11.2 Heterogeneous Bubble Nucleation and Ebullition

% Waiting period
v Bubble influenced area: four times the cross section of the departing bubble
v" Hsu and Graham (1961)

= One-dimensional transient conduction in a slab with a know thickness, &

v" Han and Griffith(1965)
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11.2 Heterogeneous Bubble Nucleation and Ebullition

% Waiting period
v" Han and Griffith(1965)

b, Transient Thermal Layer

Since the convection intensity near a solid wall is damped down
due to the no slip boundary condition for a solid surface, the
use of the pure conduction equation is justified in determining
the temperature distribution in this thin layer of fluid near the
heating surface. For this particular problem, a simplified
physical model is shown in Fig, 2.

Initial condition is

= at x=o0
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The solution to this problem is found from Ref. (1) as
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Fig.2 Temperature Distribution in a Semi-Infinite Conductor
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If the actual temperature distribution near the wall is
assumed to be a straight line distribution, the slope of

this straight line is determined by equation (5). This
assumption has been justified through measurements made
in Reference (6). With this fact, one can introduce the
notion of thickness of transient thermal layer by drawing

a tangent line from x = 0 on the T - T~ X curve defined
by (3), the interception of this straight line on X-axis gives
the transient thermal layer thickness as shown in Fig, (3).

§ =kt o

This means that the temperature distribution at any instant
varies linearly from the wall to x=§ , beyond & , the fluid
does not know whether the wall is hot or cold. The layer
thickness increases with the square root of waiting time.



11.2 Heterogeneous Bubble Nucleation and Ebullition

% Waiting period
v" Han and Griffith(1965)
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From potential flow theory and the fluid flow analogy, the L
potential line in fluid flow is just equivalent to the isothermal

line in heat conduction, the distance of an isothermal line 'f' 53 9 [ {Tw"Tu ) R. ]2
w

passing throughthe top point of a waiting bubble is —37- RC Tk o 4”’* Tw-Ts (f _ 2o )
distant from heating surface when measured on the straight w - Sat R.f{U

part of this isothermal line.

Fluid temperature at X = —‘;-—Rc is
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Equating this temperature to the bubble temperature yields
the criterion of initiation of a bubble growth from a nucleate
site of cavity radius R as
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11.2 Heterogeneous Bubble Nucleation and Ebullition

< Heat Transfer Mechanisms in Nucleate Boiling

v" The phenomenology described in the previous section

= For the isolated bubble zone of the partial boiling regime

v Recent DNS and mechanistic model

= Mechanistic bubble ebullition model based on microlayer evaporation predicts well the
experimental data obtained with a polished surface and well-characterized artificial

cavity
= However, heated surfaces have unknown cavity characteristics

— Limited practical and design application

v" Partial boiling regime

= Nucleate boiling + natural convection
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(c) Vapor columns, large vapor mushrooms

v With increasing heat flux
= The contribution of convection diminishes i
+ bubble frequency & nucleation increase -
= Bubble interaction in the lateral direction gﬂ
O
Q

— formation of vapor mushrooms
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(b) Discrete bubbles. (d) Large vapor mushrooms, vapor patches(?)




11.2 Heterogeneous Bubble Nucleation and Ebullition

< Heat Transfer Mechanisms in Nucleate Boiling

v" Transition from isolated bubbles to columns and mushrooms
= Transition from partial to fully developed nucleate boiling

= Evaporation at the periphery of the vapor stems in the liquid macrolayer

v Correlation for the transition (Moissis and Berenson, 1963)

1/4
y og
q. = 0.11«/§pghfg(A—p) 0 (degree)

Bulk Liquid

Vapor Mushroom

v Main difficulty

= Nucleation sites

Nnmpooonfl

Microlayer Liquid in Macrolayer

= Non-linear and conjugate nature of a multitude of subprocesses
= Constant wall temperature or heat flux ? — invalid

= Modeling of bubble behavior based on static force balance — invalid




11.3 Nucleate Boiling Co

*+» Rohsenow correlation (1952)

rrelation

v The oldest and most widely used nucleate boiling correlation
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Nu = Re!™" pr—m

v Assumptions

Small effect of surface

= Small effect of liquid pool temp.

