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ABSTRACT

1

The paper presents a three step model of the dispersed flow heat transfer process, using an analysis of a
single drop motion and heat transfer, and a statistical representation of the overall behaviour of the drops.
The resulting equation gives the total heat transferred to the flow in terms of the mass flux, flow quality,
fluid properties, wall roughness, and wall superheat. It includes the effect of contact angle or change in the
wet ability of the surface. The range of validity of the model and the equation extends from dry wall film
boiling to transition boiling, and is limited on the low temperature end by the critical Heat Flux region. Since
the equation is analytically derived, its differentiation with respect to wall superheat will yield the Minimum
Heat Flux point. The equation and model provide a very powerful base for analysis and prediction of post
Critical Heat Flux heat transfer. The stable film boiling data for dispersed vertical flow of liquid nitrogen
from reference [1] have been compared with the prediction and the results have been favourable.
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constants

constant

critical heat flux

mean drop concentration(kg/s-m?)
specific heat at constant pressure (KJ/kg k)
channel diameter (m)

kinetic energy (Nm)

force (N)

friction factor

axial mass flux (kg/s-m?)

gravitational acceleration (m/s?)
enthalpy of evaporation (kJ/kg)

drop transfer coefficient (m/s)
thermal conductivity (W/m-k)

drop deposition mass flux (kg/s-m?)
drop mass (kg)

mass flow rate (kg/s)

Numerical drop flux (s*m)

integer 1,2,3,

pressure (N/m?, bar)

penetration fraction

probability distribution function
Prandtl Number

Heat flux (W/m?)

gas constant

Reynolds Number; drop radius (m)
Temperature (K)

Time (s)

dimensionless relaxation tiJbe = V2[3NV
radial velocity of vapor between drop and wall (m/s)
velocity (m/s)

friction velocity (m/s)

dimensionless drop deposition velocity = V4/V*

quality.
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X
Y distance normal to wall (m)
Z axial distance (m)

Greek Symbols

Dispersed flow boiling in which the liquid drops are
discreetly distributed through a continuous vapour
phase, is characteristic of Post Critical Heat Flow
heat transfer. It occurs most frequently in boilers
that deliver superheated vapour, and considerable
interest is centred on the phenomena in the
analysis of beat transfer from, and heat up of, fuel rods
in Nuclear Reactors (BWR or PWR) in the event of
a loss of coolant accident.

The standard boiling curve for a given quality mass
flux and pressure set, is illustrated in figure 1. In
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radial coordinate between drop and wall (m)

P density (kg/m®)

) drop diameter (m)

c surface tension (N/m)

B particle relaxation time =2, ppré/vy (s)

v kinematic viscosity (m?/s)

u dynamic viscosity (kg/m-s)

o void fraction

Y fraction of drops, deposited at thermal boundary layer, which reach the wall

0 truncation angle

€ wall roughness

at thermal diffusivity (m?%s)

) heat transfer per unit area (kJ/m?)

10) guantity of heat (kJ)

AT temperature difference (K)

A constant

Subscript

bv, vb bulk vapour

bl at thermal. boundary layer

c contact

cp conduction path

d drop deposition

dc drop contact

i(=0,1-4) indices foe constant C

L liquid

m mean

min minimum

n normal to wall

ndc non drop contact

P particle
S saturation
v vapor
vf vapor film temperature, Tf = 1/2 (Tw +T,)
w wall; waD superheat;' corresponding to wall temperature
wm mean of distribution between E =0 and E =E,,
wv wall to bulk vapor
) drop
INTRODUCTION

the Post Critical Heat Flux region, two distinct
sections are obvious, vix, transition and stable film
boiling regions. In the former region, the heat flux
from wall to the flow deteriorates with wall
superheat increasing, while the converse is true for
the letter. This and other differences in behavious
have raised the question as to whether the boiling
process processes in the two regions are
fundamentally different. The dispersed flow boiling
model develop in this paper will show that the
boiling process are in fact, the same. The minimum
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heat flux point merely represents a point transfer, over heat transferred from wall to the bulk
ascendancy of direct drop-wall contact heat vapour and the liquid drops not touching the wall,
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while going from the high to the low wall

temperature boiling regions

The objectives of this paper are to present:

a) a structural description of the post CHF
dispersed flow boiling process,

b) a heat transfer model derived from (a)
above, leading to an analytic expression for
the total heat flux from wall to fluid,

c)a comparison of the relation from (b) against

known trends of the boiling curve and against

available liquid nitrogen data in the film boiling
region.

