(1.-X_vs)*MM_air)
mu_G=viscosity(AIR, T=T_G)

rho_G=density(AIR,T=T_G,P=P_G)

k_G=conductivity(AIR,T=T_G)

nu_G=mu_G/rho_G

C_PG=cp(STEAM,T=T_G,x=1)
D_12=(1.97e-5)*(101330./P_G)*((T_G/256.)*(1.685))
Sc_G=nu_G/D_12

Pr_G=prandtl(AIR,T=T_G)

Sh_G=2.

Sh_G=K_massG*D_d/(rho_G*D_12)

Nus_G=2.

Nus_G=H_G*D_d/k_G

{Part a: First neglect the blowing effect}
m_dd_val=K_massG*(m_vs-m_v)

{Now include blowing effect}

B_mG=(m_v-m_vs)/(m_vs-1.)

m_dd_va=K_massG*In(1.+B_mg)

{Part b: Now we have heat transfer as well. However, by fixing T_s at 50 C, evaporation rate will also be fixed, and will be decoupled
from HT}

T_sb=273+50

P_vsb=P_sat(water, T=T_sb)

X_vsb=P_vsb/P_G
m_vsb=X_vsb*MM_v/(X_vsb*MM_v+(1.-X_vsb)*MM_air)
B_mGb=(m_v-m_vsb)/(m_vsb-1.)
m_dd_vb=K_massG*In(1.+B_mgb)

{c: This time we deal with CO2 mass transfer rate. Let us solve for case (a)}
m_C02s=0.0

X_C02G=500.e-6
m_C02G=X_CO2G*MM_CO2/(X_CO2G*MM_CO2+X_v*MM_v+(1-X_v-X_CO2G)*MM_air)
D_aC02=0.16e-4

Sh_G=K_massCO2*D_d/(rho_G*D_aC02)

{First without the blowing effect:}
m_ddCO2=K_massCO2*(m_C0O2s-m_CO2G)

{Now with blowing}

m_ddtot=m_dd_va+m_ddCO2b
B_mGCO2=(m_C02G-m_C02s)/(m_CO2s-(m_ddCO2b/m_ddtot))
m_ddCO2b=m_ddtot*m_CO2s+K_massCO2*(In(1.+B_mGCO2)/B_mGCO2)*(m_CO2s-m_CO2G)

MM, = 18

MMair = 29
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MMcoe = 44
Dy = 0.00055
Ug = 2

Te = 25 + 273
T, = 25 + 273
Ps = 101330
¢ = 06

Peat = Psa ['Water' , T=Tg ]

I:)v = (|) . Psat
X, = it

Pa

MM,
m, = X, -
Xy - MM, + (1 - X\,)- MM gy

Xy = P sat

Pa
o _ ¥ MM,

oo Xvs - MM, + (1 - X ) MMr

ue = Visc ['Air , T=Tg ]
pGg = p['Ail",T:TG,P:PG]
ke = k[AiIr,T=Tg ]

HG
Vg = —

pa

Cps = Cp['Steam' ,T=Tg,x=1]

101330 Te 1'%
Dy, = 0.0000197 - ——— . | &
Pe 256
VG
Scg =
D1,
Pre = Pr['Air,T=Tg ]
Shg = 2
D
ShG = KmassG —d
PG Dy,
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Nusg = 2
D
NUSG = HG =<
Ka
Madvat = Kmassa [mvs mv]
my — My
Bng = ———
mys — 1
Magva = Kmassg - IN [1 + Bng ]

Te = 273 + 50

vab = Psat ['Water' ,T=st ]

P

Xvsb = PV_Sb
G
MM,
m = X .
. [ X MM, + (1 = Xue ) - MMy

my — Mygp
B = —
meo Mysp — 1
Mygdvo = Kmassa - In [1 + Bmab ]
Mcoas = 0

Xcoss = 0.0005

MM co2
Xcosg * MMcoz + Xy - MM, + (1 = X, — Xcoza ) - MMy,

Mcoec = Xcooa

Dacoz = 0.000016

D
ShG = KmassCOZ d
pG - Dacoz
Madgcoz = Kmasscoz - [Mcozs — Mcoza )
Madtot = Maddva + Maddcozb
B __Mco2c — Mcozs
mGCo2 = m
Moose — ddCO2b
M ddtot
In [1 + Bchog ]
M 4dcozb = Magiot * Mcozs + Kmasscoz - : [mCO2s — Mcoza ]
Bmacoz
SOLUTION
Unit Settings: [J)/[K]/[Pa]/[kg]/[degrees]
Bma = 0.007998 Bmab = 0.07276 Bmgcoz2 =0.01198
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Cpc = 1887