v" Laplace length scale

AL = = ij Py =pg(22,)
v Velocity & HTC
qﬂ
= h H = W
QW/pf 19 Tw Tsat
v Then,
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Its typical error in calculating g when Tw is H ) /

known is about 100% J //

In calculating Tw—Tsat when qw is known the ,;f \\7

error is about 25% (Lienhard and Lienhard, 2005) J

In(Ty = Ta)

Surface combination Cy m+1
Water—nickel 0.006 1.0
Water—platinum 0.013 1.0
Water-emery polished copper 0.0128 1.0
Water-brass 0.006 1.0
Water—ground and polished stainless steel 0.008 1.0
Water-Teflon pitted stainless steel 0.0058 1.0
Water—chemically etched stainless steel 0.0133 1.0
Water—-mechanically polished stainless steel 0.0132 1.0
Water—emery polished, paraffin treated copper 0.0147 1.0
CCly—emery polished copper 0.007 1.7
Benzene—chromium 0.01 1.7
n-Pentane—chromium 0.015 17
n-Pentane—emery polished copper 0.0154 1.7
n-Pentane—emery polished nickel 0.0127 1.7
Ethyl alcohol-chromium 0.0027 1.7
Isopropyl alcohol-copper 0.0025 1.7
35% K,COs—copper 0.0054 1.7
50% K,COs—copper 0.0027 1.7
n-Butyl alcohol-copper 0.0030 1.7

n = 0.33, m = 0 for water and m1 = 0.7 for other fluids.



11.3 Nucleate Boiling Correlation

*+» Rohsenow correlation (1952)

v The oldest and most widely used nucleate boiling correlation

Wy 1 o 0y
Nu=——=_—Re!™"Pr™m A= | —— = qw/prh H=_—™"—
ki Cy 9(or — pg) e Tw — Lo
) 1-n o
Ty — Toar |9 —pg) 7 T\ wpporhsg |g(pr — py) kr
. n-—1 m
Ty — Tout = Cor 2 o [L1aw d (”fcpf)
W T ke |gor —p) \ ir hyg | g(or — pg) ky
C Tw - Tsat _ C Cpf QW 1 CIW <
vf htg f htg kf g(Pf Pg) “f hsg g(Pf )

m

Coy Tw = Tsar Cor HrCpr Qw 1 qw g ﬂprf
- S
PI hyy ke \urhsg | g (Pf pg) |\ tir hrg |g(os —
12/ +1
_ HrCor( _aw 1 qw ﬂprf "
ke \wrhrg g (Pf pg) |\ tr heg |a(or — pg)




