CONVECTION PROCESSES OF
BOILING AND CONDENSATION

e Dimensionless Parameters
< Boiling

Pool Boiling
Forced Convection Boliling

e Condensation

Laminar Film Condensation
Turbulent Film Condensation



Dimensionless Parameters

Vapor SH==3==|quid =2= |L
bubbles = Rt e =

h — h[AT, g(pl _pV)’ hfg’a I—;,O, Cp1 k’ﬂ]



Dimensionless Parameters
h — h[AT, g(p| _pV)’ hfgyo-y |—1,0, Cp! k’ﬂ]

Nu, _ht_ f(pg(p.z—pv)’Ja’ Pr, Bo)
K 7
pg(p| _pv) B buoyancy force (Gr _ g,BATLj
10 ~ viscous force v’
13— c,AT _ sensible heat Jacob No
h,, latent heat
op MG _ v _ viscous diffusion
"= T,  thermaldiffusion
2 .
a0 g(p, —p,)L _ gravity force Bond No.

o surface force



e Pool boiling

e Forced convection boiling




e Subcooled boiling

Temperature of the liquid:
below the saturation temperature

Bubbles formed at the solid surface:
condense Iin the liquid

e Saturated bolling

Teat = Tsat(P)



Newton’s law of cooling

q.=h(T, - T, ) =hdT,

sat

AT, excess temperature

formation of vapor bubble
detach process from the surface

e Vapor bubble growth and dynamics

excess temperature
nature of surface
thermopysical properties



Pool Bolling
e Saturated pool boiling

Vapor ==t |jq g =d=
hubbles Too—a= - D =55

Iiy)



Nukiyama’s power-controlled heating
apparatus: boiling curve

o400 Vapor, 1 atm ol
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power setting (orq.): independent variable
wire temperature (or 4T,): dependent variable



Nukiyama’s boiling curve

Heating curve with

nichrome and Burnout of
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Modes of pool boiling
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e Free convection boiling
1/4

laminar:  h~(4T,), q~(4T,)
turbulent: h~(4T,)", q'~(4T,)

5/4

4/3

e Nucleate boliling

Isolated bubbles: heat transfer dominant by
fluid mixing near surface

jets or columns: small values of the excess
temperature change cause high rates of
heat transfer

h~10*W/m?-K



e Transition boiling
(unstable film boiling, partial film boiling)

blanket begins to form on the surface
oscillation between film and nucleate boliling

film surface
total surface

occ INCrease in AT,

« Film boiling

Leidenfrost point: completely covered by a
vapor blanket

Heat transfer by conduction only through the
vapor film, radiation becomes dominant.



Pool Boiling Correlations

e Nucleate pool boiling

number of surface nucleate sites
the rate at which bubble originate from each site

Nt — M £ Nt
NuL—CfCReL Pr

From force balance between buoyancy and
surface tension

g(p.a— p,)

characteristic length scale: D, oc \/



characteristic velocity scale:

V oc&oc
L,

D,

"

4,

oC

(plhfg D, /OIQ'DS) PN

t,: the time between bubble departures

correlation for nucleate boiling
Rohsennow (1952)

q: = lul hfg

a(p - p,)

O

1/2

(¢, AT,

L Cs ¢ g, Pr )

for C;;and n: see Table 10.1



« Critical heat flux for nucleate boiling

Operation of a boiling process:

close to the critical point
danger of dissipating heat in excess

Zuber (1958)

"o

qmax

Chfglov

a9(p - p,)

2

Py

1/4

properties at saturation temperature

large horizontal cylinder, sphere, large finite
surfaces: C=24/r~0.131

within 16% deviation

large horizontal plates: C =0.149



 Minimum heat flux

for large horizontal plates

Zuber (1958)

