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The influence of liquid viscosity and system 
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(Receioed 1 August 1983 ; in revised form 30 April 1984) 

Abstract-The theoretical model of forced-convection film boiling in the stagnation point region of an 
axisymmetrical particle is demonstrated. Due to the ‘lubrication effect’ of the laminar vapour flow around the 
hot particle the liquid flow is slightly perturbed from the frictionless flow. This perturbation depends upon 
particle surface, free-stream and saturation temperatures. The effect of vapour velocity from the interface, 
towards the hot surface, on the heat flux conducted from the particle is taken into account. An attempt has been 
made to include the influence of the system pressure on the phenomenon-so the presented model can be 
titilized in the description of the coarse premixing phase during vapour (thermal) explosion. The applicability 
of the model to the calculation of vapour layer thickness in the stagnation point of the sphere and also of heat 
fluxes at the interface and at the hot surface (the important parameters which influence stability and film 

boiling collapse) is shown. 

1. INTRODUCTION 

FORCED-convection film boiling results from the 

relative motion between a hot particle and a cool liquid. 
This is believed to be an important mode of heat 
transfer during vapour explosions, both during the 
coarse premixing phase and during later stages (when 
the system pressure beings to decay and vapour may be 
present). 

The calculation of vapour layer thickness at the 
stagnation point is of considerable importance to 
vapour explosion theory. The vapour thickness, 
minimal at the stagnation point, determines not only 
the heat flux from the hot particle, but also influences 
the stability [l] and collapse of the film boiling, which 
can be self-triggered or caused by a pressure pulse 
(shock wave). This vapour collapse is particularly 
important, since it may lead to a violent vapour 
(thermal) explosion. 

The theoretical analysis presented here is seen as an 
improvement on those given by the authors of [2,3] 
despite the fact that it is strictly limited to the stagnation 
point. With comparison to the works [2] and [3] 
assumptions regarding flow and heat transfer in the 
vapour are more realistic, and unlike in [3] the viscosity 
of the liquid (and deviation from frictionless flow) is 
taken into account. An attempt has also been made to 
include the influence of the system pressure on this 
phenomenon. As an example of application the results 
of calculation for water [lo] are presented. 

* Present address : Simon Engineering Laboratories, 
Nuclear Department, University of Manchester, Ml3 9PL, 
England. 

2. PHYSICAL MODEL 

The main aims of the work are : 

-detailed analysis of the heat transfer in the vapour, 
-to take account of liquid viscosity, i.e. distortion of 

the liquid flow from the frictionless case. 

These will be included in the model described, which 
leads to the calculation of the vapour layer thickness 
and of the heat flux in the neighbourhood of the 
stagnation point of an axisymmetrical particle. A 
curvilinear system of coordinates is chosen (see Fig. l), 
where x is the length measured along any meridian from 
the front stagnation point and y is the coordinate 
normal to the surface of the particle. 

The following assumptions have been made : 

The vapour layer is very thin compared with the 
sphere radius (6 << R). 
The vapour velocity has two components : onein the 
x direction and one in the y. The laminar flow of 

vapour around the particle occurs as a result of the 
motion ofthe liquid at the interface and also because 
of a pressure gradient produced by the liquid flow 
(pressure gradient in the vapour film is taken to be 
the same). The vapour velocity towards the hot 
surface varies from a maximum at the interface to 
zero at the hot surface. 
Due to liquid viscosity the liquid flow in the 
stagnation point region is slightly perturbed from 
the frictionless flow. 
The temperature at the liquid-vapour interface is 
constant at the saturation value T,. The free-stream 
liquid temperature T, and velocity U,, the surface 
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a constant, defined by equation (A26) 5 dimensionless similarity coordinate 
A constant, stagnation point velocity in fluid 

gradient 0 angle (in x direction) 
b constant, defined by equation (A27) ,@ dynamic viscosity 
B constant, coefficient in heat balance V kinematic viscosity 

equation thermal diffusivity 

CP specific heat at constant pressure ; dimensionless vapour thickness 
C constant, defined by equation (24) P density 
F dimensionless fluid flow stream 5 dummy variable 

function LT radiant constant. 

901,) function defined by equation (48) 

G&J function defined by equation (47) 
h latent heat 

Subscripts 
C conduction 

k thermal conductivity cnv convection 
1 dimensionless perturbation function ev 

evaporation mass rate 
evaporation 

m I value for liquid 
M mass flow rate 0 no-shear stress value 
P pressure r radiation 
Pr Prandtl number S saturation value 
4 heat Aux 

V 

radius of sphere 
value for vapour 

R W hot surface value 
T temperature x around the particle component 
AT = T,-T, 

AT& = r,--r, 
Y normal to the particle (or interface) 

u liquid velocity 
component 

cc 
W fluid velocity 

value at infinity (free stream) 
* normalised value. 