11.3 Nucleate Boiling Correlation

" n m+1
. . Ty — T. q o uC
< Roh | 1952 w — Trat
« Ronsenow correlation Cpt = Cy| ¥ ket
hig thig k
A_METHOD OF CORRILATING HEAT TRANSEER DATA ] J T T T T
: l;g PSIA - A -1
i i ous o 14.7 PSIA
X 265 - a 55 -
by 10 o ass . |0E s 3
. + 265 -
w3 = 515 -
Warren M. Rohsenows 2k : Sen i
SUGRT =L . _
. o NP - B8O A (12
A mothod based on & logical explanation of the mechenism of heat trens- S5 5[z oL Boriime
ue x CICHELLI-BONILLA (12) 1o ETHYL ALCOHOL =
for associated with the boiling process is presented for correlating heat 10 POOL BOILING BENZENE - = ON POLISHED PLATED GHROMIUM ]
ON I -
POLISHED PLATED CHROMIUM I
transfer data for nucleate boiling of nqum for the case of pool boiling. j Mo(w il )o_u(w‘)” B o L, DOOZT ”h'u g(;::;') )o.ss(%l)m:
The suggested relation is il il g‘&"a"‘] i R L1 L
1. 7 001 0.1 .00l 0.01 1.0
1/A o" 9 /:' :—t Ty ﬁ hc_:, Tx —Nﬁ
C ) 9 P
&5 k
! h'ﬂ L
T  TRLATRUTLINTR AL
vhere the various fluid properties are evaluated at the saturation tempera-
umumwmubowwmmc“u-mmawomu- m T
lar heating surface-fluid combination, b o 22.4 PSIA
Heat transfer data for forced convection flow without boiling is corre- f! ; I:":'G
L] .
lated by the normal Nusselt number, Reynolds mmber based on pipe dismeter and 0.10 i e 4.3| I
il AR il
Prandtl mumber, For pool boiling with essentially saturated liquids, Jakob (1) - S =
ghows that the heat transfer from the surface is for the most pert itransferred 1l il
directly to the liquid, the incressed heat transfer rate associsted with boil- { - —
1
ing being accounted for by the resuliding sgitation of the fluid by motion of ;S‘ - N
the 1iquid  flowing behind the wake of the bubble deperting from the surface. g Il
Rohsenow and Clark (2) showed a similar resuit in studying motion pictures of il CRYDER-FINALBORGO (i5)
MeAdema {3) Tor subeecled 1iquids flowing in forced convection with surface g e (I j il it —
7= 1L" BRASSITUBE=WATER
bilirg but no net generatien of vaper, Gunther and Kreith (4) end Gunther(5)
I RRIRANBY AL LU JIL P )P oy
o gt @ Gosnelptel NG sl it TR A (ug hig Y 9(pg=py) ke
i o incering, Massectusetis Institute of 0.0l ! i T L
£ .00l .0l



11.3 Nucleate Boiling Correlation

4. Large pan bottom surface of polished copper.

0:0 RO h Se n OW CO r re | a‘t i O n ( 1 9 5 2) 5. Negligible losses from heater to surroundings.

Properties: Table A.6, saturated water, liquid (100°C): p, = l/v;= 957.9kg/m’, ¢,, =
Cy=4217kVkg K, w=p =279 X 10°N-s/m’, Pr,=Pr;=1.76, hy=2257kl/ke,

m+1 o =589 X 10~ N/m. Table A.6, saturated water, vapor (100°C): p, = 1/v, = 0.5956 kg/m’.

Cor Ty — Tiat —C q::, o |" U»Cp

f
hig S mihig V' gAp

n = 0.33, m = 0 for water and m = 0.7 for other fluids.

k Analysis:
f 1. From knowledge of the saturation temperature 7, of water boiling at 1 atm and the
temperature of the heated copper surface 7, the excess temperature A7, is

AT, = T,— T, = 118°C — 100°C = 18°C

According to the boiling curve of Figure 10.4, nucleate pool boiling will occur and the
g( p[ — p ) 112 CP / AT{) 3 recommended correlation for estimating the heat transfer rate per unit area of plate sur-
2 ? ’

no__ face is given by Equation 10.5.
qs = pihy, O

1 - 2 ( ¢, AT, \3
Cs,fhfg Pr q¢ = wihy [g(p’ pLV)] (C " )

o s.rh Pri

The values of C ; and n corresponding to the polished copper surface-water combina-
tion are determined from the experimental results of Table 10.1, where C, ;= 0.0128
and n = 1.0. Substituting numerical values, the boiling heat flux is

ExampLE 10.1

The bottom of a copper pan, 0.3 m in diameter, is maintained at 118°C by an electric heater.

Estimate the power required to boil water in this pan. What is the evaporation rate? Estimate ¢'=279 X 1076 N - s/m? X 2257 X 10° J/kg

9.8 m/s” (957.9 — 0.5956) kg/m* |22
Find: X 3
58.9 X 107* N/m

1. Power required by electric heater to cause boiling.
2. Rate of water evaporation due to boiling. » ( 4.217 X 10*J/kg - K X 18°C
0.0128 X 2257 X 10* J/kg X 1.76

3
) = 836 kW/m?
3. Critical heat flux corresponding to the burnout point.

