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Nomenclature
A = coefficient defined by Eq. (10)
B* = dimensionless quantity defined by Eq. (18)
Cpy = specific heat at constant pressure, J/kg-K
Co = coefficient
D = diameter of the heated surface, m
E = coefficient
Gr = Grashofnumber, g(p,/pv — 1)D3/v2
g = gravitationalacceleration, m/s
H = height of a heated surface extruded from the
circumferential, insulated surface, m
Hy = immersion depth, m
h = heat-transfer coefficient, W/m?-K
K* = dimensionless quantity defined by (1 + S»/2)/Sp
ks = thermal conductivity of heated block, W/m-K
ky = thermal conductivity of vapor, W/m-K
¢ = latent heat of vaporization, J/kg
Nr = conduction-radiationparameter, ky /40 T D
Nu = total Nusselt number, h D/ ky
Pry = Prandtl number, Cpyuy /ky
q. = convectiveheat flux, W/m>-K
q- = radiative heat flux, W/m?-K
r = radial coordinate
o = radius of the heated surface, D/2, m
N = dimensionlessradius at the outer edge of a vapor film
Sp = dimensionless superheat, Cpy ATy, /€
s = radius at the outer edge of a vapor film, m
T = temperature, K
Ts = saturation temperature, K
T, = temperature of the heated surface, K
u = velocity componentin the radial direction, m/s
w = velocity componentin the direction normal to the
heated surface, m/s
X = film-boiling Rayleigh number, Gr Pry K*
y = coordinate normal to the heated surface
o = absorptivity of the vapor-liquid interface (=1)
AT, = degreeof wall superheat, 7, — Ts, K
AZ = distance between two adjacent thermocouples, m
8 = thickness of a vapor film, m
8o = thickness of a vapor film at the center of the heated

surface, m
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e emissivity of the heated surface
n = dimensionlessradius, 2r/D
0, = dimensionless saturation temperature, 7, /T,
v = viscosity of vapor, Pa — s
vy = kinematic viscosity of vapor, m?/s
i = density, kg/m®
o = Stefan-Boltzmman constant, W/m?-K*
¢ = dimensionless thickness of a vapor film,
8/ D)*(Gr Pry K*/3)*
Subscripts
c = convective
l = liquid
r = radiative
v = vapor
Superscript
- = mean value
Introduction

O predict heat transfer characteristics of boiler water tubes,

thermal characteristics of fuel rods under operation in emer-
gency core cooling systems for light water reactors, and the quench-
ing process of ferrous materials, better understandingof the mecha-
nismof film boiling heat transfer and establishmentof its theoretical
modelsare necessary.In general, film-boiling heat transferis signifi-
cantly influenced by shape and orientation of the heated surfaces,' >
but, in the case of a horizontal surface facing downward, the heat-
transfer coefficient is severely affected in an adverse manner. It is,
therefore, important from the viewpoints of safety engineering and
metallurgy to thoroughly clarify the heat transfer characteristics of
film-boilingheat transferfrom horizontaldownward-facingsurfaces
and to establish the lower bounds of film-boiling heat transfer.

So far, a number of experimental studies'~® have been made on
this subject using steady-state">¢ or quenching’™> methods. The
reported experimental data differ greatly between the experimental
methods adopted and among the researchers. Generally, the Nusselt
number obtained by the quenching method tends to decrease with
film-boiling Rayleigh number X, whereas that determined by the
steady-stateheating method increases with X. Obviously, the differ-
ence observed between the heat transfer characteristics determined
by the two methods is caused by the fact that the quenching method
is concerned with transient (or unsteady) film boiling, whereas the
steady-stateheating method is not. Transient film boiling is of prac-
tical importance,butitis more difficultthan steady-statefilm boiling
to clarify the heat transfer mechanism and to establish a theoretical
model. For this reason, in what follows, primary attentionis focused
on steady-state film boiling alone.

