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ABSTRACT

FALLING FILM FLOW, HEAT TRANSFER AND BREAKDOWN ON HORIZONTAL TUBES

J.T. Rogers

Knowledge of falling film flow and heat transfer characteristics on horizontal

1 tubes is required in the assessment of certain CANDU reactor accident sequences
for those CANDU reactors which use moderator dump as one of the shut-down
mechanisms. In these reactors, subsequent cooling of the calandria tubes is
provided by falling films produced by sprays.

This report describes studies of falling film flow and heat transfer characteristics
on horizontal tubes. Analyses using integral methods are given for laminar and

minary experiments on film flow stability on horizontal tubes are described and
various mechanisms of film breakdown are examined.

The work described in this report shows that in a LOCA with indefinitely delayed
ECI in the NPD or Douglas Point (at 70% power) reactors, the falling films on the
calandria tubes will not be disrupted by any of the mechanisms considered, provided
that the pressure tubes do not sag onto the calar-fria tubes. However, should the
pressure tubes sag onto the calandria tubes, film disruption will probably occur.

RESUME

FORMATION DE LA PELLICULE LIQUIDE GLISSANT SUR LES TUBES HORIZONTAUX,
TRANSFER! DE CHALEUR ET INSTABILITE DE LA PELLICULE

J.T. Rogers

La connaissance des particularites de la formation de la pellicule liqulde et du
transfert de chaleur sur les tubes horizontaux est necessaire pour evaluer la suite
d'evenements de certains accidents du reacteur CANDU, dans le cas des modeles qui
utilisent la vidange du moderateur comme mecanisme d'arret. Dans ces reacteurs, le
refroidissement subsequent des tubes de calandre s'effectue grSce a une mince
pellicule produite par giclement d'eau.

Ce rapport decrit les etudes menees a propos de la formation de la pellicule liquide
et des particularites du transfert ealorique sur le tubes horizontaux. L'analyse
se base sur des methodes integrales pour le debit laminaire et le debit en regime
turbulent, tenant compte d'abord, puis negligeant les effets d1impulsion dans la
pellicule. Le rapport decrit les experiences preliminaires sur la stabilite de la
pellicule liquide et examine diverses eventualites d'instabilite.

Le rapport revele que, lors des etudes menees dans les reacteurs de Rolphton et de
Douglas Point (a 70% de puissance) en cas de perte de calo^orteur compliquee d'une
panne indefinie du refroidissement d'urgence par injection, la pellicule liquide
arrosant les tubes de calandre n'est pas perturbee par les causes d'instabilite
envisagees, aussi longtemps que les tubes de force ne s'affaissent pas et ne
touchent pas les tubes de calandre. Dans le cas contraire, la stabilite de la
pellicule liquide serait probablenient compromise.
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Nomenclature

1+

= 2.26 x 10 or 5.95 x 10

C - specific heat, kj/kg K

Co - parameter of Moalem and sideman (17) , = Re / F r '

g - acceleration of gravity, m/s2

g - g r a v i t a t i o n a l c o n s t a n t , kg m/N s

h - hea t t r a n s f e r c o e f f i c i e n t , W/m2K or Btu/hr f t 2 °F

iv

I
I

- 1.365

C - empirical constant, = 5.3 * 10~ (kg m7/w5s) " •

C - empirical coefficient in nucleate boiling equation, equation 111,

I
I

C' C. - coefficients in equations 27, 28 and 29 «

C\, Q-i, C3 - defined by equations 82, 83 and 88

d - tube diameter, cm or m I

F - gravity force per unit length, N/m

F - surface shear force per unit length, N/m M

4r2

Fr - film Froude number, I
4r2 •

Fr' - modified film Froude number, •
g P f a3

f - friction factor, dimensionless I

I
h - heat transfer coefficient with momentum effects B

m o •

allowed for, W/m2K or Btu/hr ft2 F •

k - thermal conductivity, W/mK

L - film flow length, cm or m I

AM - rate of momentum change per unit length, N/m

m - mass flow rate, kg/s or gm/s I

n - empirical exponent in nucleate boiling equation, equation 111,

=3.86 •

Nu - Nusselt number, hd/kf •

P(6) - defined by equation 20 I
i
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c
Pe , - film Peclet number,

Pf
I kf

Pr - Prandtl number

2(9) - defined by ek .tion 35

q" - heat flux, W/cm2 or W/m2

R - tube radius, cm or m

4T
Re - film Reynolds number, —

T - temperature, K or C
o

AT - logarithmic mean temperature difference, K or C

AT - wall superheat, C

AT , - sub-cooling, K or C

U - contact conductance over contact strip width between sagged
c

pressure tube and calandria tube, W/cm2K

u - velocity, m/s or cm/s

w - width of contact strip between sagged pressure tube and

calandria tube, mm.

x - distance in direction of film flow, m or cm

y - distance normal to direction of film flow, mm or pm

B - contact angle, degrees

I r, r film mass or volume flow rate per unit length of periphery,

kg/m s or gm/m s

r - droplet expulsion rate or droplet entrainment rate from a

liquid film, kg/m s

- evaporation rate from a liquid film, kg/m sI
6 - film thickness, mm or urn
61 - non-dimensional falling film thickness, allowing for

momentum change effects, = 6 /d

+ 5p f Tw gc H

5 - non-dimensional film thickness, ( )

6 - critical film thickness, mm or vim

6+ - non-dimensional critical film thickness, reference 32,

defined by equation 95

fi - falling film thickness allowing for momentum change effects,

mm or ym

v
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6fc - thermal boundary layer thickness, mm or pm _

6. - film thickness at angular position 9 ™

9 - angular position on a horizontal tube measured from the B

upper stagnation point, radians or degrees

8, - angular position at the end of the thermal boundary layer

development region, radians or degrees

m
m

d - angular position at the end of the thermal boundary

layer development region with momentum effects allowed for,

radians or degrees

9 - angular position of minimum film thickness, or minimum
m

VI

I

I
breakdown heat flux, radians or degrees

p - absolute viscosity, kg/m s H

p - density, kg/m3

a - surface tension, N/m I

T - shear stress, N/m2

I
I

- defined by equation 63 _

I
A bar over a number indicates an average value.

Subscripts

a - based on an arithmetic-average temperature difference £

b - film breakdown

bl - boundary layer I

bo - position of film blow-off

c - critical I

d - limit of thermal boundary layer development region *

FU - Fujita and Ueda

f - liquid film I
I
1
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ff

i

SL

nb

s

sb

T

t

V

w

WB

wf

X

fi

e

8 d

IT

- convection by falling film

- inflow or initial value

- outflow

- nucleate boiling

- free stream

- position of onset of sub-cooled boiling

- overall average value over tube periphery

- thermal boundary layer

- vertical surface

- surface of tube

- Wilke-Brauer

- wavy film

- at position x

- edge of film

- average value in developed region to angle 6, or at

angular position fi

- average value over entire development region

- average value in developed region to angle IT, or at

angular position TT

- region of film outside of developing thermal boundary

layer
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IFalling Film Flow, Heat Transfer

and Breakdown on Horizontal Tubes I

Preface E

This report describes work undertaken for the Atomic Energy

I
I

Control Board under contract serial number OSU 79-00183 over the

period July 1, 1979 to August 16, 1980, on falling film flow, heat

transfer and stability on horizontal tubes. Work under the same

contract on LOCA with impaired ECI with and without additional heat •

sinks is described in a separate report (1).

Previous work for AECB in these areas is described in •

reference 2. •

Progress on the present work was described in quarterly progress

reports (3-5). Additional information is provided in technical reports B

and papers, references 6 to 9.

I
I
I
I
I
I
I
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Falling Film Flow, Heat Transfer

• and Breakdown on Horizontal Tubes

I 1.0 INTRODUCTION

| Certain CANDU r.alear power reactors, i.e., NPD, Douglas Point

and Pickering A, use moderator dump as one of the shut-down mechanisms.

I Following moderator dump, cooling of the calandria tubes is maintained by

spraying recirculated heavy water pumped from the dump tank through spray

• headers near the top of the calandria. The sprays produce liquid films

I flowing around the periphery of the calandria tubes. Cooling of the

calandria tubes by this means is particularly important following a loss-

I of-coolant accident (LOCA) in which the operation of the emergency coolant

injection (ECI) system is impaired. In this case, the liquid films must

I serre as the heat sink for the decay heat of the fuel, a function performed

I in other CANDU reactors which do not use moderator dump for shut-down

purposes by the bulk moderator itself (e.g., 10, 11). The cooling effective-

I ness and stability of the films must be assured in this case. Potential

mechanisms of film disruption are flow starvation, non-uniform surface

I tension effects and film blow-off by bubble nucleation effects,

i Most of the information in the literature on falling film flows

pertains to condensing films on vertical surfaces or horizontal tubes

1

| or to non-condensing films on vertical surfaces. There is relatively

little information on non-condensing falling film flows on horizontal

tubes. For example, the recent review paper by Seban on falling film

flows does not consider films on horizontal tubes at all (12).
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As a basis for the study of film disruption, it was necessary to H

obtain a better understanding of the basic mechanisms of falling film

flow and heat transfer characteristics rjn horizontal tubes. Therefore, I

film flow characteristics, including the effects of momentum variation,

and heat transfer behavior were investigated. The potential mechanisms •

of film breakdown were examined by adapting empirical data and •

correlations for falling films on vertical surfaces to horizontal tubes.

A preliminary scoping experiment was undertaken to provide some insight I

into film behavior and information for the design of more comprehensive

experiments on film flow and breakdown characteristics. •

This report describes the work done in and the results of these •

investigations.

I
I
I
I
I
I
I
I
I
I
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2.0 LAMINAR FALLING FILM FLOW CHARACTERISTICS

Under the CANDU reactor accident conditions which were the

• motivation for this study, laminar as well as turbulent film flows will

be encountered. In general, laminar film flows will be more susceptible

to film breakdown than turbulent film flows.

I It is well known (e.g., 12,13,14) that, except at very low film

Reynolds numbers, laminar films develop a wavy structure, which increases

I heat transfer coefficients above those which are predicted for smooth

• film flow. The analysis in this section of the report is based on the

assumption of a smooth film. The application of empirical corrections

I to predicted smooth-film heat transfer coefficients established for fully-

developed laminar films on vertical surfaces (15,16) to laminar films on

I horizontal tubes is discussed later in the report.

I The work described in this and the following three sections of

this report is also described in reference 8.

I The thickness of a fully-developed laminar falling film on a

vertical surface for conditions of no shear between the film and gas or

I vapor beyond it can be calculated by the long-established Nusselt

1 equation, as found in most heat transfer text-books (e.g., 13, p.190):

U)

The Nusselt analysis can be extended to laminar falling film

flow ever a horizontal tube. Strictly speaking, the film is never



uf
sine (3)

I
I

fully-developed under these conditions, since the effective gravitational I

force on the film varies as the film flows around tha tube.