I/ vapour velocity 

X,Y coordinates Superscripts 
Z defined by equations (25) or (26). - mean value across vapour 

f value for a frictionless flow 
Greek symbols h hydrodynamic layer 

& emissivity 0 value for vapour velocity V, = 0 
s vapour thickness 6 value at the interface. 

temperature T, > T, of the particle are all constant body ; the constants Fe, F,, F, and H depend upon the 
and uniform. nature of the problem. 

5. All physical properties of the liquid and vapour are 
assumed to be constant and taken for average 
temperature (i.e. (T, + T#2 for the vapour and 
(T, i T,)/2 for the liquid). 

6. Radiation heat transfer is included. 

3. MOMENTUM EQUATION AND 
VELOCITY FIELD 

The momentum equation for a fluid in the region of 
the stagnation point has the general form [4,5] : 

F”‘+uFF”+~(~-E;‘~) = 0, (1) 

where F-dimensionless fluid flow stream function, with 
boundary conditions, in this case specified in the form 

F(0) = F,, F’(0) = F,, F’(c = H) = F,, (2) 

where [ is the dimensionless similarity coordinate. 
The values of a and fi depend upon the shape of the 

For an axisymmetrical particle the values of c( and /I 
are 1 and f respectively, and a well known solution of 
equation (l), and velocity components for the 
frictionless fluid are then [5] : 

w; = -@F(I) = -2Ay, (5) 

where A is the stagnation point velocity gradient 
(constant), and v is the fluid kinematic viscosity. Note, 
that from equation (4), the normal gradient of x- 
compoment velocity is : 

aw,_ 
8Y 

- 0. (61 
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FIG. 1. Physical model and coordinate system. 

For a viscous liquid, when the temperature T, of the 
surface of the particle is less than T,, the liquid velocity 
components at y = 0 are zero and, as a result of this, the 
liquid flow departs from the frictionless solution for a 
thin layer. For the case discussed (T, > T,) however, the 
particle is covered by vapour (acting as a ‘lubricator’) 
and the liquid flow departure, from the frictionless case 
is less dramatic than for the 7’.‘. < T, case. In the 
‘lubricator’ case the vapour flow influences the liquid 
flow. The latter, however, can be exactly as given by 
equations (3) to (6) provided that the boundary 
condition F, and F, -now taken at the liquid-vapour 
interface-are appropriate. 

Equation (1) will be discussed for the liquid case in 
Section 3.1 and for the vapour case in Section 3.2, 
followed by a discussion, in Section 3.3, of the 
appropriate matching conditions at the liquid-vapour 
interface. 

3.1 Liquid flow 
Solution of equation (1) assuming slight perturba- 

tion of the liquid flow from frictionless case [S] is given 
in Appendix 1. Utilizing this solution, the liquid 
velocity components and the pressure gradient at the 
interface can be expressed as 

U,(O) = AM +u*), 

U,(O) = -al(o) 2 0, 

ap 

( > 
-- 

ax 
= p& x (1 + 24:). 

I,y=O 

(7) 

(8) 

(9) 

Coefficient u,, which expresses the deviation of liquid 
interface velocity, U,(O), from the velocity V:(O) for the 
frictionless flow case, is : 

u, = I’(0) = F;(O) - 1 = 
U,(O) - e(o) . 

WO) 

(1o) 

3.2 Vapourjow 
According to Assumption 2 we can write : 

and 

where 

4, = ArJ-9 (12) 

P* = P,lPv (13) 

Solution of equation (1) for vapour-neglecting the 
effect ofinertia(vapour flow in the thin layer is governed 
by viscous and pressure forces)-is given in Appendix 2. 
Utilizing this solution and introducing the following 
dimensionless parameters : 

Y r” 
Y*=$=g, o’ 

1, =; a,= J 3 
p*’ (14) 

where 

a=6 
J 

2, (15) 
Y 

the vapour velocity components, V, and V’, the mean 
vapour velocity, vX, and vapour mass flow, M,, in the 
vapour gap of thickness 6, can be expressed as follows : 

v, = -JGmc-~r:Y*)r:2Y:, (17) 

M, = V’p,2nx - 6(x). (19) 

The integration constant C will be determined from the 
interface matching conditions. 

The mass flow M,, equation (19) can be related to the 
local evaporation rate, m, from the interface, i.e. 

= p&x( 1 + u;) 
1,y=o ,_ _. 