—11/4

go(p - p,)
i (pl + PO, )2

qr'r'nn = vahfg

properties at saturation temperature

C=0.09 accurate to about 50%



< Film pool boliling
vapor film blanket: no contact between the
liquid phase and the surface

for film boiling on a cylinder or sphere of
diameter D

NIt _hconvD_ _g(p|_pV)h:°9D3_
Vvkv (Ts _Tsat)

h, =h,, +0.80c (T, -T,)

properties at film temperature: T, = (TS +T

sat

1/4

)/2

C = 0.62 for horizontal cylinders
C =0.67 for spheres



at elevated surface temperatures: T, > 300°C

significant radiation across the vapor film
Bromley (1950)

ﬁ4/3 — ﬁ4/3 + ﬁl/S

conv rad

When hrad < ﬁconv’ h=nh +—h

= 30'(TS4 —Tsit)

rad T —T

S sat




Example 10.1

T, .= 100°C —

Water-filled copper
pan, D =0.30m

:—:—:—:—:—:—:—:—‘—%‘—:—:—‘Z:‘j T,= 118°C
Electrical heater :__:::::_j’ __T_____%____

/
Find:

q, electrical power

input or heat transfer
1) The power required to boil water in the pan, (,
2) Evaporation rate due to boiling, r‘hb

3) Estimation of critical heat flux, O,
Assumption:

Steady-state, atmospheric pressure, water at uniform

temperature T, = 100°C, large pan bottom: polished copper,
negligible heat loss from heater to surroundings



1) Power

ATe =118 -100=18°C : nucleate boiling
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108

10*

Critical heat flux,

o
(fl max

- — — — — —

AT,y ALp AT ¢ AT p

Leidenfrost point, gmin

10°

1/2
" g "
S =lu|hfg|: (plo_ '0 ):| (

g, =0;A

10 30 120
AT, =T,-T,,(°C)

2
, TD

1000

Cp,IATe

= (), =59.1 kW
4

Cs,fhfg Pr,’

properties:
4, =279x107° N-s/m?
hfg = 2257 kJ/Kg
p, = 957.9 kg/m’
p, =0.5955 kg/m’

o =58.9x10° N/m
¢, =4.217 kd/kg-K

Pr, =1.76
From Table 10.1
C.,=0.0128, n=1.0

J = 836 kW/m’



2) Evaporation rate

qs = rT.]bhfg

m = r? — 0.0262 kg/s = 94 kg/h

fg

3) Ciritical heat flux

( _ ) 1/4
qr’r’1aX=Chfgpv|:O-g pl pV :|

2

Py

C = 0.149 for large horizontal plate

q"  =1.26 MW/m?



Example 10.2 Ambient air

p=1atm

Find: Power dissipation per unit length for the cylinder, CI;

Assumption:
Steady-state, atmospheric pressure, water at uniform
temperature T, = 100C,



g, (Wim )

AT, =255-100=155"C :film boiling
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K vk, (T, =T )

1y = Ny +0.80c, (TS _Tsat)

q. =q;(=D)

h(zD)AT,

h*3 =h*3 £ h/3
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rad —
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properties:
p, =1/v, =957.9 kg/m®, h, =2257 kJ/kg, p, = 0.4902 kg/m?,
c,, =1.980 ki/kg- K, k, = 0.0299 W/m- K, 4, = 279x10™° N-s/m’

_ k,[9(p-p)n,D°
o D i Vvkv (Ts_Tsat) |

1/4

=238 W/m*-K

S sat

h = ) =21.3 W/m?-K
T.-T

S sat

_ «90'(T4—T4

ﬁ4/3 — 2384/3 + 21 31/3
h =254.1 W/m?-K

q. =h(#D)AT, =742 W/m



Forced Convection Boiling

e External flow
e Internal flow: Two-phase flow

e External forced convection boiling

effect of forced convection and subcooling:
Increase the critical heat flux

Ex) water at 1 atm
pool boiling: 1.3 MW/m?
convection boiling: 35 MW/m?