Dd = 0.00055
Kmasscoz2 = 0.06893
MMco2 = 44

mco2g = 0.0007638
Mddco2o = -0.00005233
Mddyvat = 0.0008597
mvs = 0.01947

vGé = 0.0000156

Pc = 101330

Pvsb = 12253

Shc =2

Tsb = 323

Xv =0.0186

6 potential unit problems were detected.
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D12 =0.00002545
He =92.72
Kmassc = 0.1096
MMv = 18

mcozs = 0

Mddtot = 0.000821
Mddyvb = 0.007699
mvsb = 0.07866

¢ =0.6

Psat = 3141

pG =1.185

Te =298

Ud =2

Xvs =0.031

10/21/2007 11:26:07 PM Page 4

Daco2 = 0.000016
ke =0.0255

MMair = 29

uG = 0.00001848
mddco2 = -0.00005265
Mddyva = 0.0008733
mv = 0.01163
Nusg =2

Pra =0.7281

Pv =1884

Sce =0.613

TL =298

Xcozag = 0.0005
Xvsb = 0.1209
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{P 2.7}

P_inf=101330.

T _sat_inf=T_sat(Water, P=P_inf)

T cr_w=647.15
sigma=0.238*(1-T_sat_inf/T_cr_w)*1.25%(1.-0.639*(1.-T_sat_inf/T_cr_w))
rho_f=density (water, P=P_inf, x=0.0)
rho_g=density(water, P=P_inf, x=1.)
h_f=enthalpy(Water, P=P _inf, x=0.)
h_g=enthalpy(Water, P=P_inf, x=1.)
h_fg=h_g-h _f

{R=1.e-6}
DelT_sup=2.*sigma*T_sat_inf/((R*h_fg*rho_g)
DelT_subc=2.*sigma*T_sat_inf/(R*h_fg*rho_f)

Py = 101330
Teatinr = Tsat [Water , P = Py ]

Tew = 647.15

c = 0238 - [1 - M]LZS : [1 - 0.639 - (1 _ oo )]

orw orw
pr = plwater ,P=Piy,x=0]
pg = p[water ,P=Py,x=1]
hy = h[water ,P=Piys,x=0]

hy = h[water ,P=Pi,x=1]

hfg = hg - hf
T
DelTqpy = 2+ ¢ - —=0
R - hyg - pg
Tt
DelTgpe = 2 - 6 - ——20
R " hfg : pf
SOLUTION

Unit Settings: S| K Pa J mass deg
(Table 1, Run 14)

DelTsubc = 0.0004092 DelTsup = 0.6563
hf = 419073 hig = 2.257E+06
hg =2.676E+06 Pinf = 101330

R =0.00005 of =958.4

pg =0.5975 o =0.05929
Terw =647.2 Tsatinf = 373.2
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5 potential unit problems were detected.

Parametric Table: Table 1

R DelT,,,
Run 1 1.000E-06 32.82
Run 2 0.000002 16.41
Run 3 0.000002 16.41
Run 4 0.000003 10.94
Run 5 0.000004 8.204
Run 6 0.000005 6.563
Run 7 0.000006 5.469
Run 8 0.000007 4.688
Run 9 0.000008 4.102
Run 10 0.000009 3.646
Run 11 0.00001 3.282
Run 12 0.00002 1.641
Run 13 0.00004 0.8204
Run 14 0.00005 0.6563
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o Ve L The conservation equations for the liquid phase can then be represented as:

%+%=o \ ®)
8uL BPL (azul_ azuL ] - 6
Y e L NG
ot ox (ox* 9y
ov, oP (9%v, 9%

The gas phase conservation equation are similar, except that they do not include viscosity.
Periodic motion of incompressible fluid surfaces obeying the Navier-Stokes equations can be

represented using a potential and a stream function- :© ° _° Each velocity component of the

liquid is therefore assumed to consist of an inviscid term and a perturbation representing the

effect of viscosity 71 "

uL=ug+UL (8)
v =vg+VL ‘ )
P=P? ' (10)

where parameters with superscript 0 represent ideal fluid conditions, and U and V represent the

velocities in x and y directions due to viscosity, respectively. The gas phase is assumed to be
inviscid; the gas velocity domponents therefore do not include terms representing viscosity. The

above ideal-fluid velocities are represented by a potential function of the form:

O, =4, e P cosk x (11)
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2.16. 3

@G = Ag cosh[ k(y+8)]e” cosk x (12)

where for both phases:

a ol @ 8
(v )—[ax,ay (13)

These potential functions fully represent the irrotational, ideal liquid and gas fields. The liquid

velocity terms that account for the viscosity-induced rotational motion can be represented by a

stream function, ¥, that must satisfy -

oy, 2
—Y L=y, V 14
3 ViV, (14)
where:
J 9
N - 15
(UL’VL) ( aysax ]WL ( )

Equation (14) and all the necessary boundary conditions can be satisfied using:
WL = BLe_my+aH sin kx (1 6)
Note that the above equation approximates the liquid core as infinitely-deep. Using Eq. (14), it

can be shown that:

2 k2+2 (17)

The above potential and stream functions are now utilized in a linear stability analysis, using
the following boundary conditions at the interphase:

VL =Vg (18)

v, 32
-P; +21; i—i‘- =—~PG-c;l'—n-APCr (19)
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1y [9-"!-+§”—f-—]= 0 (20)

dy ox
where:
k - -
n=—(B,— A )e™ coshx @1
()] : 2
P -Py=—py 2L 4,90 22)
ot y=0 ot =0

The term APy in Eqn. (19), which is de-stabilizing, is the surface tension force caused by the

curvature of the channel, and can be represented as:

_ o0 o _o (.. 7 .
o R-F R5 R—:SLHR—J) =

Equations (19-21) following substitution _for velocities using the aforementioned potential
and stream functions, lead to:

"'"AL ‘f‘BL —.AG sinh(kh)-—:{) (24)

2% 4y —(m® +k%) B, =0 (25)
_2;1 k2+k36— . k+pa) A+

ok ® (R-§)}@ S
a 26
r—2 L L gl ~[ pgorcosh (ki) | 4G =0 .
h 73 o (R-8) o L= Pc Ag =

A non-trivial solution is possible if the determinant of the coefficient matrix of Eqns. (24-26)

vanishes, and that leads to:
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2.L6.5

fe il
R?(1-H)

Q 1/2
+4K* l_[HF} +4QK? =0

[p" coth (R‘KH)+1]92 s + K3

(27)

' ' % 2.3
where p"=pg/p,; H=6/R; R" =R GZ;K=k 0'2 ; and Q=o)| £L L |. The
PLvL PLvVL o

interface is evidently unstable when Q > 0, and the neutral condition (2 = 0) occurs when

(k) = (28)

Disturbances with wavelengths longer than A, thus cause instability, where:
Aer =27 (R~ §) (29)
The neutral wavelength thus is similar to the predictions of the Kelvin-Helmholtz stability;
and does not depend on liquid viscosity, in agreement with the Taylor stability analysis for film

boiling of viscous liquids, " * The fastest growing wavelength, Qg , occurs when dQ/dK =0,

whereby:
ore ' Q, \-1/2
4 2
b _l02-4K]|2+]|14+—2
sinh® (R"KH ) K2 %

(30)

2
d

1/2 .
16k, |1-[ 143 | |-3x,2=0
K
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{P2.17}

R_01=10.e-6

R_02=100.e-6

R_03=500.e-6

gamma=1.4

P_L=101330.

T_L=298.

rho_L=1000.

sigma=0.071
omega_01=sqrt(3.*gamma*P_L/(rho_L*R_01"2))
f_01=omega_01/(2.*pi)
omega_02=sqrt(3.*gamma*P_L/(rho_L*R_02"2))
f_02=omega_02/(2.*pi)
omega_03=sqrt(3.*gamma*P_L/(rho_L*R_03"2))
f_03=omega_03/(2.*pi)

rho_a=density(air, P=P_L, T=T_L)
omega_21=sqrt((24.*sigma)/(R_013*(3.*rho_a+2.*rho_L)))
omega_22=sqrt((24.*sigma)/(R_02"3*(3.*rho_a+2.*rho_L)))
omega_23=sqrt((24.*sigma)/(R_03"3*(3.*rho_a+2.*rho_L)))
f_21=omega_21/(2.*pi)

f_22=omega_22/(2.*pi)

f_23=omega_23/(2.pi)

Rgy = 0.00001
Rgg = (0.0001
Res = 0.0005
vy = 1.4
P, = 101330
T, = 298
p. = 1000
o = 0.071
P
vy = 3y L -
pL Ro1
wo1
f, =
01 2
P
woz = 3oy o . 3
pL - Rez
o2
f. =
= 200w

PL
w3 = 3 sy B e
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File:C:\Old D Drive\Book Problems\P 2.17.EES
EES Ver. 7.964: #1733: Mechanical Engineering Department, Georgia Institute of Technology, Atlanta GA

wo3
f =
o 2 -7
pa = p['Ar ,P=P, T=T_]

_ 24 - o
. Ro13‘[3'pa+2'm]

24 - o
® =
& Rogs'[s‘pa +2'|3L]

24 - o
w23 = 3
Rgs . [3 " pa t 2 PL

w21

f =

21 5t 7 :
w2z

f .