Schematic: Hence the boiling heat transfer rate is
2
T, = 100°C /.;,,, a=q' X A=gq' X "T4D
\ / 2
7(0.30 m) '
Water-filled copper 1 qs = 8.36 X 10° W/m* X —— ——=59.1 kW <
pan, D=0.30m T,=118°C
Electrical heater 2. Under steady-state conditions all heat addition to the pan will result in water evapora-
tion from the pan. Hence
g, electrical power
input or heat transfer
q, = myhy,
Assumptions: where m,, is the rate at which water evaporates from the free surface to the room.
1. Steady-state conditions. Itfollows that
: heri . 91 x 10*
2. Water exposed to standard atmospheric pressure, 1.01 bar. my = 4 _ 591 X10°W  _ 0.0262 kg/s = 94 kg/h <

3. Water at uniform temperature 7, = 100°C. hy, 2257 % 10° kg




11.3 Nucleate Boiling Correlation

*» Forster and Zuber (1954)

hap 1
Nu=—=_—Re!™Prm
u ki Cyr € r

v The length and velocity scales

= Based on the growth process of microbubbles suspended in a superheated liquid
R= |= R=2/=— \/l_‘ R=C L{Loo Sat\/{
2 pghfg v ot 2 pghfg VAL JoarLpvhig

v" Generic heat transfer correlation & length scale

. |
Nu = 0.0015Re"%? prl-33 Re ~ ptRR/ i Nu= _dv °
ATsat kf
J AT piCpe/ots | 20 [ Ot ]1/4 , 2o
pgh’fg APLAP B Psat(Tw) - P

v" Final form

17 1/2 «31/4 2 5/8
9w (™ piR — 0.0015 Pr (Tw — Tsa)ks T (LLCP/k)l/3 Used in Chen correlation
pghig \ o 20 Jir: pghig o f No surface effect




11.3 Nucleate Boiling Correlation

% Growth of a vapor bubble in superheated liquid
v" Three phases of growth
v" First phase: Rayleigh solution, hydro-dynamically controlled

= At low pressures, the bubble grows approximately at a constant rate (R =~ const)

= The time duration is very short. (~pus)
v" The second phase

= Transition from hydrodynamically controlled growth to a thermally controlled growth
v" The third phase: thermally controlled

= |nertia and surface tension effects are insignificant.

Bubbl ing i
Sl:Jperﬁegiz\éwl?guliga Poo S I:)\/ S Psat (Too)
T, (P )T, <T,

Liguid




11.3 Nucleate Boiling Correlation

% Growth of a vapor bubble in superheated liquid

v Hydro-dynamically controlled growth
= Assumption: inviscid liquid behavior, stagnant and infinitely large liquid field

= Potential flow theory

1d (,do do . do
¢ 2 dr( dr) 0 P UL=R at r=R I 0 for r— o0
Continuity equation
R’R

* Solution ¢ =-——"-

= Momentum conservation

9 (99}, 0 u*\  10P
or \ ot or\2)  por




11.3 Nucleate Boiling Correlation

% Growth of a vapor bubble in superheated liquid
v" Momentum equation at the interface

) 1 1 : R2R
% 4 UL L —P=—P.  UL=03p/or=RR/P  p=-——1
at oL L r

d ([ R?R +1 R*R*\ Pyn—Py
ot r ANl

1[ 28R OR? 1<R4R2>
——|R2— 4+ R—| 4=

1. .. . 1/R*R?\ P,—P
—;[R2R+2RR2]+§< >= =

r ot ot 2\ r* r4 p
atr =R
. 3. P, —P
—RR —ZR? = -
2 p
. 3 £ PL_Poo . .
RR +§R = Rayleigh equation




11.3 Nucleate Boiling Correlation

% Growth of a vapor bubble in superheated liquid

v Rayleigh’s equation for the special case of P, — P,,=const.
yleig q P

RR + %Rz = M X RZR
2 PL
2 P B 3 1/2
(R3 2y 220 Pe)pap L Ry =R, Ry = 2 1) 1—(&) |
PL 3pL R
2(PL— Px))'?
v For R » R,, R(r)%{(L )} t
3pL
= Hydrodynamic and liquid-inertia controlled bubble growth
v Coupling with the gas phase
- — — — . _ _2_0 _ . hfg(TB - Tsat)
PL Poo—(PL PV)+(PV Poo) PL Pv— R Pv Poo— Tsat(Uv_UL)
. 3., P.—Py ) , T,
RR+ZR == — RR + §R2—|— 20 — i (Tp — Toa) =0 Extended Rayleigh equation