To establish the velocity profile in the film, the conservation •

of momentum equation was written in two dimensions. Assuming that the ^

film thickness is small with respect to the tube radius and that the ™

density of steam or helium gas beyond the water film is negligible with H

respect to the water density, the momentum equation becomes:

I
'c c ^c 2 •

We will assume for now that momentum variations resulting from j |

variations in film thickness and velocity are small and can be ignored. _

Therefore, the left-hand side of equation 2 disappears. We are left with: *

,9 D,-q H

I
Assuming no slip at the tube surface and no shear stress at the

film surface, a good assumption for conditions in the calandria where ™

there is no significant gas flow following moderator dump, integration •

of equation 3 yields:

r
Q* g I

6y - *— sine (4)

I
I
I
I
1



| where 8 is the angular position around the tube, measured from

g the upper stagnation point (12 o'clock) on the tube. See Figure 1.

Equation 4 is the same as the velocity profile generally used for

I fully-developed laminar falling films on vertical surfaces except for

the sin6 term (e.g., 13).

I The film flow rate per unit tube length, on each side of a

_ horizontal tube, is:

I
where, by definition,

I

T = pf u 6 (5)

i
u = — / u dy (6)

o

I
Combining equations,4,5 and 6, we derive, for the laminar film

I
| thickness at any angle 9:

I
I

3F y
6 =( \ (7)

p 2 sine

In non-dimensional terms, the laminar film thickness is given

by:

6 + = 0.866 Re (8)

where

f w yc

- <-£—£•) (9)
f Pf

4r
Rer = — (10)



I
I

Confirmation of this equation for laminar film thickness on a B

horizontal tube under similar assumptions has been obtained by modifying

the results of Moalem and Sideman (17) for a falling, evaporating film on •

a horizontal tube.

Equation 7 predicts infinite film thickness at 6 = 0 and at 6 = IT, B

the upper and lower stagnation points on the tube. These predictions •

realistically represent the film approach to, and departure from the tube,

assuming that the film flows into the tube as a sheet and does not I

prematurely separate from the bottom -portion of the tube. (See Figure 1)

A minimum film thickness is predicted at 9 = — , i.e., at the horizontal •

plane passing through the center line of the tube (3 or 9 o'clock). The •

predicted film thickness at this position is identical to that predicted

by equation 1 for a fully-developed laminar falling film on a vertical •

surface.

B
Of course, as mentioned earlier, even stable laminar films will •

tend to develop wavy surfaces, except at very low Reynolds numbers, so that a

the film thicknesses predicted by equation 7 and other equations given here

should be considered as time-average film thicknesses at a given location. I

The transition from laminar to turbulent falling films is generally

considered to occur in the range of film Reynolds numbers between 1000 Hj

and 2000 (e.g., 12,14,16,18). However, actual flow conditions in a _

falling film are relatively complex, so that the classification into

laminar and turbulent films is approximate. Brumfield and Theofanous (19) I

show that flow conditions in falling films are governed by a wave

structure superimposed on a base film. At low Reynolds numbers both base £

I
1
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film and waves are laminar, at higher Reynolds numbers the base film is

laminar and the waves are turbulent while at still higher Reynolds numbers

both the base film and waves are turbulent. Even under these last

I conditions there is, of course, a laminar sub-layer next to the solid surface.

For typical CANDU reactor conditions of interest here, film Reynolds

I numbers on the calandria tubes are in the range of 1000 to 4500.

m Corresponding nominal minimum thicknesses, at 9 = 90 , are in the range

of about 200 to 450 pm. Because of the short effective height of the

I films on the calandria tubes, full turbulent conditions may not develop

even though the film Reynolds number is high (e.g., 14, p.342). On the

I other aand, the splashing and resulting film agitation which will occur

_ in general as the films fall onto lower tubes in the form of droplets

' and columns*, will promote waviness in the film. Both of these opposing

I factors may affect the actual heat transfer coefficients for a film,

but they are neglected in this analysis.

I
I
I
1

* For conditions of interest in the present problem, the work of Moalem
and Sideman (17) indicates that the falling film will break up into
droplets and columns between tubes.



3.0 LAMINAR FALLING FILM HEAT TRANSFER COEFFICIENTS

I
i
I
I

Just as the falling film thickness on a horizontal tube will vary with

angular position, the heat transfer coefficient will also vary with angular

position. In addition to the obvious effect of the variation of film thickness

on the heat transfer coefficient, a thermal boundary layer will develop in the I

film as it comes onto the tube, which will result in an additional cause for

variation in the film heat transfer coefficient with position. •

3.1 Film Regions for Heat Transfer Analysis |

A diagrammatic sketch of a falling film on a horizontal tube is

shown in Figure 2. It is assumed that the film falling onto the tube is •

at a uniform temperature, T , and that heat flows from the tube to the film. •I
As the film flows onto the tube, a thermal boundary layer develops from

the upper stagnation point, the 12 o'clock position. The thermal boundary B

layer grows as 9 increases until its outer edge intersects the outer surface

of the film. Beyond this position, the thermal boundary layer extends •

across the total thickness of the film, of course. In this region, it is H

assumed that no heat transfer occurs from the film into the gas or vapor

outside the film, which is a very good assumption for sub-cooled films. •

Of course, as the film approaches 9 = 180° its thickness grows rapidly

towards infinity. It is obvious that the effective thermal boundary layer |

thickness in this region cannot continue to be the film thickness, but a

must decrease below it. However, the local heat transfer coefficient will

be low in this region because of the thickening film and the region itself H

will be quite small, generally extending over only a few degrees on each

side of the 180° position (20, Fig.12.7). Therefore, for convenience, |

the outer edge of the thermal boundary layer was assumed to coincide with _

the outer edge of the film all the way to 9 = 180°. While this assumption

1



will not significantly affect the average coefficient from the tube to

the film, the local value in the vicinity of 9 = 180 will be too low.

This discrepancy may affect the analysis of film disruption by bubble

nucleation as we will discuss later.

Therefore, to analyze heat transfer rates to the film, we will

consider two regions as shown in Figure 2, the first being the thermal

boundary layer development region from 9 = 0 to 9 = 9,, and the second

being the "developed" region from 9 = 9, to 9 = IT.

3.2 Thermal Boundary Layer Development Region

The boundary layer integral method was used for the analysis of

the heat transfer coefficients in this region. In addition to assumptions

given previously, a major assumption is that the tube surface temperature

is uniform. For falling liquid films on horizontal tubes under conditions

of interest here, this assumption will be quite good since the film heat

transfer coefficients are quite high, heat fluxes into the film are generally

low and film bulk temperature rises around the periphery of a given tube

are generally less than 5 C.

A further assumption is that all liquid film property values are

independent of temperature, which is again quite valid for the present

conditions.*

A mass balance on the thermal boundary layer in an infinitesimal

slice of the falling film at 9, of width Rd9 at the calandria tube

* The variation of surface tension with temperature, which is important in
film stability considerations, as we will see, does not affect film heat
transfer coefficients.
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surface, yields the following equation: B

d '* •
mi» = pf le f u dy de (11> •

o ™

where m.^ is the mass flow rate into the thermal boundary layer I

from the portion of the film outside the thermal boundary layer.

A heat balance on the same slice of the thermal boundary layer •

yields: •

•

I
I
I
I

For a laminar falling film on a horizontal tube, the velocity

3T d
- k. R (•£-) d0 + m. C T = p C — f u T dy d6 (12)

Substituting equation 11 into equation 12, we obtain the basic

heat balance integral equation for the thermal boundary layer in this

region:

d 6 t

- kf R (1^)= pf C |g- / u(T - TJ dy (13)
y w Pf o

at any point is given by equation 4.

Equation 4 can also be expressed as: I

The temperature profile in the developing thermal boundary layer •

is determined using an approach identical to that used for the integral

method analysis of a developing laminar thermal boundary layer on a flat •

I
1
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I
I

11

plate (e.g., 21). Assuming that the temperature profile can be represented

by a third-order polynomial equation and satisfying the boundary conditions

of no heat flow at the outer edge of the thermal boundary layer and

I ^ 2 = 0 at y = 0, as deduced from the two-dimensional laminar boundary
3 T
——
3y

layer energy equation (e.g., 21), we obtain the following temperature

profile:

T " T T 3
= () (

T - T 2 V' 2 V
w °° t

From equation 15, the temperature gradient at the calandria tube

• surface is given by:

T - T
3 w j

Equations 14, 15 and 16 may now be substituted into the thermal

boundary layer heat balance equation, equation 13, the integration performed

and the limits substituted. In this way, the following differential

equation is obtained:

2c re,, de L 10
Pf t

In equation 17, since 7— < 1, the second term in the square brackets
0

will be significantly less than the first term throughout most of the

thermal boundary layer development region. Even at the limit of this



cfr

To integrate equation 18, we substitute i|i = T — and use eauation
o

7 for 6.

Making these substitutions, noting that — = R, and integrating

W h e r e 9 1/3

o

h(Tw-T, --k f(f)

temperature at any angle, 6, in the thermal boundary layer development

region. This temperature is defined by the equation:

I
I

roqion, wherr — = 1, the second term will be only about 20% of the first •

term. Therefore, the second tenr. may be ignored with respect to the first

term without introducing a serious error. Therefore, equation 17 becomes: B

5 kf R d 6t 2 I

I
Ifrom 9 = 0 to any angle 8 within the thermal boundary layer development

region, we obtain, after some manipulation: •

<V k 1/3 g pi d3 1/9 1/3 •
_ = 1.375 (^_) (- rL_) (P(9)) (19) |

I
p(e) = / (sine) de (20) I

To proceed further, we define h, the local heat transfer I

coefficient in this region, as follows:

In equation 21, T is the bulk mean (i.e., velocity-weighted)

I
I
I
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I
I T - T = ̂ — / u(T - T)dy

I
I

13

(22)
u t 6 t

where u is the average velocity across the thermal boundary

layer:

6

I t
u. = j- f u dy (23)
t o

t o

Substituting equations 14, 15 and 23 into equation 22 and

I integrating, we obtain:

I
I

6 t 2 6 t
T - T 0.4 ( - ^ - 0.1458 (-r1)

W Q 0

T — T ^ t ^ " t
w » o . 5 (-—)'• - 0 . 1 6 6 7 (-—)

0 0

6t

I For small values of 9, — will be small and the second terms in

6the numerator and denominator can be ignored in comparison to the f i rs t

terms. Therefore, in the earlier part of the thermal boundary layer

development region:

^ T - ^ = 0.80
w °̂

and the temperature profile in this part of the thermal boundary

layer becomes:

T - T 3

~ = 1.875 (2-) - 0.625 (£-) (25)
T - f 6t 6t
w
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As the limit of the thermal boundary layer development region is

T - T
/ T - 0.7625

T - T 3

— = 1.968 (2-) - 0.656 $-~) (26)
T - T 6t 5t
w

where C varies from 1.875 to 1.968 as 9 varies from 0 to e., the

Substituting equation 27 into equation 21 end solving for h, we

obtain:

I
I

approached, S^/8 -> 1, and

I
I

and the temperature profile in this later part of the thermal ^

boundary layer becomes:

I
I

Thus, we see that the temperature profiles in terms of T in the _

development region of the thermal boundary layer are not exactly similar. ™

However, we may proceed with the derivation on the basis of similarity B

since the departure from similarity is not large and proceeding on this

basis introduces only a small uncertainty (- +_ 2%) in the predicted values •

of the heat transfer coefficients in this regjon,as we will see.