22 2 T
023

faz = 5 s i

SOLUTION

Unit Settings: [JJ/[KY/[Pal/[kgl/[degrees]

fo1 =328332
fa1 = 146776
y=14

o3 = 41259
w23 = 2608
pL =1000
Roa = 0.0005

]

foo = 32833

faz = 4641

wo1 = 2.063E+06
@21 =922219
PL =101330

Ro1 =0.00001

c =0.071

10/22/2007 1:05:22 PM Page 2

fos = 6567

fas =415.1
woz = 206297
w22 =29163
pa =1.185
Roz = 0.0001
Tu =298
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File:C:\Old D Drive\Book Problems\P 2.17.EES 10/21/2007 11:38:02 PM Page 1
EES Ver. 7.964: #1733: Mechanical Engineering Department, Georgia Institute of Technology, Atlanta GA

{P2.17}
R_01=10.e-6
R_02=100.e-6
R_03=500.e-6
gamma=1.4
P_L=101330.
T_L=298.
rho_L=1000.
sigma=0.071
omega_01=sqrt(3.*gamma*P_L/(rho_L*R_01/2))
f_01=omega_01/(2.*pi)
omega_02=sqrt(3.*gamma*P_L/(rho_L*R_02"2))
f_02=omega_02/(2.*pi)
omega_03=sqrt(3.*gamma*P_L/(rho_L*R_03"2))
f_03=omega_03/(2.*pi)
rho_a=density(air, P=P_L, T=T_L)
omega_21=sqrt((24.*sigma)/(R_0123*(3.*rho_a+2.*rho_L)))
omega_22=sqrt((24.*sigma)/(R_02"3*(3.*rho_a+2.*rho_L)))
omega_23=sqrt((24.*sigma)/(R_03"3*(3.*rho_a+2.*rho_L)))
f_21=omega_21/(2.*pi)
f_22=omega_22/(2.*pi)

(

f_23=omega_23/(2.*pi)
Rg; = 0.00001
Rg2 = 0.0001
Rgzs = 0.0005
y = 14
P, = 101330
T, = 298
p. = 1000
c = 0.071
P
w01 = \/3 Y - 2
pL Ro1
o1
f =
01 5
P
®o2 = \/3 Y - 2
pL Roz
02
f =
02 5
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pa = p['Air ,P=P_,T=T_]

24 - ¢
w21 =
Rot® - [3-pa +2 pL]
24 - o
w22 =
Roa ° [8 - pa+2:pL]
24 - o
w23 =
Ross'[?"Pa +2'PL]
21
f =
21 o . TE
22
f =
2 2 -x
®23
f =
23 2 .
SOLUTION
Unit Settings: [J)/[K]/[Pa]/[kg]/[degrees]
for = 328332 fo2 = 32833 fo3 = 6567
fo1 = 146776 foo = 4641 foz =415.1
y=1.4 w01 = 2.063E+06 w2 = 206297
w03 = 41259 w21 =922219 w22 =29163
®23 = 2608 PL = 101330 pa =1.185
pL =1000 Ro1 = 0.00001 Ro2 = 0.0001
Ros = 0.0005 o =0.071 TL =298

1 potential unit problem was detected.
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Problem 2.7. For a microbubble surrounded and at thermal and mechanical equilibrium with liquid,
prove that the liquid must be superheated according to:

20 p+p,
P, - L“?Lp—
L

where P, is the pressure in the liquid phase and P, is the saturation pressure corresponding to the

temperature of the temperature of the bubble and its surroundings.

Also, for a micro droplet surrounded and at thermal and mechanical equilibrium with its vapor, prove
that the vapor must be supercooled according to

~_20P
R p,

sat v

where P is the pressure in the vapor phase and P, is the saturation pressure corresponding to the

temperature of the temperature of the bubble and its surroundings.
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