POST CHF DISPERSED FLOW AND
BOILING

The liquid drops in dispersed flow have
random velocities imparted to them by the
energy in the mean flow. For axial slip ratios,
V., /V, between 1 and 2, the axial velocities of
the drops are fairly uniform across the
channel, figure 2a. With heat addition, vapour
acceleration due to the evaporation process
accelerates the drop until the Weber Number,
pd( VV/VL)Z/G, reaches 3 critical value. The
drop then breaks up into two or more drops.
The droplet breakup process has been
analysed and introduced into dispersed flow
firm boiling modelling, with success, by
Forslund [2], and Hynek, Rohsenow, and
Bergles [3]. In so far as the drop velocity
component normal to and towards the wall
determines the deposition rate and
penetration liquid drops towards the hot wall, it
is fundamental to the determination of the
contribution of liquid drops to the overall heat
transfer from the wall. The evaporation of
liquid drops in the core, due to the
superheated vapour, helps of course to
desuperheat the vapour, increase the vapour
Reynolds Number, and thus increase the heat
transfer from the wall.

As a drop travels towards the wall it enters
the thermal boundary layer, and the
temperature gradient in the layer causes
differential evaporation around the drop. The
larger evaporation rate on the wall side,
coupled with the physical presence of the wall,
leads to a differential pressure force tending to
push the drop away from the wall. There are
also drag and 'jet' forces acting on the drop,
pushing it away from the wall. The latter
component is obtainable from the rate of
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change of momentum of the vapour
generated, applied to a control volume whose
boundary is coincident with the drop surface.
However, an estimation of their effective
values shows the ‘jet' and drag forces to be
two or more orders of magnitude less than the
pressure force. The pressure force itself
increases with wall superheat. Thus if the wall
superheat is high enough, it will be possible to
bring the drop velocity to zero and reverse it
before the drop touches the wall. At low wall
superheats, the drop will be able to hit the
wall, and at some intermediate ATw, the drop
will just touch the wall. For a given G, X and P
value set, there is a distribution of drop sizes
and drop deposition velocities. Thus the
possibility exists that at any given wall
superheat, some of the drops will make it to
the wall while others will not. This possibility of
drop-wall contact is not restricted to any wall
temperature, although at contact boundary
temperatures beyond the thermodynamic
critical temperature,supercritical phase
changes instantaneously result upon contact.
One assumption in the treatment of dispersed
flow film boiling is to ignore liquid drop-wall
contact. Liquid-wall contact in pool film boiling
has been demonstrated by Berenson [4].
There is no reason to suppose that such
contacts cannot occur in flow boiling. Thus
both the drops on the wall, drops in the
thermal boundary layer but not touching the
wall, and the bulk vapour flow, will contribute
to the total heat transferred from the wall.

THREE STEP MODEL OF DISPERSED

FLOW HEAT TRANSFER

From the foregoing description, it becomes

evident that heat transfer from the wall to

the flow is made up of the following
components:

a) Heat transfer from wall to liquid drops
which touch the wall.

b) Heat transfer from wall to liquid drops
which are in the thermal boundary layer
but do not touch the wall.

c) Heat transfer from the wall to the bulk
vapour component of the two phase flow
which is at the bulk vapour temperature.