From equations 25 and 26, the temperature gradient at the calandria •

tube surface is given by:

T - T
I

I
limit of the thermal boundary layer development region.

I
I



I
I
I

I
I
I

IS

h = c; -^ (28)
t 6

I We may now substitute equation 19 into equation 28, and using

equation 7, obtain the following equation for the Nusselt number for

I the local heat transfer coefficient in the thermal boundary layer

development region of a falling laminar film on a horizontal tube:

\ F 1/3 g 4 d3 2/9 sine 1/3hd \ 1/3 g 4 sine
k t k r p(e)

where C. varies from 0.946 to 0.992 as 9 varies from 0 to 9,.
t d

I Since this variation is less than 5%, we can assume a mean value for

C. of 0.969 without introducing a large error.

I Therefore, the local Nusselt number in the thermal boundary layer

development region is given by:

p_ 1/3 g pz dd 2/9 . 1/3

M = 0.969 <—i—) (—-f ) (§i£f) (30)
f t f

Equation 30 can also be expressed by-.

^ Pi ̂ 3 2/9 1/3hd

^ O B 3 l R e r Prf (-^J (f̂ .) (31)

The extent of the thermal boundary layer development region can

be established from equation 19, since at the limit of this region,
6t
— = 1. Therefore, the angle at the limit of this region, 9_, is defined

by:
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c r
V r u. 1/3

I
I

= 0.385 l-~~) ( 2-a) (32)
f , p f |

The average heat transfer coefficient in this region can be •

determined by:

h = ^ / hde (33) "
9d 8d o

Substituting equation 30 into equation 33, and integrating, we

obtain for the average Nusselt number in this region: •

I
I
I
I

Values of the parameters P(8) and Q(8), calculated using numerical

integration techniques are given in Table 1. •

The equations for local and average Nusselt numbers in this region, •

equations 30 and 34 respectively, contain the non-dimensional parameters

c
P f

 r V3 g P2 d* 2/9
= 0.969 (^—} (—E ) — 5 - (34)

n r p e

where
9 . 1/3

= / (^fjey-) ae (35)
o

c r 2 ^3 c r
p f g pi a* p f

and . The parameter —: represents the ra t io of thermal
kf r U f

 p k
£

transport by the film to thermal transport into the film, and is thus a

I
I

form of Peclet number, which we can call a film Peclet number, Pe , so that: •

I
I
1
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I
I
I
I
I
I
I
I
I
I
I
I
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TABLE 1

VALUES OF P(6), Q(0)

P(6)

0

0.073

0.184

0.315

0.460

0.615

0.779

0.948

1.120

1.295

1.469

1.641

1.810

1.974

2.129

2.273

2.404

2.515

2.589

Q(9)

0

0.260

0.489

0.697

0.896

1.088

1.272

1.449

1.619

1.783

1.939

2.088

2.229

2.361

2.483

2.594

2.696

2.777

2.824
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A parameter — represents the ratio of gravity to viscous

Re g p | d3

where Fr' is a modified film Froude number which is related to

the film Froude number by:

PrJ, = Frp (|) (38)

Note that the parameter Re /Fr' is the same as that designated

I
e
i
I

forces on the film and thus can be ir ^erpreted as the ratio of a film

Reynolds number to a film Froude number. Therefore, the parameter •

g P | a3

— can be represented by : •

I

I
I
Ias Co by Moalem and Sideman (17)*.

In the foregoing derivation, we have based the heat transfer •

coefficient, as defined by equation 21, on the film bulk mean temperature

at a given angle 6, as defined by equation 22. It would perhaps be more •

convenient, for the thermal boundary layer development region, to base the

heat transfer coefficient on the approach temperature, T , a fixed value. Mm

Using T as the reference temperature would also avoid any conceptual I
* Note that Moalem and Sideman define their Froude number by the inverse ^

of the conventionally-used definition. I

I
I
I
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difficulties in the use of equation 33 to calculate the average heat

transfer coefficient for this region, which implies a constant temperature

difference rather than the actual variation of temperature difference

with angle.* However, use of T for the reference temperature would

complicate the definition of the heat transfer coefficient

in the developed region and so this approach has not been used here. Of

course, the actual variation of T around the periphery of the tube is

quite small for the conditions of interest here, being less than 5 C in

general. To allow approximately for the variation in the difference

between the calandria surface temperature and the film bulk mean temperature

around the tube periphery, an appropriate logarithmic mean temperature

difference between the calandria tube surface and the film should be used

when the average heat transfer coefficient given by equation 34 is

calculated.

3.3 Developed Region

We will use the term "developed region" to refer to the region

in which the thermal boundary layer extends across the entire thickness of

the falling film on a horizontal tube. The analytical method used in this

region is again a boundary layer integral method. The major assumptions

are the same as those used in the thermal boundary layer development region.

Again, we assume that, in this region, there is no heat transfer from the

falling film to the gas or vapor beyond it, which is a very good assumption

for sub-cooled films.

* Use of T^ as the reference temperature instead of T results in the same
form of the equations for h and h, equations 30 and 34, except that the
numerical coefficient is 0.756 instead of 0.969.
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The analytical model used in this region is also illustrated in

3T d 6

R V = p f V d e ' u T d * (39)

w f o

T ~ T
— = 1.968 (£) - 0.656 $•) (40)
T - T 6 *
w

- — . (41)
w

I
I

Figure 2. Since there is no mass flow rate, and hence heat transport, into

the thermal boundary layer region from the region of the film beyond it, M

the heat balance integral equation for the thermal boundary layer becomes:

I
I

The velocity profile in this region is still given by equation 14. B

The boundary conditions for the temperature profile in this region are

similar to those in the thermal boundary layer development region except H

that the outer edge of the thermal boundary layer now coincides with the

outer edge of the film and the temperature of the outer edge of the film •

is not T^, but is simply designated as T . It can be readily shown that •

the equation for the temperature profile will be the same as equation 26

except that 5 will replace 6 . Therefore, the temperature profile is given I

I
I

The temperature gradient at the calandria tube surface is then •

given by:

I
I

Substituting equations 14, 40 and 41 into equation 39, integrating

over y and substituting limits, we obtain: B

I
I
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( 4 2 )

r
Pf

In deriving equation 42, we have recognized that T is uniform

and therefore not a function of 6 while T is a function of 6.

Substituting for 6 from equation 7, we finally obtain the

following differential equation:

Si
f | _ 1/3

_ o.682 ( ^ i - ^ X — ) (Tw - T)(sin6) = 0 (43)

Pf f

Separating the variables, equation 43 can be integrated from

6. to any value of 9 beyond 9, to yield:

T - T
w

— = exp
T - T
w d

k g p| d3 1/3
- 0.682 (c

 r
 r) (~ ) (p(9) - P(9d))| (44)

Pf ' "f

In the limit, as P(8) increases with 6, T approaches T , as it

should in this case.

The local heat transfer coefficient in this region is again defined

by equation 21. Substituting equation 41 into equation 21, using equation

7 for 5, the local Nusselt number in the developed region is determined to

be:

g pZ d3 1/3 1/3
£-=1.365 (—— ) (sine) (45)
f F yf

The average heat transfer coefficient up to any angle 6 in this

region is defined by:
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1
he = o^r ; h d0 <46>

d 0 ,

I
I
I

Substituting equation 45 into equation 46, integrating and m

substituting limits, we obtain for the average Nusselt number up to any ™

angle 6: •

hfld g p2 d3 1/3 P(6) - P(9 ) I

I
Obviously, the average heat transfer coefficient over the entire

region is given by: I

h d g p U 3 1/3 P(TT) - P(6 )
r2- = 1.365 {-—i ) ( — ) (48)

I
I

As in the thermal boundary layer development region, the film

Nusselt number in this region (equations 45, 47 and 48) is seen to be a H

g o\ a3

function of the non-dimensional parameter ~~f, r proportional to the •

ratio of film Reynolds number to the modified film Froude number, equation _

37. However, it is not a function of the film Peclet number in this ™

region. I

To permit calculations of overall heat transfer rates from the

calandria tube, we require the value of the average heat transfer I

coefficient over both regions, which can be calculated from: —

I
I
I
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AT IT

+ -—^ ; h2ae
T 8d

(49)

where hj is given by equation 30 and

hj is given by equation 45

In equation 49, AT , AT and AT are appropriate logarithmic
ed v

mean temperature differences over the development region, the developed

region and the entire periphery respectively.

Substituting equations 33 and 46 into equation 49, we obtain:

AT

e, e, ir-e, A T

Vrs^ \ + -IT- ̂  \
where h is given by equation 34 and

9d

h is given by equation 48

Values of the logarithmic mean temperature differences can be

calculated from equations 24 and 44.

As discussed earlier, the foregoing derivations have ignored any

effects of laminar film waviness on heat transfer coefficients. Assuming

that the effects of waviness will be similar to those on vertical falling

films, we may correct the foregoing coefficients for waviness, at least

in the developed region, by using an empirical equation presented by

Kutateladze (16). in the present nomenclature, this equation is:

h 0.04
-—= 0.95 Rer (51)
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where h /h is the ratio of the heat transfer coefficient allowing

I
I

for waviness to that ignoring waviness. For the laminar film range of

interest in the present problem, this correction would result in increases H

in heat transfer coefficients in the developed region in the range of

about 25% to 30%. In the thermal boundary layer development region, |

waviness would be expected to have less effect, especially in the earlier B

part of the region, since the thermal boundary layer will not be as

affected by waviness as the outer portion of the film. I

I
I
I
I
I
I
I
I
I
I
I
I
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I

4.0 COMPARISONS WITH OTHER WORK

The equations for falling film heat transfer coefficients in the

developed region can be compared with equations for fully-developed

I falling films on vertical surfaces established by Hewitt and Hall-Taylor

(13)and Fujita and Ueda (18). Such comparisons show that equation 45,

I for the local heat transfer coefficient in the developed region, when

evaluated at 9 = TT/2, is essentially the same as the equations of Hewitt

* and Hall-Taylor and Fujita and Ueda, with only slight differences (<5%)

I in the numerical coefficients. This agreement supports the validity of

the analysis developed here.

I Experimental measurements of falling film heat transfer coefficients

for water on nearly-horizontal tubes have been reported by McAdams (22),

I as shown in Figure 3. Figure 3 gives values of average heat transfer

I coefficient for the entire tube periphery, based on the overall

arithmetic-average temperature difference, as a function of T/d for a

1 range of tube diameters. A simplified empirical equation, proposed by

McAdams, which roughly represents the results is also shown in Figure 3.

I The line A-B in Figure 3 is an asymptote representing the limiting case

| for low water flow rates, or large tube diameters, in which the temperature

of the water leaving the bottom of the tube is essentially equal to the

I tube wall temperature. The occurrence of experimental points to the

left of the asymptote at low flow rates results from evaporation effects.