2 PL 2 pLR  prL T (vy — L)



11.3 Nucleate Boiling Correlation

% Growth of a vapor bubble in superheated liquid

v' Extended Rayleigh’s equation + Energy conservation eq. for liquid

. 3. 2 hio (Tg — Tia
RR + 2 p2 n o fg( B t)
2 pLR  prLTsa(vy —vL)

-0 Two unknowns of Tz and R

UL = RZR/I’2

+ |C & BC T =

g atr=R,t >0,

T att =0,
a9t 2 ar rrar\ or

v" Neglecting viscous effect and surface tension + p, > p,

i(RgRZ) _ zpvhfg(TB — Tsat)

PL Tsat 3 PL

R@ ~ | 22T — Ti) ”
3pLTR

1/2
vahfg(TB - Tsat)] / ¢
3p1Tsat

R(t) =[

RZR R(f)% {Z(PL_ 00

P )}”Zr



11.3 Nucleate Boiling Correlation

% Growth of a vapor bubble in superheated liquid

v Example

= For inertia controlled bubble growth, estimate the interface velocity of a 0.2mm
diameter bubble growing in water at atmospheric pressure and 120 °C.

T =100°C,  h, =2257kJ /kg,
p, =958kg/m°, p, =0.598kg/m’

T,-T.(P)) hp )| R(t)_[(2(T-Tu(P)) . ||
R(t):{(g{( Tsat(Pi) ))}h: ]} ‘9 T_{H T (P2) ]: ]}

=7.10m/s




11.3 Nucleate Boiling Correlation

% Growth of a vapor bubble in superheated liquid

v" For the thermally controlled growth phase

q" = pvhng

= Ts ~ Tat : since the bubble is relatively large during its thermally controlled growth

v 1D transient heat conduction equation into a semi-infinite medium

_ kL(Too - Tsat)
N ot

"

2k (T, — T.
R=C L( Sat)x/i

N avahfg

Plesset and Zwick (1954)

Forster and Zuber (1954)

(Too - Tsat)pl Cpl

Ja =
plhfg
R=CJaat

+ |IC

C=l/ﬁ

C=3/n

C=.n/2

R=0atr=0

Bubble Radius, [mm]

ATsup =10k

Plesset and Zwick [39]
Birkhoff et al. [40]

Scriven [41]

>

Mikic et al. [44] &

il \ 1\ Forster and Zuber [36]
Zuber [42]

—
-
——
—
-

Fritz and Ende [37]

-
- - -
-

Prisnyakov [43]

Water, P =1 atm

0 2 4 6 8 0° 12 14 16 18 20 22

Time [ms]

24
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% Growth of a vapor bubble in superheated liquid
v" Complete bubble growth process (MIKIC, ROHSENOW and GRIFFITH, 1970)

L 2 N2 g \32 . RA . A
R :§|:(t —|—1) —(t ) —1:| ,Where R —? { —?
172 s
L, AT (P.)]h,p, p_(12a)7 o L= Ta) Py
pv]—;at (Poo) T
m-lg Equation (13)
[ * Experimental data [|5]
v For t+ « L,R* = t* ] o e v
-=~- Equation (17}
(Rayleigh solution) ok
v Fortt >»1,Rt =+tt v
(Plesset and Zwick solution) o
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% Stephan and Abdelsalam (1980)

v Found to have good accuracy
Nu = HdBd/kf

= dgg: bubble departure diameter, Fritz model

v" For water in the range 10™* < P/P.. < 0.886

0.673 >\ ~138 522
qwdBa hyedy, 126 Ap\
Nu = (0.246 x 10’ v = 6y = 45°
u ( X )( kf Tsat ) ( C(% (CPf Tsatd Bd / ) ( Of ) 0