A graphic presentation of the above

structure is shown in figure 4. The next step

is to obtain the relations for these
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components.
a) Drop Contact Heat Transfer
(g/A) dc
To obtain this, one needs to know:
i) The number of drops per unit area and
time which touch the wall.
ii) The heat transferred to a single drop
touching the wall.
i) Drop deposition flux at the thermal
boundary layer
As explained earlier, not all the drops
entering the thermal boundary layer touch
the wall. Thus we must first obtain the total
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and 2, have studied drop deposition in air-
water mixtures. Their results were
presented in terms of it drop transfer
coefficient K, as reproduced in figure 2b,
and defined as

M = KC (1)

Figure 3 shows a plot of various particle
disposition data from various authors, and
plotted by Liu and llori [6]. The dimensionless
deposition velocity VI is plotted against the
dimension relaxation time t, which is a
measure of the time it takes a particle,
projected into a given medium, to come into

drop deposition into the kinetic equilibrium with the environment. It is
thermal boundary layer, and then the fair to
proportion of it which reaches the wall. In
unheated flow Namic and Veda (5), parts 1
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assume, from figure, that for dispersed flow
with t; > 30. V; is constant at about 0.15.
Thus,

V4= 0.15Vv*

Sehmel [7] correlated V4 in terms of a

penetration fraction, PF, such that

Va= ——= Ly(1/PF) 3)

Where W,, = axial vapour volume flow rate
PF = Particle flow rate leacing flow tub at (Z+ Az) (4)
" Particle flow rate entering flow tube at (X)
In dispersed flow, total mass of liquid drops

entering a given cross section per unit time, is
given by
nD?

Hence, mass M,, deposited per unit time, is
given from (3), (4), and (5) as
M. = GD q_x i(l—exp (—mDAZV ) 6)

d 4 AZ Wiy
Taking the limit of equation (6) as AZ — 0, the
drop mass deposition flux M, at a cross-secton
where the quality is X, becomes

M= 0152 p, v @)

It is possible that the deposition rate, with heat
addition is influenced further by the bulk
acceleration of the vapour. The possible form
of this contribution is unknown, but to allow for
it in very simple way, the right hand of
equation (7) it multiplied by an arbitrary
constant. Equation (7) then becomes

M= C, 2 v (7a)
Distribution of the Fraction of M which reaches
the wall

The equation of motion of a drop normal to and

towards the wall is given by
F = (mgV,) (8)

where F = net force on drop perpendicular to
wall. During a single traverse of the drop
across the thermal boundary layer, the drop
size hardly changes. Thus if the drop velocity
is brought to zero at a height Y, from the
wall, and thermal Boundary layer thickness is
Yp1, then Vo =VgatY =Yp;and Vp,=0atyY =
Y min SO that from (8)

Yb1

1
—_— 2 =
f FdY = 2m§v d=E,, (9

Ymin
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Where Ep; is a pseudo kinetic energy of the
drop at entry to the thermal boundary layer,
based on V4. Since the drop sizes and
disposition velocities are, in general, randomly
distributed over the drops, it follows from
equation (9) that only those drops with ‘kinetic
energies’ at entry to the thermal boundary layer
greater than or equal to a certain value, E,, will
be able to reach the wall. Thus, the probability
that a drop reaches the wall is given by the
probability that (Ep; > Ey) or F(Epy > Ey).

A negative exponential relation is postulated
flour this probability. Thus,

(Epy > Ey) = e 98w (10)
Where a and b are distribution constants. The

expression satisfies the following limiting
conditions

P(Epr20)=1

P(Ebl > OO) =0

It should also satisfy the definition that
En= f P(Ep1)E p1dEp, (13)
0

where E,, is the mean value of the distribution
of Epy, and P &Em) = probability density function
= abE®? e from equation (10). Settings =
Ew, equation (13) becomes

E,= af st/b c=as(s (14)

0

The integration of equation (14) depends on
the value of 1/b is a positive integer, integration
by parts yields
En=nl/a" (1/b=n=1,2,3,----)
A value of n =
becomes
P(Ep1 > Ey) = €57 (16)
The fraction,y of the drops entering the thermal
boundary layer which reach the wall is then

EW
¥ =P(Ep 2 E,) = exp(-32) (17)
It is necessary to express equation (17) in
terms of measured system parameters, and

that can be done with the aid of equation (0)
and an expression for

(15)
1 was chosen so that (10)
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Table 1 — Measured Values of Themal Condutivity of the Test Specimens
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Thermal Conductivity (W/m°K)