Recently, as for steady-state film boiling, Nishio et al.® suggested
that the heat transfer coefficient can be augmented remarkably by
disturbances caused by departing bubbles at the outer edge of a
heated surface; and by suppressing this effect, they obtained exper-
imental data for the heat transfer coefficient of stable pool-boiling
heat transfer with a smooth vapor-liquidinterface. Their data, how-
ever, covered a degree of wall superheatless than about 160 K, and
thus the effect of radiation on film-boiling heat transfer can be fully
disregarded. To our knowledge, there exist no experimental data
for stable pool-film-boiling heat transfer from downward-facing
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surfaces with higher wall superheat. This is the case even for tran-
sient film boiling.

The aim of the present note is twofold: first, to conduct exper-
iments for stable pool film-boiling heat transfer from horizontal
downward-facing surfaces in the range of superheat greater than
200 K, corresponding to a film-boiling Rayleigh number less than
about 10'°, and then to compare available heat transfer data deter-
mined by the steady-stateheating method with the analytical predic-
tions based on the one-equation boundary-layerintegral method>-®
taking into account the effect of radiation.

Experiment

Figure 1 shows a schematic diagram of the experimental appara-
tus used in the presentstudy. The test vessel of 0.4 m in diameter and
0.245 m in height was made of stainless steel and containeddistilled
water kept at the saturation temperature at atmospheric pressure by
means of auxiliary heaters. A brass cylinder was attached to the
upper cover of the vessel, and its lower and side surfaces served
as the heat-transfer sources. As seen from Fig. 1, the cylinder has
a 0.06-m-diam flared top component coiled with a sheathed heater
capable of producing a maximum heat flux of about 10° W/m? at the
0.03-m-diam heated bottom of the cylinder; and so the diameter of
the heated surface D is 0.03 m. The height of the heated surface ex-
truded from the circumferential,bakelite surface H was setat 0.003,
0.004, or 0.005 m using a screw mechanism attached to the upper
cover of the vessel. Four K-type sheathed thermocouplesof 0.001 m
diam were embedded along the central axis of the cylinder to pro-
vide information on the axial temperature distribution and to permit
determinationof the surface temperature by extrapolation. This also
allowed the surface heat flux to be estimated. In the experiment the
brasscylinder was heated up to about 700 K, and then the water level
in the vessel was increased and maintained at an immersion depth
Hy of 0.001 m so as to suppress disturbances caused by departing
bubbles. To estimate a gross magnitude of the heat loss from the
uninsulated side surfaces, a heated surface with the side insulated
(H =0.005 m and Hy =0.001 m) was also used. Furthermore, to
follow the experiment of Ishigai et al.,' an additional experiment
was performed under the condition of H =0 and Hy > 0.001 m.
The attainment of overall steady state was presumed when the rate
of temperature change settled down below 2 K/hour, and this took
about 3-6 hours. The axial temperature distribution of the brass
cylinder and liquid temperature was continuously monitored using
a personal computer and a chart recorder. The film-boiling behavior
was photographed using a video camera. The electric current and
voltage of the electric power supplied to the heater were measured
using an ammeter and a voltmeter. The heat flux through the heat
transfer surfaces gy was computed from
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Fig. 1 Schematic diagram of the experimental apparatus.

where kg is the thermal conductivity of brass. The heat flux at the
heated surface was varied from 2 x 10* to 7 x 10* W/m?, and the
corresponding superheat was from 200 to 450 K. The Nusselt num-
ber was evaluated from

qwD
ATqiky

Assuming negligible uncertainties associated with ky and kg, the
relative uncertainty in Nu can be estimated as

SNu | (sAT 2+ SAT. 2+ sAZ\’
Nu AT AT AZ

5 05
§(D —4Hy)

* [ D —4H, ®)
Values for the individual relative uncertainty were estimated
as SAT/AT ==x0.104, ATy /AT ~SAT/AT, SAZ/AZ =
+0.0021,and§(D —4Hy) /(D — 4Hy ) = +0.0097,and, upon sub-

stitution, we obtained =14.7% as the resultant uncertainty in the
Nusselt number.