I
1

Predicted overall heat transfer coefficients based on the overall

arithmetic-average temperature difference, h , were obtained for the
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* The validity of the use of equation 51 to correct average coefficients
from equation 50, particularly for c
is relatively large, is not certain.

I
I
Ipresent analytical method from equation 50 by using an arithmetic-average

rather than a logarithmic-average temperature difference for AT .

Predicted values of h for a tube diameter of 1.50 inches (3.8 cm.) for I

water temperatures of 15 C and 50 C are shown in Figure 3 by the solid

I
I

lines, as indicated. The dashed lines, as indicated, show these predicted

values corrected for film waviness by equation 51.*

Considering the lack of knowledge of the water temperature in the

experiments and the uncertainty of the correction for waviness, the •

predicted results, for d = 1.5 inches, agree quite well with the experimental

results for tube diameters of 1.31 and 2.00 inches. •

Although not shown in Figure 3, the predictions of the analytical I
method, when plotted as h versus F/d, as in Figure 3, show a dependence

Ta

on tube diameter, increasing as tube diameter decreases, which is also I

evident in the experimental results, but which is not reflected in the

simplified empirical equation of McAdams. It appears evident that this |

latter equation does not represent the actual average heat transfer M

coefficient behavior very well.

The analytical predictions are seen to merge asymptotically with I

linn A-B, as they must. Again, the empirical equation does not reflect

the actual behavior of the arithmetic-average heat transfer coefficient |

in this respect. I
from equation 50, particularly for cases in which the development region •

I
I
1
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The author was recently made aware of a similar analysis of heat

transfer to a laminar falling film on a horizontal tube by Solan and

Zfati (23). Solan and Zfati used an integral method of analysis, as

in the present paper, considered the two heat transfer regions described

in this paper and used velocity and temperature profiles similar to those

used here.

There are three major differences between the method of Solan and

Zfati and that used in the present work:

a) Solan and Zfati allow for inertia effects in the film momentum

equation. Momentum effects were ignored in the present

derivation. With laminar flow, these effects will be small

over most of the periphery of the tube, as will be shown later

in this report. Near the bottom stagration point, allowance

for momentum effects will result in a lower predicted film

thickness, and hence a higher heat transfer coefficient, at

a given angular position. Therefore, ignoring momentum effects

provides a small element of conservatism in the present analysis

in this region, which is the region of interest for film

breakdown.

b) Solan and Zfati assume that the flow field near the upper

stagnation point can be represented by a viscous boundary

layer developing inside a two-dimensional jet impinging on a

flat surface. In the present work, no separate assumption

as to the flow field near the upper stagnation point was used.
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of predicted film thickness at positions beyond 6 = 30°. Since,

I
I
ISolan and Zfati state that the values of film thickness

predicted using their approach and that using the approach

employed in the present study give practically identical values I

I
I

again, we are mainly concerned with effects near the bottom

stagnation point, the approach used in the present study is

adequate.

c) Solan and Zfati used a numerical method to solve their I

differential equation for the thermal boundary layer thickness.

I
In the present work, the equivalent differential equation,

equation 17, was solved analytically in an approximate manner

by neglecting the second term in comparison with the first.

Thus f the present approach provides the convenience and insight I

of a closed-form analytical solution at the sacrifice of some

accuracy. However, this sacrifice does not appear to be very |

significant from a. comparison of the predictions of the two A

methods for typical conditions of interest for CANDU calandria-

tube falling film cooling, as discussed below. I

A comparison of the predictions of the two methods was made using

the plotted results of the Solan and Zfati analysis for the overall average BJ

heat transfer coefficient based on the arithmetic mean temperature Idifference, h , as given in Figure 5 of their paper. This figure gives

a plot of h versus T /R for various values of R, i.e., a plot very B

similar to that used by McAdams, as given in Figure 3 of this paper.

I
I
I
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The predicted values of h from equation 50, again based on the arithmetic

rather than the logarithmic temperature difference, were compared to the

values predicted by Solan and Zfati for R = 2 cm, as given in their

Figure 5. This comparison was complicated by an apparent error in the

abscissa values of Fv/R of their Figure 5. By comparing their asymptotic

values with those given by McAdams (line A-B in Figure 3) or those

calculated by a heat balance, it appears that the abscissa values given

in Figure 5 of Solan and Zfati are exactly a factor of 2 high. Making

this correction to these values, the results for h predicted by equation

50 agree with those in Figure 5 of Solan and Zfati to within about 5 to

10%, making allowance for the difficulty of reading values accurately from

the curves of their Figure 5.
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5.0 APPLICATION TO CANDU REACTOR CALANDRIA TUBE COOLING

I
I

Predicted local heat transfer coefficients, ignoring the effects

of film waviness for typical CANDU conditions within the laminar film I

range are shown in Figure 4, for film Reynolds numbers of 1000 and 2000.

I
I

The values of the other parameters, shown in Figure 4, Re /Fr' and Pe ,

are compatible with the given film Reynolds numbers for the CANDU

conditions of interest.

From Figure 4 it is apparent that, as expected, the heat transfer B

coefficients are quite high, except for local values at angles approaching

180 . Therefore, considering that heat fluxes on the calandria tube are |

relatively low over most of the periphery of the calandria tube during _

the course of a LOCA with impaired ECI, (10,24) the calandria tube should ™

remain well-cooled in general. The only region where high local heat B

fluxes would be encountered in such an accident sequence is in the

neighborhood of 8 = 180 , following sagging of a pressure tube onto a B

calandria tube, where unfortunately, the local coefficients will be low.

This problem will be discussed later in this report. •

In Figure 4, the breaks in the curves occur of course, at the •

limits of the development region.

In the developed region, Figure 4 shows that heat transfer B

coefficients are lower at any angular position for the film with the

higher film Reynolds number, as can be deduced from equation 45. This H

behavior is similar to that for fully-developed films on vertical flat •

plates and results from the effect of the greater film thickness at the

higher Reynolds number, as shown by equation 8. B

I
I



I
I
I In the thermal boundary layer development region, on the other hand,

m an increase of Reynolds number increases the local heat transfer coefficient

at a given position, as also shown by equation 31. In this region, it can

I be shown from equation 19 that an increase of Reynolds number will decrease

the absolute thickness of the thermal boundary layer at any given position,

I 6, which explains the observed behavior. Also, as the Reynolds number

• increases, it can be shown from equation 19 that the relative thickness

of the thermal boundary layer decreases which means that the development

I region will extend over a larger angle, as can be seen in Figure 4. The

increase of development region angular distance with Reynolds number can

| also be shown directly from equation 32.

. A convenient plot of the heat transfer coefficients in both regions

• can be obtained by normalizing them to the local value for fully-developed

I flow on a vertical flat plate, as predicted by the equation of Hewitt and

Hall-Taylor (13). Heat transfer coefficients normalized in this way are

I shown in Figure 5 as a function of angular position, with

I
= (Pe ) /(Re /Fr') as a parameter for the development region.

The range of the parameter $ in Figure 5 covers the range of interest for

t CANDU conditions. The parameter in Figure 5 can also be expressed as:

, 4/9 1/3 y 2 1/9
<|> = 0.54 Re Pr ( - ) (52)

1 r f g P f
2 *3

1
Thus, we see that the parameter f is a function of film Reynolds number,

fluid property values and tube diameter, increasing as Reynolds number

increases.
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*TI/ T1

rather than simply the film Reynolds number.

* It can be shown that, for values of the parameter <j> greater than 1.89,
the thermal boundary layer development region extends over the entire tube
periphery.

I
I

Figure 5 shows that local falling film heat transfer coefficients B

on a horizontal tube vary considerably from the fully-developed value on

a vertical flat plate, so that a significant error could result in the use I

of vertical plate data, particularly near the top and bottom of the tube.

Figure 5 also shows that the thermal boundary layer development •

region can persist for a considerable angular distance around the tube, at •

high values of the parameter if, i.e., at high film Reynolds numbers and/or

small tube diameters.* The latter observation is important in experimental I

work in which small-diameter tubes may be used, so that the local

distribution of heat transfer coefficients, even for the same Reynolds B

number, could be considerably different in the experiment than in the m

actual case. For proper modelling of heat transfer coefficients in an

experiment, the parameter (Per) /(Rer/FrJ,) must be kept constant H

I
I
I
I
I
I
I
I
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6.0 EXTENSION OF HEAT TRANSFER ANALYSIS TO TURBULENT FILMS IN
DEVELOPED REGION

I A complete analysis of the heat transfer characteristics in

both the development and developed regions has not yet been accomplished

I for turbulent films. As pointed out earlier in section 2.0 of this

• report, flow conditions in a nominally-turbulent falling film are quite

complex with a turbulent wave structure superimposed on a base film that

I can be either laminar or turbulent (19). A thorough analysis of heat

transfer rates for turbulent films would have to take this complex

I structure, as well as the transition region from laminar to turbulent

• conditions, into account. The location of the transition region would

be affected by the characteristics of the impingement and splashing of

I the flow from higher tubes and sprays onto the tube in question. In

addition, of course, the two heat transfer regions defined in this

I report would also have to be accounted for.

However, a simplified approach based on the results for laminar

' conditions has been used to deduce an equation for predicting turbulent

1 film heat transfer coefficients for the developed region. Since the

thermal boundary layer will grow more rapidly in a turbulent film than

I in a laminar film and since the agitation produced by the flow impingement

and splashing onto the tube would be expected to trigger rapid transition

I into turbulence when film flow is in the turbulent regime, we may expect

] the developed region to cover a larger fraction of the tube periphery

turbulent than for laminar films. Therefore an equation for the heat

transfer coefficient in the developed region would be expected to have

greater application for turbulent conditions than for laminar conditions.
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The approach used here is based on the observation that the local

-2- sine Rde = T RdB (53)
W

I
I

heat transfer coefficient in the developed region for a laminar film,

equation 45, is essentially identical to the equations for a fully- I

developed falling film on a vertical surface, such as those of Hewitt

and Hall-Taylor (13) and Fujita and Oeda (18), except for the (sin6)~ ' I

Ifactor, as pointed out in section 4.0 of this report. Since the

(sin9) factor arises from the variation of laminar film thickness with

angular position, equation 7, it was postulated that an equation for the heat I

transfer coefficient for a fully-developed turbulent falling film on a

vertical surface could be adapted to the developed region on a horizontal |

tube by incorporating a geometric factor which allows for the variation n

of the t'v ->ulent film thickness with angular position. ™

Thert "ore, an equation for the thickness of a turbulent falling •

film on a horiz^ ->tal tube was developed in the following manner. The

major assumptions used were the same as those for a laminar falling Jj

film on a horizontal tube, as described in section 2.0 of this report: _

momentum variation is negligible, there is no shear at the surface of ™

the film, the film thickness is small compared to the tube radius and B

the density of the gas or vapor outside the film is negligible compared

to that of the liquid in the film. With these assumptions, the I

conservation of momentum equation can be written for an incremental

slice of film, Rd9, at angular position 8, as: '

I
I
I
I
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where the left-hand side represents the gravity force and the

right-hand side the surface shear force. We will assume that the surface

shear force is given by an equation similar to those for turbulent

I flow on a flat plate, that is:

,2
pf s

T = f - ~ - (54)
W ^Q3C

I where the friction factor, f, can be given by i-he Blasius

equation (e.g., 25, eq.7.69):

I
0.25

In equations 54 and 55, u is the velocity in the free-stream.I
_ i.e., outside the turbulent boundary layer on a flat plate, whose

' thickness is 6 . To apply these equations to a falling film, either

I on a vertical plate or a horizontal tube, we will assume that u is the

velocity at the outer edge of the falling film. We will also assume

I that the velocity profile in the falling film can be adequately rep-

resented by the conventional one-seventh-power law for the velocity

• profile in a turbulent boundary layer (e.g., ?5, eq.7.66):

From equation 56, the average velocity in a turbulent film is

given by:
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u = 0.875 u (57)

turbulent falling film on a vertical plate can be established*:

6 = 0.0288 ^ (59)

I
I
I

In a consistent manner, we will assume that 6 in equation 55 I

is the film thickness, 6.