Sample Initial Temp. of | Moisture
Samples Content M.C%
Ts1(oC) (W.b) Heat source Temperature T,°C
40 50 60 70 80
1 10 0.0102 0.0010 | 0.0124 | 0.0159 | 0.0165
30 59.77 0.0105 0.0125 | 0.0157 | 0.0193 | 0.020
2 3 0.0157 0.0162 | 0.0165 | 0.0168 | 0.0214
10 64.14 0.0118 0.0155 | 0.0173 | 0.0206 | 0.0222
3 8 0.0150 0.0300 | 0.0343 |0.0378 | 0.0412
16 93.13 0.0198 0.0295 | 0.0340 | 0.0417 | 0.043
4 5 0.0197 0.0242 | 0.0263 | 0.0268 | 0.0295
15 70.06 0.0121 0.0190 |0.0282 | 0.0282 | 0.0325

THERMAL CONDUCTIVITY, (w/m °K)..

Figure 1: Variation ot thermal
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combining equations (7a) and (30), the

numerical drop flux on the wall becomes,
M 1-X « exp(—ATy, /ATy,
= Gmere - 0GRV p(msé > @Y
ii) Heat transferred to a single drop
touching the wall
Upon impact of the saturated drop with the
wall, the contract boundary temperature, T, is
obtained by evaluating equation (33) at Y=0
andt=0.
(Teo - T)/(Two - Ts) = V(kpe)w/(kpe)) (31a)
Assuming that T, is less than the temperature
of limiting superheat for the liquid, at the
system pressure, the following heat transfer
sequence will occur, (see figure 4):
iia) conduction from the wall, followed by
iib) Nucleation and bubble growth. At end
of bubble growth period the bubbles will either
merge of some larger bubble will burst through
the drop surface, ejecting the bulk of the liquid
into the mainstream.
iic) Simple evaporation of liquid film left on the
wall Liquid within the interstices of the
bubbles win be left on the wall. It will be too
thin to support nucleation.
Event (iib) will occur if thermal front at time of
nucleation is less than liquid thickness. If not,
evaporation from film surface will be the
preferred event. Calculations for liquid nitrogen
showed this latter process possible at qualities
very close to 1. It has been possible to use a
stationary drop nucleation argument because
the drop axial velocities at the wall will be much
smaller than the velocity of the conduction
thermal front within the liquid Heat transfer to
the drop is calculated using the following
assumptions:
a) The nucleation superheat is given in [9], as
2R, 0Ts?2
T —Ts = Pultrgln (32)
where Y, = nucleation bubble radius =
superheat layer thickness
b) A one dimensional heat conduction model
may be used to determine the temperature
profile the liquid before nucleation . Thus,
from Appendix 5 of [10],
- Ts = (Two - T + Derfe(YV(at,Lt))
(33)
1 =v(kpc) or N(kpc)1
c) Heat transfer form wall during bubble
growth in negligible
d) The enthalpy utilized for nucleation and
bubble growth is proportional to the heat
transferred to the liquid superheating
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period. Constant of proportionality = C, (C,
= 0.68 if all heat contained in superheated
layer is used for bubble generation
(Appendix A7 of reference [10].

e) The volume of liquid left behind on the wall
depends on the volume of vapour
generated and may be assumed
proportional to it. In reality, it depends as
well on the bubble diameters and packing
geometry at the end of bubble growth. For
a closely packed square array of bubbles,
the constant of proportionality C; = 0.455
(see reference [10,] Appendix A6).

From assumption (a) and (b) and equations

(32) and (33), together with the conditions that

at nucleation time t,,

Yo=Yy (34)
(To)v=vx = Th (34a)
(OTHOY )y, tx = (OTNIOY )y

(35)
tymay be shown to be given by

_ oR,T?s I+l,2, 1 2
tx = (Gamne ez GO Gy~ T0(E0)

The heat transferred per unit contact area
during t, is given by,
t

0. = —K, f(aTL/aYL)Yzo dt (37)
(o]
_ B 1 K; 1/2
0 = 2(Two = ) (135) <—W>t (38)
0. = RyopLe, T 36)and (38) ... (39
c—m (from (36)and (38) ...(39))

From assumptions (d) and (e), and equation
(39), heat absorbed from wall by liquid left
behind, per unit contact area, is then given by
L\ RyopL ¢ T?s

Dre= Coly (z_v) 0.2f3PLthh (40)