(11) 
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Frc. 2. Pressure influence on dimensionless values of 1, 
and p*, l-AT = 5WC, A&,, = 40°C; Z-AT = lOCWC, 
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3.3 Matching conditions 
Matching conditions at the liquid-vapour interface 

are : 

u&Y = v,(4> (211 

(22) 

64 U”(O) = PY v,@). (23) 

Using the first matching condition, the constant C 
can be expressed by equation : 

c_ l+u*+~2;(1+uf) 

- 21*(1+ u:p - pi’” * (24) 

Now equation (20) can be written in the form 

and 

At the stagnation point we have dl,/dx = 0. 

(25) 

(26) 

The second matching condition, using equations 
(Al), (AS), (Al@, (7), (16) and (24) can be written in the 
form : 

-Q,u, =(l+.,)(l-A,zj. (27) 

where 

From equation (27) it is clear that, for a given gL* 
(equation (28), Fig. 2), we have (see Figs. 3 and 4) : 

(a) 

04 

(c) 

u, = 0 when 1, = 1. This means that there are no 
shear stresses at the liquid-vapour interface when 
the dimensionless vapour thickness I = A.,. The 
liquid flow is then identical to the frictionless flow 
(equations (3) to (6)). Note that the value of 1, 
(equation 14, Fig. 2) is independent of U, and R, 
and is a function of fluid properties only. 
II* < 0 when 1, < 1, i.e. vapour is accelerated by 
liquid flow. This means that part of the kinetic 
energy of the liquid is both converted into kinetic 
energy of vapour and dissipated in the liquid 
viscous layer. 
u* > 0 when 1, > 1, i.e. liquid is accelerated by 
vapour flow. In this case a part of the heat flux from 
the hot particle causes an increase of the kinetic 
energy of the liquid (when compared with 
frictionless flow) and also dissipates in the liquid 
viscous layer. For u* > 0 the final effect of the liquid 
viscosity is that it slightly improves the heat transfer 
from the hot particle (see Discussion and Fig. 7). 

The distortion u* of the liquid velocity from frictionless 
flow takes place only in the boundary layer. The 
dimensionless thickness of this layer, [P, can be 
calculated from equation (A7) using the criterion, 
common in boundary layer theory, that inside thelayer, 
the distortion from the frictionless flow is greater than 
1% [4,5]. This leads to the relation (see Fig. 5) 

.*[exp(-:~~‘)-~aerf~(~::j~ = 0.01. (29) 

Clearly, a direct relation [: =f(L,) based on equations 
(27) and (29) exists. 

The present analysis has been limited to the case of 
the stagnation region. Nevertheless, it is clear that the 

PARTtCLE 

FIG. 3. Vapour and liquid velocity distributions and vapour thickness influence on interface velocity. 
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FIG. 4. The influence of the dimensionless, normalized thickness, I,, on the coefficient II* (distortion of the 
interface velocity from a frictionless case). 

distortion ofthe liquid flow changes when moving away 
from this region towards the equatorial plane of the 
particle. This is because at the interface the pressure 
gradient and the velocity are functions of 0 (see Fig. 1). 
An account of that, for a different case, i.e. motion of a 
spherical gas bubble in a viscous liquid is discussed in 
refs. [6] and [7]. However, the assumptions and 
simplifications made in both works are such that the 
momentum equation and the flow solution are not 
valid for the front stagnation point region-where 
equation (1) with boundary conditions, and distortion 
from the frictionless solution, given by equations (2) 
and (3) should be considered. This fact is clearly stated 
by the authors of both works (see, particularly, 
discussion in [6]). 

Moreover, there is another reason for distinguishing 
the present analysis from that given in [6] and [7]: here, 
apart from the effect of the pressure gradient and 
velocity at the interface, the distortion of the liquid flow 
is a function of vapour velocity profile, i.e. vapour layer 
thickness. The value of the latter around the particle 
strongly depends upon its value at the stagnation point. 
Its accurate calculation at the stagnation point is 
therefore paramount. For the moving bubble, the 
vapour flow isdifferent : the vapour circulatesinside the 
bubble. In [6] the allowance is made for interface 

interaction between vapour and liquid flows. In [7] this 
effect is neglected and the latter differs from potential 
flow only as a result of vanishing liquid tangential 
stresses at the bubble surface. 

The results of the stagnation point analysis presented 
here are, however, consistent with [6] and [7]. When 
the liquid accelerates the vapour flow-this is always 
the case discussed in [6]-both the presented analysis 
and that of [6] predict u* < 0. Neglecting vapour flow 
interaction, as in [7], the tangential stresses in the liquid 
at the interface should be zero. They are, but only 
exactly so, for the stagnation point frictionless solution 
(see equation (6)) and therefore, according to [7], the 
liquid flow is undisturbed at that point. If, however, 
vapour flow is taken into account this can only 
happen for particular value of A= I,. For the reasons 
explained the present analysis, although limited to the 
stagnation point, should be regarded as more general 
than the analyses of [6] and [7]. 