for a crossflow over a cylinder of diameter D

=

1/3
] q" 1 4
low velocity: maX__ — — 11+
y ph NV 7 (W j

1/2

0.  (ale)" (alp)

high velocity: = +
9 y pvhng 1697z 19.27[We1D’3
VD inertia force
Weber number: We_ = Py = _
o surface tension

hVS x o3

v fg

" 1/2
high and low velocity region: I >O'275(p') +1



e Two-phase flow
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for saturated boiling region in smooth circular tube
choose larger values of h  0<Xx<08

0.1 " 0.7
L _ 06683(&j XO.lG (1_ )?)0'64 f(Fr)+ 1058( qs ] (1_ )z)O.S GS f
m"h |

o/
p pv fg

0.45 " 0.7
RS (I A

-1
p pv m hfg

h,,: associated with liquid forced convection region
m” =m/A

h,D  (f/8)(Re,—1000)Pr

K 1+12.7(f /8)" (Pr**-1)

Nu, =

all properties: at saturation temperature



J‘Ac pULT, X) XdA, X: time average mass fraction of

X m vapor in fluid

For negligible changes in fluid’s kinetic and potential

energy, and negligible work
- q.7z Dx
X(x)==

mh

fg

G+ Surface-liquid combination
Values of G for various surface-liquid combination

Fluid in Commercial Copper Tubing G, ;
Kerosene 0.488
Refrigerant R-134a 1.63
Refrigerant R-152a 1.10
Water 1.00

For stainless steel tubing, use G, ;= 1.




f(Fr): stratification parameter
- " 2
(m / p,)
gD

f(Fr) = 1. for vertical tubes and for horizontal tubes
with Fr>0.04

Froude number: Fr=

f (Fr)=2.63Fr’° for horizontal tubes with Fr < 0.04

Applicable when channel dimension is large
relative to bubble diameter

/ _
Co=\/a g(l’;)' pv) s% Co: Confinement number
h
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Condensation
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e Condensation thickness: thermal
resistance between vapor and surface

— horizontal tube bundles preferred

e Dropwise condensation: favorable
to heat transfer

— surface coatings to inhibit wetting

e Condensation design: often based on
fillm condensation



 aminar film condensation on a vertical
plate
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1 (x) NUSSG't (1916)

ib. 4 IBEEESSss dq =hy, dm .

q" (bedx - | -—

1’ | i\ Assumptions
|__ft§' ______ : v dm

1) Laminar flow, constant properties

ti + it 2) Gas: pure vapor and uniform
temperature at T,

3) Heat transfer only by condensation
(neglect conduction)

vapor, . 4) Negligible Momentum and energy
transfer by advection (low film
flow velocity)

5) @) =0
=0 ay y=3

' I \

T, | [T T
- EHIHIETHN sat
I”!I'|“|'!|l!||llli

| _.|I.||I|I||||IH:III“
| Liquid,  jllith!




Momentum and energy conservation

X- momentum equation

o°u dp
0= - —+
ﬂl ayZ dX plg

d

Vapor, v d_z= pvg
o°u g
~ 2" \PI— A

Tsat ayz ﬂ| ( I )
fﬁlllll”nlu 24| =0 viscous force ~ buoyancy force
it el
a1




9(p-p,)8"| _2( yjz
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o

o /4|%|+ ot

condensate mass flow rate
per unit width
Vapor, v
m(X) 5(x)
LE LR =r(x)=["pu(x,y)dy
T == Tun b 0
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o
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R
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m (x) m(x)
l T(X)=T energy conservation

g (bedn) T 7777 2on Hshedn g = h,,drh = g7(bdx)
-— iE? dg "-'1 .
B e Y. B " kI (Tsat _Ts)
q =
l S
m+ dm

1 dm d (m dr dr o'