A square array of equal bubbles at the end of
bubble growth is most unlikely. The piercing of
the liquid film by a few large bubbles is more
likely so that C; wil be greater than 0.455.
Equations (39) and (40) show that except for
very high pressures, ¢. may be neglected in
comparison to @,r. Thus, if 6. is the circular
diameter of the drop contact area, the heat,
Y4, absorbed by a single drop during

contact, is given from (40) by

pL. ,RyopL cy T?s, m82c

Wae = ColiEHECIELS 8 (41)

Combining equations (31) and (41) and
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assuming d. to be proportional tod, (5 = C39),
the total heat transferred from wall to drops in
contact with it, (g/A)qc. is given by

(a/A)ac =

RyopL c T?s) (1-X\ V,Vf
C(Sstmin) ()55 ((exp (AT, /0T,))

(43)

Where C = 0.498 C,C;C5°

And f = fanning friction factor

b) Heat Transfer to Drops in Thermal
Boundary Layer but Dot Touching the
Wall, (1/A) ndc

For the calculation of this component, it is first
assumed that the cross-sectional void fraction
is the same as the void fraction at the thermal
boundary layer. Hence, fractional surface area
of wall exposed to liquid = 1 -«. Proportion of
liquid drops which do not touch the wall = 1 - y.
If fractional surface area of wall exposed to
liquid in thermal boundary layer which does not
touch the wall is j, then

=@ -9 @-v (43a)

From equation (10) all drops with ‘'kinetic
energy' less than E,, will not touch the wall. The
average minimum trajectory height of these
drops may be given by the minimum trajectory
height Y mw from the wall, of a drop whose
'kinetic energy', Energy En, is the mean of the
distribution between E =0 and E = E,,.

= [ E P(E)dE; where (44)

P(E) = —exp(—E/Ep) from (16).
From (44) we obtain
= 1 = ™ (Ey/Em) (45)

Em
By using equation (26), it can be shown that,
Y3memw _ Aﬂ

3E, AT, (46)
From equation (29), (45)
Yo = € (A—W) 1/3/[1 - exp(”W)(1 + ATW)]1/3

(47)
For small truncation angles 6,, the equivalent
conduction path, Y, from a uniformly heated
wall to the wall side surface of the drop, where
the nearest distance to the wall is Y, is given
by (see reference [10]; Appendix A-11 for the
details of calculations ),

Top = /G (1 +22%) Ln <1 +ﬁ> —1]}
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(48)

If equation (47) is inserted into (48),

resulting equation is the equivalent conduction
path at the mean or average minimum height of
the drops. However, the drop starts from the
thermal boundary layer, gets to the minimum
height, and flies back into the main stream. The
effective conduction path, (¥,,,) eff will thus be

greater than Y,

Let (Yep)eff =7 Top

Where 1.0. >A >0

Assuming a linear temperature profile across
(Yep)ef f

(@/Anac =A 1- a)(l — exp(—AT,, /ATy)).- -

Bl (1 4+ 2mw) 1y (1 + —zyfnw) — 1]AT,,
s

8
(50)
where Y, = is given by equation (47)

c) Heat Transfer to the bulk Vapor, (g/A) bv
The McAdams single phase heat transfer
equation was chosen for this component. Any
good single phase heat transfer correlation
may be used. Since the cross-sectional void
was assumed the same as the surface void,
(a/A)bv is then given by,

(q/A)bv = 0. 023 b

Revb 0. 8Pr b 0. 4(T —Typb)
Where Re,b = G;(D (52)
vb
And properties are calculated at bulk vapour
temperatures.

Total Heat flux (gq/A)w
From equations (42), (50), and (51), the total
heat flux becomes,

(a/4) = € (P520%) (55 (%)
exp( ATW) +(1-a) (1 - exp( AT"")) .
(1 + ZY"‘W) n(1+122) 1] ar,
+0.023 o “2 RcOS PrFAT,,,) (52)

where Y., is given by equation (47), and X is
the actual quality. Vapour superheat is allowed
for in the use of AT, instead of AT, in the heat
transfer to bulk Vapour. At high wall
superheats,

Yow = 6(ATWAT) > (53)