4. HEAT TRANSFER 

The energy equation for a fluid in the region of the 
stagnation point has the general form [4,5] : 

t” + CI * PrF(lJt’ = 0 (30) 

2.2 17: 

FIG. 5. Dimensionless hydrodynamic layer thickness, cp, as a function of the interface velocity distortion (from 
a frictionless case), u*. 
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where t(c) is the dimensionless fluid temperature, with For the spherical particle the value of A, is 3U ,/2R and 
boundary conditions in this case specified in the form then 

t(0) = 0, t(H) = 1. (31) 

For an axisymmetrical particle the value ofais 1 and the 
solution of equation (30) is of the form 

t’(0 = e(WW), (32) 

and 

r(i) = J%)/WL 

where 

e(T) = exp[ -Pr jIF(S)d,‘], (33) 

E(l) = 48 dt, (34) 

and 5 is a dummy variable. 

4.1 In the liquid 
The dimensionless liquid temperature is expressed 

by the equation 

Using equation (32) the heat flux convected into the 
liquid can be expressed as follows : 

= E;‘(co) 
J 

Tk,(r,-T,) (36) 

where 

E,(a) = J:exp[ -Pr,~~Fr(0d~]dL (37) 

and 

F,(L) = h + G). 

The analytical expressions for the function @,) and its 
integral are given by equations (A9) and (AlO), see 
Appendix 1. 

The coefficient E,(m) and the heat flux convected 
into the liquid for the frictionless case, i.e. when F,(&) 
= i,, are expressed by the equations 

E;( co) = J exp C -Pr,Cfl dC, 
0 

= 
J 

&erf(co) = 
J 

&, (38) 
I I 

and 

d.v = 2k, J F (T-T,). 
1 

(39) 

f 
4cnv = 4 J &i-T,). 

” 

This result is identical to that given by Chao [S] where 
the fluid sphere is moving through another fluid oflarge 
extent and it is assumed that the flow field in the latter is 
a potential one. The heat flux given by equation (40) was 
used in analyses [Z] and [3], i.e. the influence of the 
distortion ofthe liquid flow from the frictionless case on 
heat transfer in the liquid was neglected. The measure of 
this effect is the ratio of the two fluxes discussed, i.e. 

K(u*) = 2 = 
\i 

& E; l(co). (41) 
I 

The integral E,(m) expressed by equation (37), when 
I(&) # 0, must be calculated numerically. 

4.2 In the vapour 
The dimensionless vapour temperature is expressed 

by the equation 

Using equation (32) the heat fluxes at the hot surface 
(y = 0) and at the interface (y = 6), due to conduction 
through the vapour, are 

q, = q(0) = -k,$ o = kVt;(0)$(Tw-TJ 

= E; ‘(c:) 
J- 

? k,( T, - T,) (43) 

qf = q(6) = -k, $ 6 = k,t;([$ % 

x (T,- T,) = 9,&i). (44) 

The integrals across the vapour, e&t) and E,([t) (see 
equations (33) and (34)), can be expressed in terms ofy,, 
1, and 1, (see Appendix 3). 

Using this transformation the heat fluxes considered 
can be written in the form 

qw=k,~ W+d w Cd& 1U (45) 

T-T 
q; = k, = s W,), 

where 

s 

1 -1 
W,) = exp Cs(L Ul exp C-AL ydl dy, f 

0 

(47) 

g(L Y,) = a&)y: Cl - bWy,l. (48) 

The coefficients a&J and b&J are expressed by 
equations (A26) and (A27), see Appendix 3. 

Because of the movement of the vapour towards the 
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particle, with velocity V,(y), the heat fluxes expressed by 
equations (45) and (46) are not equal. When this effect is 
neglected, i.e. V,(y) = 0, then the temperature 
distribution in the vapour gap is linear and these fluxes 
are the same and equal : 

The measure of this effect is the ratio of two heat fluxes, 
expressed by equations (46) and (49) respectively, i.e. 
coefficient given by equations (47), which must be 
calculated numerically. 

4.3 At the liquid-vapour interface 
A part (qcnv) of the heat flux (qz + qJ, transferred from 

the hot particle through the vapour layer, is convected 
into the liquid at the interface ; the remainder (qe,) 
produces a vapour mass flow, m, towards the sphere. 
Thus equation governing the heat balance at the 
interface can be written as 

4: + 4r = L” + qFY) (50) 

where 

q., = m-h, (51) 

q, = cr(&,1+&;1-1)(T4w-7.T:), (52) 

and h is the latent heat, E is the emissivity, u is the radiant 
constant. 