Nu =

2

Theoretical Analysis

The physical model for pool-film-boiling heat transfer and the
coordinate system are shown in Fig. 2. The following assumptions
are introduced for the analyses: 1) a stable vapor film is formed on
the lower surface of the horizontal circular plate of diameter D and
of uniform temperature 7,,; 2) the vapor-liquid interface is smooth,
and the effect of surface tension can be disregarded; 3) the vapor
flow along the heat transfer surface is laminar; 4) the temperature
distribution in the vapor film is linear; 5) the temperature at the
vapor-liquid interface is equal to the saturation temperature 7§;
6) the radial velocity of the vapor at the vapor-liquid interface is
zero; 7) the physical properties of the vapor are constant, and they
are estimated at the film temperature; 8) the contributionof radiation
heat transferis considered,and the vaporis transparentto radiation,
while the vapor-liquid interface is a blackbody surface.

The assumption of a linear temperature distribution’ was proved
to be quite reasonable as long as ATy, is less than about 1000 K,
but the assumption of zero radial velocity is somewhat arbitrary.
However, this assumption is also acceptable because the effect of
interface velocity on saturated film boiling heat transfer was found
to be comparatively small.> Moreover, the vapor film thickness at
the centerof the heated surface was estimated to be less than0.001 m
even for AT, =750 K; hence, the use of the boundary-layer ap-
proximation can be fully justified in the present case.

Under these assumptions, the boundary conditions for the vapor
film are given as follows:

y=0: u=0, T=T, @
y =6: u=0, T =Ts (5)
ds
r=20: 5 =0 (6)
D/2 M D/2 |

i

Saturated : l
liquid
¥ g

Fig. 2 Physical model and the coordinate system.
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D
r=s|{>—1»: §=0, §=—OO 7
2 dr

The velocity profile of the vapor film is written as
u=A§[(y/8) = (v/8)"] ®)

and the momentum equation for the vapor in the radial direction is
given by
d?u dé
- = — et 9
123% 42 (oL —pv)8 1 )

Substituting Eq. (8) into Eq. (9), we can obtain

Az_[M:K@) (10)
2[1,\/ dr

On the other hand, the temperaturedistribution within the vapor film
can be written as

T = Tw - ATsal(y/a) (1])

Moreover, from the assumptions (7) and (8), the integral energy
equation of the vapor film results in

aT d ’ ¢
—rky | — +rq. = —|pyCpyr | u|T —Ts+—)dy
By y=0 dr 0 CPV

d 1
= —=0v5l"/ ul(1 +5P)—775P]d77} (12)
dr 0

where

o(1) - T)

w

T AJe+1ja—1) (13)

qr

Sp = CPVATsal/Z (14)

Substituting Egs. (8), (10), (11), (13), and (14) into Eq. (12) and
using the dimensionless quantities defined by Eq. (16) yields the
following governing equation for the vapor film thickness §:

d ds* r 48D3

— y—_— + — ——

dr dr § ) GrPryK*
(1+65+62+67)

— _12rD? 15
TGP K N1 /e + 1ja— 1) (15)

- HD? C
Gr=8@lov =D - Gy
vy, k,
ky (L+Sp/2)
40T3D’ Sp (16)

w

Introducing the dimensionless radial coordinate (=2r/D) and di-
mensionless vapor film thickness ¢[=(8/D)* (Gr Pr,K* /3)*5], we
can rewrite Eq. (15) as

d d 4
) [

Here, the dimensionless quantity B* is defined by

T Nx \GrPryK* 1/e +1/a —1
Next, we assume that ¢ can be written in the following form®:
p=EES—n") (19)

In accordance with Nishio et al.,% the values of S and n are taken
as 1.01 and 1, respectively. On the basis of the Ritz method, the
parameter E in Eq. (19) can be determined from

1 1
E%{‘*/(S—n2)dni|—4/(5—n2)%dn
0 0
. 1
—E% (B*/ (S—;f)dn) =0 (20)
0

This equation shows that E is a function of B*. Obviously, Eq. (20)
cannot be solved analytically with respect to E, and thus we must
resortto a numerical means: the bisectionmethod was adopted here.
The obtained numerical results were approximated by

E— 1.05609 + 0.30616B* + 0.024901B*2

21
1+ 0.1005627B*

When radiation does not participate in heat transfer, that is, B* =0,
E takes a value of 1.05609. Moreover, it is found that E is an
increasingfunctionof B*, and thusthe vaporfilm thicknessincreases
with the heating surface temperature Ty, .