For the purpose of calculating heat fluxes
only,
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Yy = S(i% + 2.5/2%)1/3 (54)
It is to be noted that the heat transfer
mechanism to the drops not touching the wall,
and to the bulk vapour flow, are essentially
similar, both being expressible as conduction
through, an effective vapour film thickness.
However the effective film thicknesses are
different and whereas the sink temperature for
the drops is a saturation or liquid temperature
that for the vapour is at the vapour
temperature, which may be superheated.
Determination of the Parameters In
Equation (52)
Equation (52) then gives the total heat flux in
dispersed vertical flow in terms of quantities
which are calculable; given the mass flux G,
actual quality X and pressure P, and in terms
of the modelling parameters, C,AT,,, and A. C is
a correlation constant. AT, however, has a
specific physical significance. As will be shown
later, the first component of equation (52) is
predominant at low
wall superheats within the boiling transition
region, and may be, used to fix a value to C. At
high wall superheats the first component is
negligible, and if the quality is low the second
component is significant. Thus A may be fixed
using the data in that region. At the minimum
heat flux point the slope of the (g/A)w VSAT,
curve is zero, i.e,
9(q/A)w/ I(ATy) =0

(55)
Equation (55) together with minimum wall
superheat data may be used to obtain values
of AT,
The above procedures were carried out using
data obtain with liquid Nitrogen at
approximately atmospheric pressure,
(references [1] and [10]). Details of the steps
are given in reference [10], it is important to
note that a single (G,x) set of data (G =
40.7kg/s-m? (30,000 lbm/hr-ft), X = 30%) was
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used to determine A while a single value of C
was used, (C = 49.8, A = 0.75). The drop size
was calculated as described in reference [10],
Appendix A8. From equation (28)

ATm = (G, X, 0, tp pvp pL hig €, D,0)

(56)

Using saturation instead of film temperature
non-dimensional AT, was plotted, as in figure
(6), and correlated with the equation,

K8m _ 3.27°1075[2.93 + 4.44X +

Gthg
0.084(GX/169.5)% —
7.35(GX/169.5)3] /(GD/u,)°*"” (57)

40.7 < G £ 169.5) Incomnel-600 (58)
0.1<X<0.7)

The test material for the relevant data was
Inconel-600, 10.2mm id X 25mm od x 25 x
25.4mm long mounted at the top of a 2438mm
preheater. The test piece was specially
prepared smooth (¢ = 0.5um) as measured with a
profilometer.

Ky Ty 108
> o]
Theq

oS ¢

PR | . " ". 4 .
‘05 -Quatiy . ...10

... 00 b
- (o}

Figure 6: Dimensionless ATm vs Qualhity.
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i1 "’IA)dc
2.2 -(q'/A)Mc
3 3.3 (Q/A’_"

200 TSR,
Fkue'l:ﬂféﬁofqualitymﬁeatﬂnxoomponents, * Figure 8: Effect of mass flux on heat flux
at G = 407 kg/s-m> T aX =30%
.

 Figure 9a: Theoretical boiling curve o Figure 9b: Theoretical boiling curve
at G = 407 kg/s-m®> , at G = 169.5 kg/s-m?
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BEHAVIOUR OF THE POST CHF BOILING
CURVE (Equation 52)
(See also reference [10]

(i) Effect of Quality and Wall Superheat

Figure 7 shows the behaviour of the various
components of the post critical heat flux (CHF)
boiling curve, for G = 40.7 kg/s-m? and various
qualities. The drop contact heat transfer
component, (g/A)dc, is shown to be predominant at
low wall superheats, and to decrease as wall
superheat increases. Evidently, less drops are able
to reach the wall with increasing AT,, (q/A)ndc and
(g/A)bv both increase with wall superheat. As
quality increases, (g/A)dc decreases since total
drop deposition falls. Also (g/A)ndo is very
significant at low qualities, but as the total drop flux
decreases with quality increasing, and as void
fraction increases with quality, it becomes less than
the bulk vapour heat flux component and
eventually becomes negligible. Various types of
simplified models, including a constant vapour film
thickness, have been used in the literature for
predicting heat transfer to the drops in the thermal
boundary layer which do not touch the wall,
(g/A)nde. Verification of these models have
however been mostly in the high quality regions. In
these regions this component is very small, and the
predicted heat fluxes will not be very sensitive to
the model used.