Using equations (20), (26), (36), (44) and (52) the heat 
balance equation can be written in the form : 

4 * ‘44) + P, - L * KCu,(Ul) .A+ = 2 (53) 

where 

and 

* _ a.(T~-T~).(E,l+E;l-l).a~ 
r- 

p$*J2K,A, ’ 
(56) 

Using equations (53), (26), (27), (41) and (47) we can 
calculate 1, for given values of AT and A7& Only the 

coefficient B, expressed by equation (56) depends upon 
the stagnation point velocity gradient Al in the liquid. 
Therefore, if the heat flux due to radiation can be 
neglected, the dimensionless vapour thickness 1, 
calculated from equation (53) depends upon the 
temperatures 7”, T, and T, only, is valid for all 
axisymmetrical particles and is independent of U, 
(liquid velocity). 

The vapour thickness 6 for particular values of a.,, can 
be calculated using equation (15) and depends upon A,. 

5. RESULTS AND DISCUSSION 

The foregoing theory has been used as the basis of a 
numerical calculation for the case of water-the most 
widely used coolant for nuclear reactors. Most such 
reactors are pressurized, so any analysis of fuel-coolant 
mixing should take account of this. Furthermore, the 
initial stage of a thermal explosion is characterized by a 
local self-pressurization. Since system pressure is the 
paramount influence on the vapour thickness 
surrounding a hot particle during forced convection 
film boiling the calculations have been carried out for a 
range of such pressures. 

Figure 2 shows the influence of the system pressure 
(or saturation temperature) on 1, and p* (see equations 
(14) and (28) respectively). 

Figure 4 shows the relation u* = f (I,) for different 
values of II* (see equation (27)). It is clear that 
dimensionless normalized vapour thickness 1, can 
substantially affect liquid velocity at the interface so this 
should be taken into account, particularly for system 
pressure greater than atmospheric, i.e. pL* < 9. In line 
with Assumption 3 all calculations have been carried 
out for lt4.J < 0.5. 

Figure 6 shows the influence of the distortion of 
liquid flow (from the frictionless case) on the heat flux 
convected into the liquid. The latter is normalized as a 
fraction of q’,,,, and the measure of the above influence 
is given by the coefficient K(u,) as given by equation 
(41). The influence of system pressure and liquid 
temperature is shown by plotting separate curves for 
two different values, i.e. 0.8 and 5.0 of Prandtl number. 
For u* > 0 the improvement in heat transfer in the 
liquid due to its viscosity is noticeable, for u* < 0 the 
heat flux convected into the liquid decreases. 

FIG. 6. The influence of the interface velocity distortion, u.+, on the heat flux convected into the liquid. 



Figure 7 shows the influence, on the heat fluxes qw 
and 4: conducted from the hot particle, of 

(i) the vapour velocity, V,(y), towards a sphere, 
(ii) the liquid viscosity. 

The first effect, although neglected in almost all 
previous analyses of film boiling heat transfer, can be 
significant: it grows in importance with the value of d, 
(i.e. with pressure-see Fig. 2). To show this more 
clearly the heat flux at the interface (qt ofequation (44)) 
is presented as a function of 1,. The heat flux is 
normalized as a fraction of qz (expressed by equation 
(49)) where it is assumed that there is no vapour velocity 
towards the sphere, but the vapour thickness, 6, is the 
same. Figure 7 also shows the ratio of two heat fluxes qw 
and qt as a function of Le. These ratios are expressed by 
functions G(J.*) and exp [g(n*)] respectively (see 
equations (45) to (48)). They differ in form from those of 
work [3], this being the resuh of more realistic and 
accurate assumptions regarding the liquid and vapour 
flows and the heat transfer in the vapour (discussed in 
Sections 3.1, 3.2 and 4.2). 

The influence of liquid viscosity on all the heat fluxes 
discussed is shown by calculating all quantities twice, 
for u, # 0 (using equation (21) and the appropriate P* 
value-for the particular system pressure) and for 
u, = 0. The latter therefore represents calculation 
based on the simplified model from the work [3], where 
liquid viscosity is neglected and gives comparison of 
results with the analysis presented here. 

It is clear that for 1, > 1 and for higher pressures the 
ratio of two heat fluxes q, and q8 calculated with the 
inclusion of the effect of liquid viscosity (i.e. U* > 0) is 
greater than that calculated when the effect of liquid 
viscosity is neglected (i.e. E(* = 0). The difference 
increases with 1, and can be regarded as a measure of 
the improvement in heat transfer in the vapour gap due 
to liquid viscosity. The system pressure influence is 
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shown by plotting separate curves for different values 
of ;(,. 

Figures 8 and 9 show the results of more extensive 
calculations based on the heat balance (equation (53)), 
for system pressures of 1 and 10 bars, and 100 and 150 
bars respectively: the lines of constant values of 1, 
cover wide ranges of AT = T,- K and AKUbc = 
T - T,. In these calculations it was assumed that the 
ratio U,/R is 100 s-l, and the emissivities, a, of 
the hot surface and E! of the water-vapour interface, 
are 0.8 and 0.9 respectively. 