The total heat transfer coefficient 1 is represented by a sum of the
convective heat transfer coefficient &, and the radiative heat transfer
coefficient i,

h=h.+h, (22)
7, qc Zkv " rdr
EAam ) s )
sat r() 0
- ) o(T*—T}
L= qr ( w S) (24)

T AT, AT.(1/e+ lja—1)

The total Nusselt number Nu is also represented by a sum of the
convective Nusselt number Nu, ¢ and the radiative Nusselt number
Nu,r:

Nu = Nu,c+ Nu, r (25)
hD 4 (" rdr
Nu,c = — = — —
kv ro 0 5
1
302 025 | (1.01 — 52)025
1.04485
0= "poxs (27
D 1+6,+02+0> B (x\"
Nu, = —= - - = —| —
k, ANg(1/e+1/a—1) 4 \3
=0.2007B* X2 (28)

When B* =0, Cy becomes 1.03, whichis very close to the value ob-
tained by Nishio et al..% thatis, Cy = 1.02. It should be stressed here
that Nu, ¢ involves the effect of radiation through E, and, there-
fore, Nu, ¢ decreases with an increase in radiation. However, de-
tailed inspection of the theoretically obtained Nusselt number Nu
indicates that, for constant X, Nu increases with an increase in ra-
diation, which can be realized by decreasing N and/or increas-
ing 6,. Shigechi et al.” have made a theoretical analysis based on
the two-equation boundary-layerintegral method, where the vapor-
film thickness and representativeradial velocity were treated as un-
knowns and the effect of radiation was considered, but they did not
derive any analytical expressionsfor heat-transfer correlation; thus,
the present theoretical results, namely, Egs. (25-28), could not be
compared with their results.
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Fig. 3 Relations between the total Nusselt number Nu and the film-boiling Rayleigh number X.

H=0and Hy > 0.001 m (gy =6.2 X 10* W/m?)

Fig. 4 Photographsofthe behavior of film boiling from the downward-
facing heated surfaces.

Results and Discussion

The obtained experimental results are summarized in Fig. 3,
where the vertical axis represents Nu, while the horizontal axis
denotes X. Values of the relevant physical properties were esti-
mated at the film temperature, namely, (T, + T)/2. The experi-
mental data for steady-state film-boiling heat transfer reported by
Ishigaietal.! and Nishio et al.% are depicted on the same figure. Ishi-
gai et al.! utilized coppertest sections of H =0 and Hy =0.025m,

whereas Nishio et al.® performed experiments using polished alu-
minum plates of H =0.006 m and Hy =0.003 m.

The presentresultsexceptfor H =0 and Hy > 0.001 m are much
lower than those reported by Ishigai et al., and, at the same time,
our data for H =0 and Hy, > 0.001 m are located between the data
of Ishigai et al. for D =0.025 and 0.05 m. This fact strongly sug-
gests that theirexperimental data were fully affectedby disturbances
caused by departing bubbles at the outer edge of the heated surface,
whereas, in our cases except for the heated surface of H =0 and
Hy, > 0.001 m, the film boiling heat transfer was scarcely affected
by departing bubbles; hence, quite stable film boiling was realized.
This conjectureis supported by comparison of a photographof film
boiling from the heated surface of H =0.003 m (Hy =0.001 m)
with thatof H =0 (Hy > 0.001 m) in Fig. 4, which was taken from
video frames. Moreover, there exists little difference between the
heat transfer coefficients for the test sections with and without side
insulation. This indicates the gross magnitude of the heat loss of the
uninsulated side surfaces, which was estimated to be 4.1-12.1%.

Theoretical results for perfectly reflecting surfaces (¢ =0 and
Cy =1.02) and the oxidized brass surfaces'® (¢ =0.7) are indicated
by the broken and solid lines, respectively, in Fig. 3. Agreement
between the predictionsand the experimental results is satisfactory:
the present formula approximates 92.2% of the available data with
an error of less than £20%.

Conclusions

The results obtained here can be summarized as follows:

1) Experimental data of stable pool-film-boiling heat trans-
fer from downward-facing surfaces in the range of film-boiling
Rayleigh number less than about 10'® were obtained by keeping
the height of the heated surface large while holding the immersion
depth at a minimum.