Using equations 5 and 57 to express the friction factor, •

equation 55, and the shear stress, equation 54, in terms of the film •

flow rate, r, substituting for x in equation 53 and solving for <5,

the thickness of a turbulent falling film on a horizontal tube, we I

obtain:

/ ri.7s o . 2 y
6 = ^ ° - 0 2 8 8 ,pjri.B J (58)

Following the same procedure the thickness of a fully-developed

I
* Equation 59 should be compared to equation 20 of reference 2, which
gives the thickness of a turbulent falling film on a vertical surface, I
deduced from the approximate non-dimensional empirical equation for fl
turbulent falling film thickness of Fujita and Ueda (18). These two
equations are seen to be similar, but not identical. However, by dividing •
equation 20 of reference 2 by equation 59, we obtain, for the ratio of |
predicted film thicknesses:

6 _..
- ^ = 1.597 R e " 0 ' 0 5 (60) I

Over the turbulent film Reynolds number range from 2000 to 5000, the
differences between the predicted values range from about 9% to about 4%. •
Therefore, the validity of the approach used here to establish the |
geometric factor for a turbulent falling film on a horizontal tube is
confirmed. «

I
r
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I
I Comparing equations 58 and 59, it is evident that the geometric

_ factor needed to adapt the equation for the thickness of a turbulent

" falling film on a vertical plate to that for a turbulent falling film

I on a horizontal tube is (sin6) , which is identical to that for a

laminar falling film.

I From the foregoing, by analogy with the laminar flow case, the

heat transfer coefficient in the developed region for a turbulent falling

• film on a horizontal tube can be predicted by using, for example, the

I Wilke-Brauer equations for fully-developed turbulent falling film flow

on vertical surfaces, as quoted in reference 2 (equations 24 and 25),

multiplied by (sine)

That i s :

I
I
I

h ^ ^ m 0 . 0 0 1 0 2 R0-667 0.344 1/3
kf g p f

£ r f

for 1600 <_ Re < 3200

1 jj_ ( - H O = 0.00871 Re°-4 Pr °"3 4 4 — 1 / 3

I k* g p* r f
0 . 0 0 8 7 1 R 0.4 0.344 1/3 ( 6 2 )

f g pf r f

for Re > 3200

I A comparison of the local heat transfer coefficients in the

developed region for laminar and turbulent conditions is given in Figure 6,

I in which the parameter ft is plotted against Re , where:
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.i-oj

IT -
(64,

f i l m on a h o r i z o n t a l t u b e c a n b e d e t e r m i n e d b y l e t t i n g 6 = 0 . T h e r e f o r e ,

f o r t u r b u l e n t c o n d i t i o n s :

I
I

Furthermore, the above result also indicates that the average I

heat transfer coefficient over the entire developed region for turbulent

conditions can be predicted by again using the Wilke-Brauer equations ^

multiplied by the angle factor in equation 48. That is: •

'P(TT) - P(9.

I
I

where h is the heat transfer coefficient predicted by the Wilke-

Brauer equations, equations 24 and 25 of reference 1.

We have not yet analyzed the thermal boundary layer development

region for turbulent conditions, so that the value of fl, and hence p(8J I

d ^ B
for turbulent conditions cannot yet be predicted. As an interim

Imeasure, considering that a turbulent thermal boundary layer will grow

more quickly than a laminar one and that 6 even for laminar conditions •I
may not be large, a conservative but fairly reasonable approximation*

to the overall average heat transfer coefficient for a turbulent falling I

I
I* The approximation is conservative because it is based on the local

coefficient being zero at 8 = 0 whereas, in reality, it will be infinite
here, even if, initially, the film flow is laminar before transition to a
turbulence. The approximation should be fairly reasonable since the thermal I
boundary layer development region will be relatively short for a turbulent
film and thus the development region turbulent heat transfer coefficient will
decrease from the initial infinite value even more rapidly than will the •
laminar heat transfer coefficients shown in Figure 4. •

I
I
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h = h P(ir)
T WB it

which can be shown to give:

|

I It is recommended that, as an interim but conservative step,

overall heat transfer coefficients for turbulent falling films on horizontal

1 tubes be calculated by equation 65.

I Of course, in using equation 65, an appropriate logarithmic mean

temperature difference must be employed to calculate the total heat flow

I rate from a tube.

An alternative approach would be to assume that the film flow

I conditions remain laminar in the development region and use equations

I 30 or 31 to predict the local heat transfer coefficient and equation 34

to predict the average coefficient in this region. Equation 32 could

be used to predict 8 . This approach would probably result in conservative

estimates of local and average heat transfer coefficients in the

development region and average coefficients over the entire tube

periphery.

*
The same correction factor for heat transfer coefficients to turbulent

falling films on horizontal tubes, i . e . , 0.824, could obviously also be
applied to any other method of calculating heat transfer coefficients for
fully-developed turbulent falling films on vertical surfaces, for example,
those predicted by Dukler (26).
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7 . 0 MOMENTUM EFFECTS IN LAMINAR FALLING FILMS ON HORIZONTAL TUBES

I
I
I7.1 Integral Method Analysis

In the derivation of the equation for the thickness of a laminar I

falling film on a horizontal tube, equation 7, the effect of variation

of momentum was assumed to be small and so was ignored. This assumption |

was used by Nusselt in his classic analysis of condensing film flow on a _

horizontal cylinder (27), and has been used since in analyses of non-

condensing falling films on horizontal cylinders (e.g., 17). In a I

boundary-layer treatment of a laminar condensing film on a horizontal

tube. Sparrow and Gregg showed, for ordinary liquids with Prandtl numbers g

of 1 and greater, that inertia forces do not have any significant effect

on predicted average heat transfer coefficients (28). This result serves ™

to justify the neglect of momentum change effects in the analyses of •

laminar film thickness and of average heat transfer coefficients -

A primary objective of the present study is to establish the I

conditions for falling film breakdown by the various possible mechanisms.

In particular, the mechanisms of concern are those of non-uniform •

surface tension effects and film blow-off by bubble nucleation effects, •

as we will see later in this report. The analysis of film breakdown by

either mechanism requires an accurate knowledge of local film thickness •

and heat transfer coefficient. Although the predicted average film

thickness and heat transfer coefficient may not be affected greatly by |

neglect of momentum effects, the local values in the region of potential m

film disruption near the bottom of the calandria tube will be affected

more significantly since momentum change effects become more significant •

I
1
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• as 9 approaches 180°, as we will see. Therefore, an analysis of the

thickness of a laminar falling film on a horizontal tube allowing for

• momentum change effects was undertaken. The analysis and its results are

• described here.

The approach used in the analysis is the integral method, as has

I been used earlier to derive equations for laminar falling film heat

transfer coefficients.

• A diagram of falling film on a horizontal tube is given in Figure 1,

• in which various parameters used in the analysis are defined. Major

assumptions employed, as before, are that the film is very thin with

I respect to the tube diameter, that there is no shear stress between the

falling film and the gas or vapor beyond it and that property values are

1 independent of temperature.

• A momentum balance on an infinitesimal slice of falling film at

9, of width Rd9 at the calandria tube surface, yields the following

I equation:

6

I — — / u2dy d6 = -i Rd6 + — 6 Rg sin9 d9 (66)
I g d6 J w g m ^
• 3c ^c

o

I
I

where 5 is the film thickness allowing for momentum change

effects.

In equation 66, the left-hand side represents the rate of momentum

I change in the film, the first term on the right-hand side represents the

shear force between the film and the calandria tube surface and the second
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term on the right-hand side represents the gravity force on the film.

obtain:

<5
m

h f u2dy - =T 0 R + T 6»Rg sine (68)
T
c

o

I
I
1

Since we are considering laminar flows only, the shear stress at the tube

surface is given by: •

T
W = / O

 (67) 1
c w B

Substituting equation 67 into equation 66 and simplifying, we I

I
I

To proceed further, we must establish the velocity profile across fl

the film. Since momentum change effects are not anticipated to be dominant

over most of the tube periphery, it is assumed that the velocity profile •

developed ignoring momentum change effects will also apply approximately •

for the case in which momentum change effects are considered. This

assumption should not introduce a significant error into the analysis, •

since the profile will still satisfy the necessary boundary conditions.

Also, it is well known that predictions of laminar boundary layer |

thickness using the momentum integral approach are not very sensitive to H

the choice of the velocity profile (e.g., 21), so that we might infer that

the same conclusion will apply for falling film flows. Therefore, we •

assume that the velocity profile is given by an equation similar to

equation 14: ^

I
I
I
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f \ m

which satisfies the boundary conditions, as shown in

section 2.0 of this report:

y = 0

y - 6

u = 0

3y

(70)

From equation 69, the velocity gradient at the tube surface is

given by:

(71)f
p_6

w f m

_£5_
gc de

Substituting equations 69 and 71 into equation 68, we obtain:

9F2

6
m

(72)

Integrating the left-hand side of equation 72, which represents

the rate of momentum change, AM, and substituting the limits, we obtain:

1.20 ̂ - § T lj~)
d 9 6m

which is also given by:
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c f

r r

Another non-dimensional form of the equation which is particularly

convenient for a given liquid and tube diameter i s :

mathematical difficulties and so is not suitable.* To establish a

I
I

Substituting equation 73 into equation 72 and simplifying, we •

obtain the following first order, non-linear differential equation:

dS p^ d yd |
— - + 0.4167 -^j- «3 g sine = 1.25 — — (74) •
ae r m r

It is convenient to non-dimensionalize this equation before ™

proceeding further. In non-dimensional form, equation 74 becomes: B

d6« 1.667 .,, . . 5.0 ,__, I

d T + "i7T & sine = i ^ (75) •

I
I

d6 ' ez \ z / S i n 6 = Re ( 7 6 ) I

It can be readily shown that this equation is identical to equation 6 I

of Solan and Zfati (2") for film thickness allowing for momentum change

effects. Q

We must now establish a suitable boundary condition to solv<; _

equations 75 or 76. The condition at 8 = 0 where 6' ->• <*> will cause ™

I
* Solan and Zfati (23), assume that the flow field at 9 = 0 can be
represented by a viscous boundary layer developing inside a two-dimensional tm
jet impinging on a flat surface, as mentioned earlier in section 4.0. I