(i) Effect of Mass Flux

In figure 8, (0/A)nqc has been added to (g/A),, and
the sum plotted as a single curve. All the heat flux
components increase with mass flux. The total
deposition rate and the proportion reaching the wall
increase with G. Vapor velocity V,, friction factor f
and T, increase with G, hence (g/A)4. increases.
The increased drop density in the thermal
boundary layer, coupled with increased Reynolds
number, also increase the other heat flux
components. It should be noted that the transitior
region, which can be identified from the total heat
flux curve, become less steep as mass flux
increases, Figures 9a and 9b show the boiling
curve, on conventional coordinates, for two mass
flux levels and with quality as a parameter. The
transition boiling regions show the expected
increase in heat flux as quality decreases. Even
though equation (57) is not strictly valid for x> 0.7,
the calculation for 95% quality has been included
to show what would happen as quality tends to 1.
The result is not surprising. The film boiling curve
merges towards the nucleate boiling region with
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very flattened and almost negligible transition
region. All the curves should be cut off close to the
critical heat flux region. The curves also indicate
that the critical heat flux decreases with quality
increasing. In the higher temperature film boiling
sections, a competition exists, between (g/A)ndc
and (g/A)bv for predominance, with the result that
for lower G's, (g/A) tends to decrease first with
increasing quality, before increasing at higher
qualities.

(iii) Effect of Wall Roughness

The effect of wall roughness enters the physical
model via its effect on the total deposition rate
(friction factor f) and on the proportion of drops
which reach the wall, y. Both the friction factor y
increase with wall roughness and their effects to
increase (q/A)q.. The effect of wall roughness on
(g/A)ndc is small at low wall superheats and non-
existent at high wall superheats.

(IV) Effect of Contact Angle or Increase in
Surface Wetability

This factor affects only the drop contact heat
transfer component. The effect may be
qualitatively, by referring to equation (41).
Decrease in contact angle or- increase in
wettability, will increase §, and hence (g/A)qc.

(V) Region of Validity of Equation (52)

The equation is strictly valid from the transition
region, at a point where the special critical flux
boiling process ceases to exist, through minimum
heat flux point, to the film boiling region. At the
critical heat flux point itself, it is not certain that the
boiling mechanism, as described applies. In the
film boiling region, the model the drop contact heat
flux component does not when the contact
boundary temperature is greater than the
thermodynamic limiting temperature. However
(a/A)4c is already beginning to get in that region,
and whatever the actual boiling mechanism might
be, the numerical values may not be very different
from those obtained by extension of this model
Thus the equation may be used for the whole film
boiling region.

In the prediction of post CHP heat fluxes, different
correlations have been used for the three region
i.e. transition, minimum heat flux and film regions.
However equation 52 provides a correlation for
the prediction; Since the equation is analytically
based, it may be used, through differentiation, to
predict the wall superheat at minimum heat flux
point.
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were very sensitive to exprimental errors at lower
wall superheats. Reliable data were not available in
the transition boiling region so that comparison
there was not possible. Otherwise the equation
shows good agreement with the data. It is useful

(vi) Comparison With Film Boiling Data

Figures 10a and 10b show comparison predictions
using equation (52) with film
data of reference [1]. The heat fluxes in the data
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to show the difference between the current
prediction in the film boiling region with
conventional film boiling predictions. This is
given in figure 11.

CONCLUSION

Thus a physically based post CHF heat flux
equation has been developed, in terms of most
of the parameters which have been known to
influence the boiling curves. Since the single
model and correlation account for the
transition, minimum heat flux and film boiling
regions, they represent a major departure from
the existing state of knowledge. Hitherto,
separate models and correlations have been
used for the different regions. The minimum
heat flux point is clearly shown to depend on
the heat transfer process itself as postulated in
[11], and is not simply a function of the thermal
properties of the wall and fluid. The parametric
effects on the curve agree very well with
known trends, When the modelling
parameters have been properly tuned for liquid
nitrogen the equation has compared very well
with nitrogen film boiling data, and may be
used through differentiation to predict the
minimum heat flux point.
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