On Fig. 10 the division of the heat flux transferred 
through the vapour into components qe,* and qcnv, (A), 
and q,* and q$ (B), is shown as a function of 2,. As was 
mentioned the ratio qJq: depends upon the value of the 
velocity gradient, i.e. U,/R. Figure 10B shows the 
division of this heat flux into parts qr and qz for three 
different values, 100,50 and 25 s- ‘, of Urn/R when the 
system pressures are 1 bar and 150 bars. The influence 
ofthe velocity gradient on the components q,,* and q,,,, 
(Fig. 1OA) is negligible, in all the cases calculated being 
always less than 2%. 

The results of the analysis presented give values ofthe 
heat flux qt and the vapour thickness 6 ofabout 25-30x 
difference when compared with experimental data for 
atmospheric pressure [2,9]. This is due to the fact that 
all experiments give average values of this flux for the 
bottom halfof the sphere, where the vapour thickness is 
greater than at the stagnation point. Assessment of this 
variation in the vapour thickness can be found in [ 11 
and [2]. However, in these works somewhat 
symbolistic models of the vapour and liquid flows and 
heat transfer were adopted. The present work provides 
a basis for calculating the variation of vapour thickness 
around the bottom half of the sphere more precisely. 
This, however, was not the aim of the present paper. 

Finally, using Fig. 9 we can easily calculate the 
vapour thickness and heat flux qf for given values of AT 

01 I ~““I”‘~“’ 
.6 .8 10 12 14 16 18 20 22-24 26 28 30 32 3L%%%-$, 

FIG. 7. The influence ofthe dimensionless, normalized vapour thickness, $, on the heat fluxes ratios : qw/qi and 
qt/q: (q+&culated for V, = 0) with (u+ # 0) and without (u, = 0)induslon ofthe liquid viscosity ; 1 -system 
pressure, pS = 1 bar (A, = 0.02, p* = 9); Z-system pressure, ps = 20 bars (&, = 0.10, y, = 6); 3-system 

pressure, ps = 150 bars (A, = 0.25, p’+ = 3.5). 
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FIG. 8. Relation between AT = (T,- T,) and AKubc = (‘&- T,) for different values of dimensionless, 
normalized vapour thickness, 1,. 

and A Lbc when the pressure is 150 bars (although no 
experimental data are available). At AT = 1OOO’C and 
AKubc z 45°C 1, is approximately 2.1. At 150 bars and 
the mean vapour temperature T,, = 840°C the values of 
de, rc,, exp [g(LJ] and G(I.,) are 0.194, 1.65 x 10m6 m* 

s-r, 1.83 and 0.86 respectively. We then found that, for 
example, at R = 1 cm and U, = 0.5 m s-r 6 is 8.55 
x 10-5m,q~is 1.28MWm-*,q,isO.l4MWm-*and 

4 EIllY is 0.70 MW m- *. The heat flux qw at the hot surface 
is about 83% greater than qt. 
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320. 

So_ ATs,bc=Ts-Ta 
0.4 0.6 ----- 
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FIG. 9. Relation between AT = (T,- TJ and AT,,, = (T,- T,) for different values of dimensionless, 
normalized vapour thickness, 2,. 
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FIG. 10. The influence of the normalized vapour thickness 1, 
on the division of the heat flux transferred from the hot particle 
(q:+q,)on two heat fluxes: (A) convected into liquid, qcnv. 
= q&(d + q.), and causing evaporation from the interface, 
(I_. = m~/(~~q~);(B)conduct~throughva~ur,~* = #Jt& 
+ qr) and radiated from the hot surface, q+ = qr/(qG + qr), for 
diierentU,/R:100s-‘(a),50s-‘(b)and25s-’(c);1--p,= 1 
bar; 2-p, = 10 bars; 3-p. = 100 bars; 4-p, = 150 bars. In 

all cases AT = 1ooo”C. 