I
I
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suitable boundary condition, let us onsider the ratio of inertia to

gravity forces on the film at any angular position by dividing AM as given

by equation 73 by the second term on the right-hand side of equation 72,

which represents the gravity forces, F . Expressing the results in non-
G

dimensional terms , we obtain:

Vf \ 1 d6' .__,

r ^ ~ a y fi'a sine dT (77)

As an approximation, since, as we have discussed previously,

momentum change effects will cause only minor changes in film thickness

over much of the periphery, we will assume that we can use the conventional

equation for film thickness ignoring momentum effects in equation 77. From

equation 7, we obtain:

s' ~( 2 Vjl (sine) ' (78)r1^I
• Using this equation and i t s derivative in equation 77, we obtain,

after some manipulation:

I
| ^ = 0.0606 Rej

G

1 Equation 79 is plotted in Figure 7 for a range of Reynolds

numbers for water property values evaluated at representative CANDU

I conditions of 80 C and a tube diameter of 13 cm.
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( i . e . , for •r-rj = 5.92 x 10 ) . Figure 7 shows that momentum effects
9 Pf

are quite small over a significant portion of the tube periphery around

9 = 90 , even for high film Reynolds numbers in the laminar range. For

example, for a film Reynolds number of 1000, the momentum forces are less

than 10% of the gravity forces for 50 < 9 < 130 .* This observation

&'=-—• at 6 = 90°
v d

6̂  = 0.909 Re;' | —Sr-^J at 9 =

Numerical solutions to equations 75 and 76, subject to the boundary

condition of equation 80, were obtained using the Runge-Kutta method.

I
I

I
indicates that film thicknesses in this region predicted ignoring momentum B

effects will be quite close to real values. In particular, momentum

effects disappear at 8 = 90 for all Reynolds numbers, so that we may I,

assume that, at this position the actual film thickness will be approxi- _

mately the same as that predicted by the conventional equation for film ™

thickness at this point. That is, the boundary condition required for I

the solution of equations 75 or 76 can be assumed to be:

1
I

where 6 is given by equation 1.

In non-dimensional terms, this boundary condition becomes: I

•2 V/3

1
I
I

* Figure 7 also shows that the inertia forces become quite significant for •
9 > 160° for higher values of Re . This fact confirms the need for an £
analysis of the effects on inertia forces on film behavior in this region,
the region of potential film disruption under the accident conditions _
discussed here. I

I
1



47

To permit this method to bo applied with the selected boundary condition,

the variable 0 was transformed to E, by:

t-.-f

which gives for the transformed equation:

||̂ - + C^' 3 cos? = C2 (81)

where

1.667 6.667 / y Pf C
Ci = — or
1 FrJ,

and Co = — (83)
Re

This equation is to be solved subject to the boundary condition:

51 = 61 at t. = 0 (84)

Solutions were obtained using a standard Runge-Kutta computer

program for a range of film Reynolds numbers for a water temperature of 80 C

(--'ISO F) and a calandria tube outer diameter of 13 cm, representative of

CANDU conditions. Values of Ci, C2 and 6' for the film Reynolds numbers

considered are given in Table 2.

Results are shown in Figures 8 and 9. In Figure 8 the ratio of

6 /6 , that is, the predicted film thickness allowing for momentum effects

to the thickness at 9 = 90 , is plotted against 9 for the range of Reynolds

numbers. In Figure 9, <5 /6, that is, the predicted film thickness allowing

for momentum effects to the predicted film thickness ignoring momentum
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TABLE 2

VALUES OF PARAMETERS FOR SOLUTION

OF FILM THICKNESS EQUATION

ALLOWING FOR MOMENTUM CHANGE EFFECTS

Liquid - water

T = 80°C

d = 13 cm.

100

500

1000

1500

2000

112.7

4.507

1.127

0.501

0.282

X

X

X

x

X

106

106

1OG

106

106

0

0

0

0

0

.050

.010

.005

.00333

.0025

7

1

1

1

2

.631 x

.3049

.6640

.8820

.0714

10""

x 10~3

x 10"3

x 10"3

x 10"3

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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effects at the same position, is plotted against 6 for the same Reynolds

numbers. In both figures, a curve representing the conventional film

thickness with momentum effects ignored is designated by AM = 0.

Hie analytical method used breaks down mathematically as 9 approaches

either 0 or 180 , where 6 •+ °°. Judgment was used in establishing

the range of 6 over which the solutions are valid. Fortunately, the

solutions remain valid for values of 8 closer to 180 , the region of

concern, than to 0 , as can be seen in Figures 8 and 9. Further

information on the region of validity of the solutions is given in the

next section of this report.

Figures 8 and 9 show that the predicted film thickness allowing

for momentum effects is no longer symmetrical about 9 = 90 as would be

expected from the behavior of the inertia forces. For 8 < 90 , momentum

effects increase film thickness above that predicted ignoring momentum

effects with the increase being greater the higher Re and the lower 8.

For 8 > 90 , momentum effects decrease film thickness below that predicted

by conventional approaches, with the decrease being greater the higher

Re and the greater 9. Figure 8 shows that the minimum values of film

thickness occur at 8 slightly greater than 90 and are slightly less than

the value at 8 = 90 , which is the conventional minimum value of film

thickness. As Re,, increases, the minimum value of 6 /6 decreases and
r m v

moves towards higher values of 8.

The most important result in Figures 8 and 9 for our present

purposes is the relative reduction in film thickness below the conventional

value as the bottom of the tube is approached. For example, at 8 = 170°,
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report.

* Of course, the predicted film thickness approaches infinity by both
methods as 8 + 180 , as the film falls away from the tube. Momentum change
effects simply delay the film growth towards this limit.

..o** Similar comments apply to 6 near 0 , but this region is of less
importance to the present problem.

I
I
I

value predicted by the conventional method ignoring momentum change

the film thickness at a film Reynolds number of 2000 is about 70% of the

I
le consideration of film breakdown,

as we will see later in this report.

effects.*

This result is important in the consideration of film breakdown,

7.2 Approximate Analysis M

In the foregoing analysis, we established an approximate equation _

for inertia effects in the film, equation 79. This equation was not used •

directly in the analysis, but simply to justify the selection of the •

boundary condi tion for the solution of the film flow integral equation.

Equation 79 is approximate in that it assumes the variation of film •

thickness established ignoring momentum effects. As we have seen, this

I
I

assumption would be expected to introduce some error as 6 approaches 180

However, this error should not be very large, particularly for lower

Reynolds numbers, except very close to 6 = 180 C.**

An approximate analysis of falling film flow on a horizontal tube I

allowing for momentum effects can be developed using equation 79. Since

such an analysis is independent of the method used in section 7.1, it was |

developed here to confirm or modify the results and conclusions of the »

previous analysis. This development is described in this section of the

I
1
I
I
I
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I

This equation can be rewritten as:

I
I

I

51

The momentum balance on an integral slice of the falling film, as

given by equation 66, can be expressed symbolically by:

AM = -F + F (85)
T o

FG(1 - J
1) = F T (86)

I We may now siibstitute equation 79 for — , the second term on

FG
the right-hand side of equation 68 for F and the first term on the right-

G
I hand side of equation 68 for F . We obtain:

I
9 m i • M 4 / 3 g
yc \ (sine) ' y'

where

1 4/3 / yf
I C3 = 0.0606 ReZ,' ( = \ (88)

We again assume that the velocity profile is given by equation 69.

1 Therefore, using equation 71, solving for 6 , and non-dimensionalizing.

we obtain:

, .
, . a cose t(sine - c3 V T T )

(sine) '
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Comparing equation 84 to the conventional equation for falling

e - f .

, . „ „ cose
(sine - C3

(90)

(sine)

Table 3. Results in terms of <S /6 , for a range of film Reynolds numbers*
m v

difference between the values as Re increases, with the integral method

predicting higher 6 /<5 . However, even at 6 = 170 and Re = 1000, the

Values given for Re = 0 correspond to predicted values ignoring momentum
effects, equation 7.

I
I

film thickness on a horizontal tube, equation 78, we see that allowing for

momentum effects has introduced a second term in the geometric function, I

which will modify the film thickness at any angular position 8 except

I
Equation 89 may also be written-. I

where 6' is given by equation 80

and Cj is given by equation 88. H

Solutions were obtained for equation 90 for the range of film B

Reynolds numbers used previously and for T = 80 C and d = 13 cm, as before.

Values of C3 corresponding to the film Reynolds numbers used are given in I

I
I

at a number of angular positions in the lower quadrant of a horizontal tube

are shown in Figure 10. Figure 10 shows *:hat there is excellent agreement

between the integral method and the approximate method over the entire

range of Re up to 2000 for values of 0 < 150°. At larger values of 6, •

the agreement is still excellent at lower Re but there is an increasing

I

I
F
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I

TABLE 3

VALUES OF PARAMETER C3 FOR

SOLUTION OF APPROXIMATE FILM

THICKNESS EQUATION ALLOWING

FOR MOMENTUM CHANGE EFFECTS

Liquid - water

T, 80°C

53

d = 13 cm

100

500

1000

1500

2000

5.0896 x 10

4.3515 x 10

0.10965

0.18828

0.27630

-3

-2
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difference between the two values is still only about 5%. Although not

the angular position of the minimum value of film thickness:

cos 6 (sine ) ' = - C3 (91)
mm

I
I

shown in Figure 10, similarly good agreement occurs in the upper quadrant

also. This good agreement between the results obtained by the two methods •

helps to confirm the validity of both methods. It should be noted, as

shown in Figure 10 for 9 = 170 that, while the approximate method, like |

the integral method, breaks down mathematically as 9 -> 0 or 180°, the Reynolds M

number range over which valid results appear to be obtained is greater for

the approximate method than for the integral method. I

The location and magnitude of the minimum value of film thickness

when momentum effects are considered can be found from the approximate I

solution, equation 90. Differentiating equation 90 and setting the _

result equal to zero, the following equation is obtained which defines ^

I
4/3 _ „. ,Q1, •

IValues of the left-hand side of equation 91 were determined for a

range of values of 6 . Knowing C3 for a given film Reynolds number •

(Table 3), the value of 9 was determined, by plotting, for each film
m

Reynolds number. The results are given in Table 4. Table 4 shows that •

the minimum film thickness is only about 1% less than the value predicted

ignoring inertia effects even at Re = 2000. However, the location at •

which the minimum occurs shifts more significantly to higher values of fl, m

reaching 9 = 107° at Re = 2000. The very minor changes in the predicted

I
I
T
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TABLE 4

MINIMUM FILM THICKNESSES

ALLOWING FOR MOMENTUM CHANGE EFFECTS

Liquid - water

T = 80 C

d = 13 cm.