"_h. = —Hh —h N N

T e g T dx( b) “dx  dx hg

d_r=k|(T8at_TS) _F(X)= g[)l(;)l_[)v)d3
dx ohy, I 34, )

dr _ kI (Tsat _Ts) _ gpl(pl _IOV)52 d5

dx  &h, I dx




g9p (pl _pV)52 do _ kI (Tsat _Ts)
U, dx oh,

53d5 — k|ﬂ| (Tsat _TS) dX
9o, (p - p, )Ny

1/4

_4kllul (Tsat _Ts) X_

5(X) =
0 ap(p-p)hy

sensible heat transfer correction
cpAT

ht, = h,(1+0.68Ja), Ja= .
f

9




" K Tsa _Ts k
qs=hx(Tsat_Ts)= I( ; ) )hx=gl
B 11/4
50 = | Mot (T = T.)
9o (o -p )Ny

—_ , —11/4
ap, (o - p,)K’h A =£J‘Lh dx = 2 h
| L L 0 X 3 L

h, =
' i 4:ul (Tsat —TS)X |
B , L4
ﬁL =0.943 9P (p' _pV) (lghfg
i H (Tsat _Ts) L _
I~ B , 1/4
Nu, = n L =0.943 gp'(p' _pV)hfgL3
k' B lul kI (Tsat _Ts) |




HL 1/4
Nup =—-

_ooug 92 (A =)L
kI :ul kI (Tsat _Ts)

liquid properties at film temperature

T +T
Tf — sat + S
2
eyt @t Ty

* inclined plate: g —» gcosé

= tube: R>>6¢



e Turbulent film condensation

|

4

Y

Laminar,
wave-free

Res = 30
Laminar,
wavy

- Res = 1800

Turbulent



mass flow per unit depth

F(X) = pl Um5(X)
_4r

Re, =—
H

= Wave-free laminar region

. 3
F(X) — gpl (pé pv)5
["(x) =p;u,d(x) #
3
Re, = 49A1(P —zpv)5

SH



assuming p, >> p,

1/4

4k (T =T)x

sat

o —
0 ap(p-p)hy

-11/4

h, = 0.943_ 90 (A = P, )k
H (Tsat _Ts) L

ﬁL(VIZ / g)1/3

=1.47Re;'"”* (Re, < 30)

B —13/4

K L(Te = T,)

sat

Re, = 3.78 )
_:ulh;g(vlzlg)




= Laminar wavy region 30< Re, <1800

ﬁL(V,Z/g)U3

Re,

Re;

kI

_3.70k, L(T.

~ 1.08Ret?-5.2

sat

_Ts)

i ,U| h'fg (V|2 / g)1/3

—0.82

+4.8

= Turbulent region Re, >1800
— 5 1/3
hL(v,/g)

Re,

Re;

K

~ 8750+ 58Pr°°(Re}"~ 253)

0.069k, L(T,,

-T

S

) Pr’>—151Pr°+ 253

U h'fg(vlzlg)

1/3

413



1.0

Modified Nusselt number for condensation

on a vertical plate

Equation 10.38

Equation 10.39

2y 1113
EL (1— I .I'Ig:l

Laminar
@ve-free[ Wau>
0.1
10 100

1000 1800
Re;

Equation 10.40
30

10,000



e Film condensation on radial system

_ [ap(o-p)kH, T
lul (Tsat _Ts) D

C =0.826 for sphere
C =0.729 for tube

= a vertical tier of N tubes

- / —1/4
n 0720 9p, (P - £, )N,
| N:ul (Tsat _TS)D

ﬁD,N = ﬁD N~




e Film Condensation in Horizontal Tubes

Condensate

e ——— e ey B e T e o e e

_Vapor —>

—y —— —— —— —— -

_ 9o, (o, - p, )k h,

h, = 0.555
’ H (Tsat _Ts) D

| 3
hfg = hfg +§Cp,l (Tsat _Ts)




e Dropwise Condensation

steam condensation on copper surface

h, =51,104+ 2044T_ ('C) 22°C<T,, <100°C

sat —

h,. = 255,510 100°C < T,