Cabulating the same quantities using the simplified 
models, where the effects ofliquid viscosity and velocity 
towards the hot sphere are neglected (i.e. G&J 
= K(u,) = 1 in equation (53)), leads to the following 
values : 6 is 1.05 x lo-” m, the heat fluxes q, and qf are 
thesameandequalto1.2MWm-2,q,,,is0.61MWm-2 

and qr is the same as previously. Thus the difference in 
the estimation of the vapour layer thickness 6 is about 
(- 19)%, of the heat fluxes qe, qE,,” and qW 7%, 14% 
and 97% respectively. Inclusion of these more 
accurate estimates in the analyses of the stability, 
and of the collapse by a pressure pulse, of film 
boiling would substantially influence the result. 
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APPENDIX 1 

Liquid velocity components and pressure gradient at the 
stagnation point region of an axisymmetrical particle are 

u, = &$(I,), (Al) 

fJ, = -&+,K), (A2) 

aP 

( > 
-- 

ax , 
= 2~,Afx C$F?(U - F,W F;‘(G) --F;K,)l. (A31 

Assumption 3 makes possible to express function F,([,) in the 
form [3,4] 

FK,) = i, + Y&I. (A4) 

where 

l(G) < cl. (A51 

Utilizing equation (A4) in equation (1) and neglecting terms of 
order 2’ we have 

r(&) + ~,l~(~~ - r&) = 0. (A6) 

The solution of the last equation, satisfying the condition, that 
far from the interface (i.e. 4, + co) velocity is the same as in 
frictionless flow (i.e. Z’(co) + 0) has the form 

Kl) = u* [exp(-ii:)-~lierlc(:J~~], (A71 

where 

u* = I’(0) = F;(O) - 1. (A8) 

Integrating equation (A7) we have 

l(,,~=~u*[~~:+i)ed(~~+~e-““-~]+l(O) 

tA9) 

and 

Equations(l8) and (25) using(A3), (A4), (A9),(15) and (27)can 
be written 

K =f&{(1+u,)+~~~[1+u~+J27Cu~1(0)-2u~]~ (All) 

and 
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From (A2), (A4), (A9), (17), (20) and (A12) we have 

z(o) = fy 2MIl +u* +3m +u:+GJ*40)1~ 
. (A13) 

PI &/GG 

Finally, using equation (15) equation (A13) can be written in 
the form 

(A14) 

From the last equation, taking into account that 
(p”/p,)m << 1 it is clear that 

I(0) << 1 2 0, (AI5) 

i.e. liquid velocity towards a particle at the interface (due to 
evaporation from the interfaee) is very small and can be 
neglected. Utilizing (A16) we can write 

FIG) = r, + &), F,(B) = Z(O) = 0, 

FX,) = 1+ rqi,), F;(O) = 1+ u*, (A16) 

m47 = 1”(5,). F;(O) = - ;u*, J 
F;(L) = WW, F;"(O) = u*. 

Utilizing equations (A15) in equations (Al) to (A3) one can 
obtain liquid velocity components and the pressure gradient 
at the interface expressed by equations (7) to (9). 

APPENDIX 2 

Equation (1)-neglecting the inertia effect, i.e. terms F,FJ 
and F”’ simplifies to : 

F”‘(l,) = -4. (A17) 

Solution of this equation is : 

F:(L) = -%‘t+CC+C,, @W 

and 

F”(5”) = -Tt@+fC5:+Crr”+C2. 

Vapour velocity components are: 

v, = A”( -ii;: + G”)X, 

and 

v, = -J2A,V,(-&i;+fCr;). 

(A19) 

(A20) 

(A2I) 

InthelasttwoequationsitisassumedthatC, = C, = O(at the 
hot surface, l” = 0, we have V, = V, = 0). 

APPENDIX 3 

Equation (33) applied to vapour gap, using equation (A19), 
can be written : 

=exp{-i%c:(l -$}. (A22) 

Utilizing equations (14), (15) and (24) in the last expression, 
finally we have : 

e.GI = exp C -dL YJI, 
and 

e”(T$ = exp C-9(1,, Ul = expC--41 -b)l, 

where 

and 

R@*,Y*) = a(l*)Y:Cl -J@*)Y*l, 

a@*) = *(1*&)*[1+ u* + I:(1 + u:,1, 

b(i,) = ! A*(1 + u:, 
2 l+u*+I:(l+u:) 

Now equation (34) can be written in the form : 

I 

C” 
E,(L) = 4(t) dt = Cl 

s 
‘* exp { -g@,, 01 dt, 

0 0 
and 

where 

E”(it) = if * exp C -dh+. 1)1/W,), 

(A231 

(A241 

6425) 

6426) 

(~27) 

6428) 

(~29) 

b430) 

The last coefficient must be calculated numerically. 
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INFLUENCE DE LA VISCOSITE DU LIQUIDE ET DU SYSTEME DE PRESSION SUR 
L’EPAISSEUR DE VAPEUR AU POINT D’ARRET PENDANT L’EBULLITION AVEC 