v" For refrigerants (propane, n-butane, carbon dioxide, and several refrigerants
including R-12, R-113, R-114, and RC-318), in the range 3x 1073 < P/P.,. < 0.78

i 0.745 0.581

qwdBd Pg 0.533 o

Nu =207 —— — P , 6y=35
" ( ki Tiat ) ( Of ) f 0




11.3 Nucleate Boiling Correlation

“» Gorenflo (1993)

v Widely respected correlation

Reference surface roughness parameter

g = For(q"/q0)" (Rp/Rpp)* '3 where g =20000 W/m*>  Rpy = 0.4 um
0

v" For water

Pressure correction factor

Fpr = 1.73P"%7 + (6.1 - %) P,

n=0.9-03P"
Table 11.2. Reference parameters for the correlation of Gorenflo (1993) for selected fluids.

v For Other ﬂUIdS Fluid P (bar)  Hy (W/m?2.K)  Fluid P, (bar)  Hy(W/m2.K)
Water 220.6 5600 R-11 44.0 2800
1 Ammonia 113.0 7000 R-12 41.6 4000
0.27 Sulfur hexafluoride 376 3700 R-13 38.6 3900
Fpr = 1.2P77" + (2'5 + 1-P ) P, Methane 46.0 7000 R-22 49.9 3900
T Ethane 48.8 4500 R-23 48.7 4400
Propane 424 4000 R-113 34.1 2650
n=09—03pP"3 Benzene 48.9 2750 R123 367 2600
f n-Pentane 33.7 3400 R-134a 40.6 5040
i-Pentane 333 2500 R-152a 452 4000
Nitrogen (on Pt) 34.0 7000 RC-318 280 4200
Work very well in predicting experimental data Nitrogen (on Cu) 34.0 10 000 R-32 5782 6550
with newer refrigerants Propane 42.48 5210 R-152a 45.17 5570
i-Butane 36.4 4320 R-143a 3776 5410
Ethanol 63.8 4400 R-125 36.29 4940

Acetone 470 3950 R-227ea 29.80 4860




11.3 Nucleate Boiling Correlation

EXAMPLE 11.2. Using the correlations of Rohsenow (1952), Cooper (1984), and Goren-
flo (1993), calculate the boiling heat transfer coefficient for a mechanically polished
stainless-steel surface submerged in saturated water at a pressure of 179 bars. The
wall is at Ty, = 490 K. Assume a mean surface roughness of 2 um.

SOLUTION. The relevant properties are Cp; = 4,524 J/kg-K, ks = 0.647 Wim-K, us =
1.30 x 10 *kg/m-s, pr = 856.7kg/m?, p, = 9.0kg/m?, T,y = 480K, hg, = 1.913 x
106 J/kg, and o = 0.036 N/m.
First, consider Rohsenow’s correlation. From Table 11.1 we get C;r = 0.0132. We
also have m = 0 and n = 0.33. Equation (11.29) can now be solved for gy, resulting
in
n=0.12 - 0.21log;,(Rp) = 0.0568.
0 Ronsenow = 9-147 x 10° W/m®,
We can now solve Eq. (11.40) to get
We now consider Cooper’s correlation. We have
@ Cooper = 1:247 x 10° W/m’.
P; = P/P.; = 17.9 bars/220.6 bars = 0.0811,
M =18, Lastly, we consider the method of Gorenflo. From Table 11.2, we have Hy =

5600 W/m?. Furthermore, gy = 20,000 W/m? and

and
n=0.9-03P"" =069,
Rp =2,
0.68
_ 0.27 2 _
and so Fr = 1.73Pr%%7 4 [6.1 + T Pr] Pr* = 0.923.

We can now calculate the boiling heat transfer coefficient from Eq. (11.41), noting
that

RP 2].11'[1

= =5.
Rpo 0.4 pm

Equation (11.41) must be solved simultaneously with the following equation:

"
4w Gorenflo — HGorenflo(Tw - Tsat)a

"

w Gorenflo A0d HGorenflo as the two unknowns. The result will be

with ¢

q:.Gorenﬂo = 8.98 x 105 V\Ulfl'l2