2) The heat transfer correlation derived from the one-equation
boundary-layer integral method by taking into account the effect
of radiation reproduces the existing stable film-boiling heat transfer
data obtained by the steady-stateheating method with an acceptable
accuracy.
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Positivity of Entropy Production
and Phase Density in the
Chapman-Enskog Expansion
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Nomenclature
Cy = peculiar velocity, ¢, — v, m/s
Criax = upper bound for peculiar velocity, m/s
Cr = microscopic velocity, m/s

f = phase density, s’>/m®

fu Maxwell distribution, s>/m°®

Knudsen number, /Lp+/(k/m)T

Boltzmann’s constant, 1.3804 x 10723 J/K

typical length scale, m

particle mass, kg

pressure, N/m?>

collision term, s>/m°

temperature, K

time, s

center of mass velocity, m/s

Xg space variable, m

dv;/dx; = symmetric and trace free part of the velocity
gradient, 1/s

= viscosity, kg/ms

dimensionless velocity

mass density, kg/m?

entropy production, J/K

nonequilibriumpart of phase density

2 = expansion coefficients of
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Introduction

N a recent paper Comeaux et al.! showed that the entropy pro-
duction according to the Burnett equations may become nega-
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tive. This result stands in contradiction to Boltzmann’s H-theorem,
which states that the entropy productionis positive for any distribu-
tion function f. In this Note we show that the negative production
of entropy results from the use of approximative solutions of the
Boltzmann equation outside their proper range and improper math-
ematics, that is, a series expansion that does not converge outside
that range.

The behaviorof rarefied gasesis well described by the Boltzmann
equation®>

_+CkT= (D

where f is defined such that f dec dx gives the number of particles
with velocities in (c¢;, ¢; +dc;) in the space element (x;, x; +dx;)
at time 7. The collision term S(f, f) describes the change of f as
a result of collisions among the particles; the particular form of S
can be found in the literature 23

Being a nonlinear integro-differential equation, the Boltzmann
equation cannot be solved analytically and must either be treated
numerically or with approximations. The latter is usually done by
the Chapman-Enskog method® or by Grad’s moment method.*

The Chapman-Enskog method uses a series expansioninto pow-
ers of the Knudsen number Kn, with the Euler equations as solution
of order zero, the Navier-Stokes equation as first-order correction,
and the so-called Burnettequations for the second-orderapproxima-
tion. Thus, from the derivationit is clear that the equations—FEuler,
Navier-Stokes, or Burnett—have only a finite range of applicability
(defined by the Knudsen number) and cannot serve for the descrip-
tionof any processesin a gas. Besides, the Burnettequationsbecome
unstable for steep gradients®

Boltzmann’s celebrated H-theorem?* states that the entropy
production

a:—k/é‘ﬂmfdc (2)

is positive forall phase densities f. The proofrelies on the particular
form of the collisionterm S and can be found in the cited literature.

Thus, the findings in Ref. 1, a negative entropy production, are in
contradictionto the H-theorem. This discrepancy will be discussed
in the following.

Positivity of Phase Density and Entropy Production
The Chapman-Enskog method is an expansion in terms of the
Knudsen number Kn, which gives the ratio between the mean free
path of a gas particle and a typical macroscopic length scale. The
method yields the phase density*?
® = Knep"" + Kn*¢p@ + - --
(3)

Fu = (o/m)/m 2akT " expl—(m/2kT)C?] )

f=full +®) where

The ¢™ are products between polynomialsin the peculiar velocity
and derivativesin space and time of temperature and velocity.’ The
simplest example is given by the first Chapman-Enskog expansion
for Maxwell molecules where*!

n dv 15n< 1m2> aT
=—CCi—+——F|1—-=—=C" |Ci— ()
pk/m)T T ox;, 4 pT 5kT 0x;

The phase densities for higher-order expansions (Burnett, Super-

Burnett) can be found in the literature.

Because of its definition as a number density in phase space, the
phase density ought to be positive, and, moreover, the definition
in Eq. (2) only makes sense for positive f. The Chapman-Enskog
expression, Eq. (3), however, will become negative because ® will
fall below (—1) for large C.

In the proper range of applicability, the gradients of temperature
and velocity are rather small, and @ falls below (—1) only for very
large C. However, ® is always multiplied by the Maxwellian (4),