0 (No AM effec ts )

100

500

1000

1500

2000

m'
degrees

90

91.3

92.4

96.3

101.1

107.0

6 . ,6nun/ v

1.00

0.99986

0.99969

0.99800

0.99415

0.98755
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minimum film thickness when momentum change effects are taken into account

I
I

help to justify the boundary condition used in the integral method

analysis. H

I
I
I
I
I
1
I
I
I
I
I
I
I
I
I
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I

8.0 LAMINAR FALLING FILM HEAT TRANSFER COEFFICIENTS ALLOWING FOR
MOMENTUM EFFECTS

I In section 7.0 of this report, the effects of momentum change on

the thickness of falling films on horizontal tubes were established. In

this section of the report, we will determine the effects of these changes

in thickness on laminar falling-film heat transfer coefficients on

horizontal tubes.

I In the development region, in which the local heat transfer

coefficient is determined essentially by *:he thickness of the thermal

I boundary layer rather than that of the falling film itself, it can be

a readily shown that the equation for the local Nusselt number is again

given by equations 30 or 31. However, the extent of the development

I region will differ somewhat from that predicted ignoring momentum change

effects, because of the effect of momentum change on the film thickness.

I The ratio of the thermal boundary layer thickness to the falling film

I thickness with momentum change accounted for can be determined from

equation 19:

6 k 1/3 g p^ d3 1/9 1/3
-=1.375(^4) (—L_) (P(e)) |- (92)
m p. f m

where — can be taken from Figure 9.
o
m

The limit of the development region can be found by setting

= 1 . We then can write:
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1
(93) m

From equation 93 and Figure 9 , 6 , the limit of the development •
m •

region with momentum change effects allowed for, can then be determined

by trial and error. It is evident from an examination of Figure 9, that |

83 will not be very different than 8, over a wide range of conditions. B
m a •

Only when the development region is very short (low film flow rates

and/or large tube diameters) or very long (high film flow rates arid/or I

small tube diameters) will there be a noticeable effect of momentum change

on the extent of the development region. •

In the developed region, it can be easily shown that the local •

Nusselt number is given by an equation similar to equation 45:

I
I
1
I
I

where, again, 6/6 can be taken from Figure 9. This result shows

that the developed region local heat transfer coefficient in the region «

near the bottom of the tube will be somewhat higher than would be M

predicted ignoring momentum change effects. This observation is

relevant when considering film disruption mechanisms. H

I
f

h^d
(94a)

or

h d
_SL_ = *L2. («_) (94b)
k H 5f f m
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9.0 PRELIMINARY EXPERIMENT ON FILM FLOW ON HORIZONTAL TUBES

The objective of this experiment, as described in reference 2,

is to help to define the scope of the problem of falling film flow

breakdown on a horizontal tube so as to establish whether a more

comprehensive experiment is required and, if so, to provide a basis

for the design of such an experiment.

The apparatus is described in reference 2 and a diagram of the

apparatus is given in Figure 15 of that reference. Figure 16 of that

reference is a photo of the falling film behavior on the 1.90 cm (3/4")

diameter heated tube for a film Reynolds number of 490 and a heat flux

of 5.5 W/cm2.

Additional photos of falling film behavior are given here in

Figures 11 to 14 for different film Reynolds numbers and surface heat

fluxes. In Figures 11 to 14, as before, the second tube from the bottom

is the heated tube and the top tube is the distribution header, with the

other two tubes being dummy tubes. The films are well sub-cooled, with

the supply temperature being about 15°C in all cases. Figure 11 shows

the film behavior for Re = 165 with q" = 0. Dry areas are evident at

each end of the heated tube which are the result of non-uniform dis-

tribution of the flow from the top header tube. Since the heat flux is

zero in this case, the dry patches obviously do not arise from non-

isothermal film breakdown. The film Reynolds number and flow are only

about 7% of the nominal value for NPD conditions in this case. The

results of this run indicated that a method of providing more uniform

film flow distribution from the distribution header to the heated tube
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I

was required. This conclusion is reinforced by an examination of ^

Figures 12 to 14, all at a film Reynolds number of about 60, about 2.7%

of the nominal value for NPD conditions, and at heat fluxes of about •

2.75, 4.12 and 5.5 W/cm2 respectively. The spatial non-uniformity of

film flow supply from the header (top) tube is evident. There was also M

some evidence of erratic time-wise behavior of the header delivery flow _

rate to the tubes at this very low flow rate. Obviously, dry areas ™

develop on the heated tube because of this non-uniformity of film supply B

flow. There was no evidence from these initial experiments, even at this

very low film Reynolds number, of dry patches developing because of B

Marangoni-type film instability. Any dry areas resulting from non-uniform

supply flow were easily wetted by diverting flow to them by blocking •

neighboring holes in the distribution header. The behavior of droplets B

diverted to these dry areas indicated that in some cases at least in

which re-wetting readily occurred, initial dry spot temperatures were I

above the Leidenfrost temperature.

The flow distribution header was re-designed to provide a more •

uniform supply flow for the film and the new header was installed. In m

addition, two thermocouples were installed in slots cut in the copper

wall of the heater tube. The thermocouples were located at the third- •

points of the heater. The heated tube could be rotated so that the

thermocouples could be located at any angular position. Following \|

insertion of the thermocouples, the slots were filled with high-temperature ^

cement and the surfaces smoothed over.

Further tests were run with the modified apparatus. •

I
I
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The new header design did provide more uniform flow distribution

to the heated tube, as can be seen in Figures 15 to 17, all at a heat

o O

flux of 5.5 W/cm and an initial film temperature of 15 C and at film

Reynolds numbers of 200, 500 and 700 respectively. The new tests again

showed no film breakdown from non-isothermal effects at film Reynolds

numbers down to values below 100. The thermocouple readings indicated

that the heated tube was well-cooled at all angular positions. The

thermocouple measurements indicated considerable non-uniformity in the

local heat flux distribution. This effect and the relative inaccuracy

of the instrumentation precluded any meaningful measurements of local heat

transfer coefficients.

At values of Re of about 200 and less there was still a tender y

for dry spots to develop at each end of the heated tube because of non-

uniform flow distribution from the top header tube, as can be seen in

Figure 15.

The results obtained in this preliminary experiment, while

indicating considerable falling film stability for the small diameter

tube used, when considered with the analytical results described later

in this report, lead to the conclusion that more comprehensive, well-

instrumented experiments are needed to investigate the mechanism of film

flow and breakdown under conditions more closely approaching those for

actual calandria tubes.

Further discussion of the results of these experiments is

presented in sections 10.1 and 10.2 of this report.
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1 0 . 0 FALLING FILM BREAKDOWN ON HORIZONTAL CYLINDERS

I
I

In reference 2, previous work on falling film breakdown and

instability on horizontal tubes was described. Analytical and experimental B

work on this topic has continued and is described in the following

sections of this report. |

10.1 Film Breakdown by Flow Starvation (Isothermal Breakdown) •

Flow starvation (isothermal breakdown) might be expected to govern

film disruption at very low heat fluxes. For flow starvation, the •

minimum stable film flow rate or thickness has been established generally •

by a balance between dynamic forces in the film and gross surface tension

forces. Criteria for isothermal film breakdown on vertical or inclined I

surfaces include those of Hartley and Murgatroyd* (power and force

criteria) (29), Fujita and Ueda (adiabatic case) (18), Bankoff (30), B

Hobler (31) and Mikielewicz and Moszynski** (32). Of these, the method

of Mikielewicz and Moszynski, which allows for the effects of contact

angle and a realistic rivulet configuration following film breakdown, is H

probably the most valid, as claimed by Ponter and Aswald (33) . As

pointed out in reference 2, the approach of Mikielewicz and Moszynski £

predicts a somewhat more stable film than do the other methods. ^

It is important to recognize, as noted in reference 2, that all —

these criteria for film breakdown are static criteria representing the •

balance of forces after film breakdown has occurred; they represent

I*
Hereafter referred to as HM.

**
Hereafter referred to as MM.

I

I
I
I
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• conditions under which a dry-patch, once formed, cannot be re-wet. They

— do not consider the actual mechanism of film breakdown which must be

• governed by dynamic effects associated with wave formation and growth.

• Therefore, these criteria can be expected to apply only to film

flows on long vertical or inclined flat plates where film lengths in

I the direction of flow are long enough for instabilities to grow to the

point where film breakdown can occur. Hallett shows that significant

I isothermal film flow lengths are required even for wave inception,

• e.g., about 20 cm. at a film Reynolds number of 1000 (34), with the

require, flow length increasing with Reynolds number. Also, wave

I amplitudes on falling films tend to grow relatively slowly (13). We

would expect from these considerations that isothermal films with short

I flow lengths will be more stable than those with longer flow lengths, other

• things being equal, at least up to a point where asymptotic behavior may

begin. Verification of this expectation can be obtained by a comparison

I of the experimental results of Norman and Mclntyre (35), with predictions

by the foregoing criteria.

I Hartley and Murgatroyd (29) found that the experimental film

* breakdown flow rates measured by Norman and Mclntyre (35) for water on

a vertical copper surface were considerably lower, by a factor of 8 to

I 10 (i.e., the films were considerably more stable), than those predicted

by the power criterion of HM*. They did not advance an explanation for

J this large discrepancy. However, the film flow length in the experiments

t *

For a comparison of the HM power criterion to that of MM see
' Figure 11 of reference 2. Also see the later discussion in this

report.

1
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of Norman and Mclntyre was only 8.26 cm, so that we can attribute the

addition to being quite short in general, are never really fully-

developed since the gravity force and film thickness and mean velocity

*
See later discussion of contact angles in this report.

I
I

significantly greater measured than predicted film stability to this

very short flow length. I

In the comparison of values of film breakdown thickness on

vertical plates from several sources given in Figure 1 of the paper by W

Ponter and Aswald, the experimental results of several investigators am

lie significantly below those predicted by the MM and other static

criteria (i.e., the measurements indicate greater stability than the B

predictions), especially in the range of contact angles which might be

expected in practice*. Unfortunately, no information is provided by £

Ponter and Aswald on the flow lengths used in these experiments. »

However, on the basis of the foregoing argument and evidence, we can

conclude that the use of the static film breakdown criteria mentioned I

earlier will be quite conservative when applied to short film flow

lengths, such as those encountered on the calandria tubes in CANDU power £

reactors, where the maximum flow length from 6 = 0 to 9 = tr is less

than about 21 cm. in all cases.

An additional factor that must be considered here is that all

these criteria have been developed for and apply to films on vertical

or inclined flat plates where, eventually, fully-developed conditions •

occur in the films. On the other hand, films on horizontal tubes, in

m

I
I

I
I
I
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vary as the film flows around the tube. As we have seen, momentum change

effects become quite important as 9 approaches 0 or it. Such effects have

been ignored, of course, in the derivation of the static criteria for

film stability on vertical surfaces, but will obviously influence film

stability. This effect may be particularly important on the lower side

of the tube, — < 6 < IT , where the momentum change associated with the

thickening film may tend to stabilize it, thus opposing the de-stabilizing

effect of the increasing flow length.

As described in the previous section of this report, the

preliminary experiments on falling film breakdown, on s horizontal tube

under isothermal conditions, have shown no tendency for film breakdown

by flow starvation even at film Reynolds numbers somewhat less than 100.