CONVECTION FORCEE 

Resume-On presente le modele thtorique de I’tbullition en convection for& dans la region du point d’arrit 
dune particule axisymbtrique. Du fait de l’effet de lubrification de I’tcoulement laminaire de vapeur autour de 
la particule chaude, l’ecoulement liquide est Itgerement perturbs a partir de I’ecoulement sans frottement. 
Cette perturbation depend des temp&atures de la surface de la particule, de l%coulement libre et de saturation. 
Une tentative est faite pour inclure l’influence du systeme de pression sur le phtnomene, de telle sorte que le 
modble peut Btre utilisb pour la description de la phase de premelange pendant l’explosion (thermique) de 
vapeur. L’applicabilite du modele est montr&e. pour le calcul de l’epaisseur de la couche de vapeur au point 
da& de la sphere, et aussi des flux thermiques a l’interface et sur la surface chaude (parametres importants qui 

influencent la stabilitt et la disparition du film bouillant). 
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DER EINFLUSS DER VISKOSITAT DER FLUSSIGKEIT UND DES SYSTEMDRUCKES 
AUF DIE DICKE DES DAMPFFILMES AM STAGNATIONSPUNKT BE1 FILMSIEDEN IN 

ERZWUNGENER STRdMUNG 

Zrtsammeofassung-Das Model1 des Films&lens bei erzwungener Stromung im Bereich des 
Stagnationspunktes eines achsensymmetrischen Partikels wird vorgestellt. Aufgrund des ‘Gleiteffekts’ der 
laminaren Dampfstriimung urn das he& Partikel weicht die Fliissigkeitsstriimung nur wenig von der 
reibungsfreien Striimung ab. Diese Abweichung hlngt von der Partikeloberfliiche, der Siittigungstemperatur 
und von der Temperatur der ungestiirten Striimung ab. Der EinfluB der Dampfgeschwindigkeit (von der 
Grenzflbhe zur he&n Obertllche) auf den vom Partikel abgefiihrten Warmestrom wird beriicksichtigt. Es 
wurde versucht, den EinfluB des Systemdrucks auf das Phlnomen mit einzubeziehen-somit kann das 
vorgestellte Model1 zur Beschreibung der groben Vormischphase wahrend thermischer Dampfexplosionen 
eingesetzt werden. Die Anwendbarkeit des Modells zur Berechnung der Dampffilmdicke am 
Stagnationspunkt der Kugel und des Warmestroms an der Grenzfllche und an der he&n OberlIlche 
(wichtige Parameter, die die Stabilitlt und das Zusammenbrechen des Filmsiedens beeinflussen) wird gezeigt. 

BJIRIlHME BII3KOCTM lKkiAK0CTL-i M &4BJIEHMII B CMCTEME HA TOJlIl&fHY 
CJIOfl IlAPA B TOqKE TOPMOlKEHMII IIPM I-IJIEHOrlHOM KMl-lEHIlR 

B YCJIOBARX BbIHYlKAEHHOfi KOHBEKUMH 

AHHo?aura-npeanoreHaTeopeTHrecxan MonenbnneHovHoroKmeImI npH BbIHymneHHoii KoHBeKwfH 

B o6nacm TO~KH ropMo;Kemia ocecr3t4MeTpariioP YacrHUbI. Enaronapr 3+$e~Ty rnnponmtah4rirecxofi 
CMaJKH npI4 JIaMliHapHOM O6TeKaHHH HarpTOii SaCTHUbI napOM B nOTOKe OTMe'IaeTCIl He6onbmoe 
BO3MyIUeHHe n0 CpaBHeHm C Te'IeHHeM 6es TpeHW. 3TO B03MylUeHHe 3aBWCWT OT TeMnepaTyp 

nOBepXHOCTH 'iaCTHUb1 H CBO60LUiOrO nOTOKa, a TaK)Ke OT TeMnepaTypbI HaCbIIUeHNR. Y'IHTbIBaeTCK 

BJIHIlHHe CKOpOCTH Te'IeHHIl napa OT rpaHHUb1 pa3neJla K HarpeTOii nOBepXHOCTH Ha TenJIOne~HOC OT 

4aCTHUbl. r@.AnpHHHTa nonbrTKa y-iecrb BnHnmie naenemin B cmTeMe tia nccnenyehibifi npouecc R 

nOKa3aH0, 'IT0 npeAJIomeHHan MODeJIb MOW.eT 6bITb HCnOnb30BaHa &WI OnHCaHHIl rpy6oii IIpeZUlIeCT- 

eytoueii cbfeIUeHmo @asbI npH (rennoeor.3) Bspbme napa. Iloxa3aHo Hcnonb30BaHHe hfonenn n.nn 
pacqera TOJIIUHH~I ~JI~R napa B ToqKe TopMoxeHHn *pbI. a TaKxe rennoabrx noToKoB Ha rpamiue 
pa3nena @a3 A Ha HarpeTOfi nOBepXHOCTH, T.e. TeX BaXCHbIX napaMeTpOB. KOTOpbIe BJIHRH)T Ha 

yCTOi+iHBOCTb H CpbIB nJIeHO'lHOr0 KHneHHR. 