Some dry spots existed on the tube under these conditions but these spots

occurred because of non-uniformity of the supply flow to the tube, as

shown in Figures 11 to 17.

No measurements of contact angle have been made in the experiments,

so that we must rely on data from the literature for information on this

parameter. A range of contact angles from 20 to 45 was deduced (not

measured) by HM (29) for water flowing down vertical steel, stainless

steel and copper surfaces. MM (32) quote the results of Hobler (31) who

actually measured contact angles in his experiments, as given in Table 5.

These measurements give contact angles ranging from about 36 to 57

with that for copper, the material of the heater tube, being about 53°.

Towell and Rothfeld (36) also measured contact angles, but at the edges

of tap water rivulets flowing down inclined glass plates. Although they

took no particular care to clean their plates scrupulously before each



TABLE 5

MEASURED CONTACT ANGLES FOR WATER

ON VARIOUS VERTICAL SURFACES

Source - Hobler (31)

Surface

Aluminum

Glass

Copper

Stainless Steel

Varnished

(i, Degrees

37.7

35.8

53.0

36.3

56.8
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I run, and consequently noted considerable variation in contact angle from

— run to run, the cleaning method employed and the plate material and

• liquids used in the experiments would be expected to result in good wetting

of the plates, i.e., low contact angles.* Their measured values of

contact angle are quite low, at the most being about 13 to 16 . They

I also made a few measurements of the contact angle at the front edge of

an advancing rivulet, the relevant contact angle for film stability, but

beyond stating that the advancing contact angle was always higher than the

retreating angle, they unfortunately reported no actual values. Ponter,

et al., (37) measured isothermal contact angles between a sessile water

droplet and a smooth copper surface which ranged from 65 to 76 , as the

droplet temperature decreased from 90 C to 25 C.

Considering the foregoing information, it would appear that the

contact angle for the experimental conditions prob^-J y -ias in the range

of 50 to 80 . With this information, we may now evaluate the experimental

results using the static film stability criteria discussed earlier.

From the earlier discussion, we can conclude that the various flow

starvation static film stability criteria would not be expected to give

meaningful predictions of film breakdown conditions on a horizontal tube

of such a small diameter (~1.90 cm) as that used in the experiments, but

I should predict a very conservative result. Considering this fact, the

slight predicted tendency for the film on a horizontal tube to be less

I
I Towell and Rothfeld state that: "Literature sources indicate that

the liquids used in this work should completely wet a glass plate
(presumably scrupulously cleaned)." (36).
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stable as 6 increases or decreases from TT deduced in reference 2, does
£

(95)

(96)

Values of the cri t ical film Reynolds number were calculated from

equation 96 from values of 6 for a range of contact angles, for water

*
The results in section 7.0 of this report show that allowing for

momentum change effects does not result in significant changes in the
minimum film thickness nor its location. (See Table 4).

I
I

not merit consideration, since it is implicitly based on fully-developed

film flow conditions at any position. Therefore, for convenience, and H

since the conventional static criteria can be expected to give conservative,

r, I
approximate results only, critical conditions were evaluated at 6 = — , •

i.e., at the point of minimum film thickness, ignoring momentum change M

effects*, using the static criterion of Mikielewicz and Moszynski and the

force and power criteria of Hartley and Murgatroyd. I

For convenience, the non-dimensional critical film thickness, as

defined by MM, can be expressed in terms of the critical film Reynolds f§

number. The non-dimensional critical film thickness is defined by (32) : I
I

At 6 = — , the film thickness is given by equation 1. •

Substituting for V in terms of the film Reynolds number and A

solving for the latter, we obtain:

I
I
I
I
I
I
I
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property values evaluated at T = 15° c ("60 F), the water temperature

at which most of the experiments were run. Values of Re determined in

this manner are shown in Figure 18 for the static film breakdown criteria

of HM (force and power) (29) and of MM (32).

For the probable range of contact angles of 50 to 80 , Figure 18

shows that the critical film Reynolds number, according to the MM criterion

lies in the range of about 210 to 370, while, according to the HM force

criterion it lies in the range of about 440 to 730. Finally, the critical

film Reynolds number, according to the HM power criterion is about 390.

All of these values are above the lowest film Reynolds numbers obtained

in the experiments, 60- 150, at which there was no indication of film

breakdown by flow starvation. Therefore, as expected, the application

of the static film breakdown criteria to the experimental conditions gives

very conservative results. Of course, these criteria would be less

conservative when applied to the actual films on the calandria tubes where

the flow lengths are longer, although still relatively short. Nevertheless,

it does not appear that film breakdown by flow starvation, predicted by

the conventional static criteria, will provide a very meaningful criterion

for film disruption on the calandria tubes following a LOCA with delayed ECI

flow.

Also, considering the complex nature of the wavy structure of

falling films (38, 39), it is not expected that an analytical attempt

to establish a dynamic criterion for isothermal film breakdown would be

very fruitful, and no such attempt has been made.
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In any case, the actual mechanism of film disruption under reactor

breakdown by this mechanism is again at 8 = 90 , the point of minimum

film thickness ignoring momentum change effects, it was also shown in

I
I

conditions is much more likely to be that of Marangoni-type breakdown,

or of film blow-off by bubble nucleation. •

10.2 Film Breakdown Under Non-isothermal Conditions (Marangoni Instability) •

Under the actual conditions of concern, i.e., sub-cooled falling

films undergoing heat transfer from a solid surface, premature breakdown I

may occur because of Marangoni instability. This type of instability was

I

I
discussed in reference 2 and empirical methods for predicting premature

film breakdown by this mechanism were described (18, 34, 40).

In Table 9 of reference 2, the heat fluxes predicted to cause film

breakdown by this mechanism according to these methods were listed for •

NPD conditions. Assuming that the critical angular position for film

I
reference 2 that maximum heat fluxes for NPD conditions predicted by the

IMPECC code were less than the breakdown heat fluxes predicted by the •

modified methods of Hallett (34) and Hsu, et al. (40), but were higher

than those predicted by the method of Fujita and Ueda (18), so that the H,

application of these methods to NPD conditions was inconclusive. ^

It has been concluded after further assessment of this problem

that the method of Hallett does not really apply under the film Reynolds B

number conditions of interest here, as was suggested in reference 2, so

that predictions obtained by this method will be disregarded and it will |

not be used further.

I
I
T
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It was shown in reference 2 that there is a significant effect

of film flow development length on film breakdown by this mechanism with

shorter films being considerably more stable than longer ones, as is the

case with film breakdown by flow starvation, again because of the distance

required for the waves leading to instability to grow to critical

magnitudes. Although the experimental results of Fujita and Ueda (18)

show that the longer the vertical surface, the lower the breakdown heat

flux, in agreement with those of Hsu, et al., (40) , Hallett (34) and

Norman and Mclntyre (35), the comparison of predicted breakdown heat

fluxes by Fujita and Ueda's method with the peak NPD heat fluxes given

in reference 2 was made without modifying the equations of Fujita and

Ueda for length effects.

The correlations of Fujita and Ueda for non-isothermal film

breakdown have now been modified to account for the effects of flow length

by using the inverse length effect established by Hsu, et al. This

approach was used rather than attempting to use the results of Fujita

and Ueda themselves to establish a length effect directly since only

two lengths were investigated in their study and there is considerable

scatter in the data about the correlating lines.* The validity of

using the length correlation of Hsu, et al., to modify the correlations

of Fujita and Ueda was confirmed by using the correlation of the results

of Hsu, et al., established in reference 2 (equation 33) to predict

film breakdown heat fluxes for NPD flow and property conditions, but using

This scatter results at least partly because the effect of sub-cooling
was not accounted for although it is obviously important.
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the film length, 60 cm., employed by Fujita and Ueda in the experiments

g

ar) c

Pf 9 f \ 6 0

I
I
I

which were used to establish their correlations. A comparison of the

breakdown heat fluxes predicted in this manner with those predicted by I

the actual Fujita and Ueda correlations for the 60 cm. length, equations

30 and 31 of reference 2, is given in Table 6. Considering all the B

uncertainties, there is reasonable agreement between the two methods for m

both values of film Reynolds number.

Therefore, the predictions of the correlations of Fujita and B

Ueda for non-isothermal film breakdown under NPD conditions were corrected

for the length effect by assuming that the breakdown heat flux is jQ

inversely proportional to flow length as observed by Hsu, et al. »

Therefore, the breakdown heat flux for laminar conditions,

modified as described above, is given by: B

\l/3 4/3

I
Iwhere L is the film flow length in centimeters.

This correlation was further modified to account for the effect H

of film thickness, ^rom the foregoing discussion, it is apparent that

thicker films will promote film stability since longer lengths will then £

be required for film breakdown. Laminar film thickness on a vertical

plate is given by equation 1. ™

Rewriting equation 1 in terms of the film Reynolds number, we •

obtain:

I
I
1
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TABLE 6

COMPARISON OF PREDICTED MARANGONI

FILM BREAKDOWN HEAT FLUXES

NPD FLOW AND PROPERTY CONDITIONS

L = 60 cm.

Method Re q", W/cm2

1 1120 0.70

2 1120 0.85

3 2240 1.00

4 2240 1.33

Explanation of Methods:

1. Fujita and Ueda, laminar film, eq.30 of ref .2.

2. Hsu, et a l . , L = 60 cm, eq.33 of ref.2.

3. Fujita and Ueda, turbulent film, eq.31 of ref.2.

4. Hsu, et al., L = 60 cm, eq.33 of ref.2.
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(98)

Substituting equation 98 into equation 97, we obtain:

q" = 8.25 x 10 ±- — Re 6 \ — j (99) I
b /-3cr\ q T v '. L J |

heat flux, of reference 2, the modified equation for Marangoni-type

turbulent film breakdown becomes:

I
I
I
I

•This last step is justified from an examination of the derivation

of the Fujit . and Ueda correlation equation in reference 18, since the a

breakdown heat flux is directly proportional to the temperature difference

across the film which in turn is directly proportional to the film •

thickness. We now assume that we can substitute the film thickness at

any angular position for 6 in equation 99. Therefore, the modified g

equation for non-isothermal breakdown of a laminar film at any position _

on a horizontal tube is given by: ™

_"• k f Pf 9 / 6 o \ •
q" = 8.25 x 10 — Re fij — ) (100)Hb /-8g\ g r 6 • R6 '

Re fij ) (100)
/-8g\ g r 6 • R6 /
\ 8T; c 7 •

where 6 is the film thickness at angular position 6, given by

Iequation 7, ignoring momentum change effects. •

In a similar manner, the Fujita and Ueda equation for Marangoni- A

type turbulent film breakdown on a vertical surface can be adapted to

film flow on horizontal tubes. From equations 20, for turbulent film •

thickness, and 31, for the vertical surface turbulent film breakdown

I
I
I
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p g 1.59 0.344
q" = 3.44 x 10 — - ^ — Re, Pr 6 A ^ ) (101)
Hb /-3o\ g I f 0 \ R6/

where 6 is given by equation 58, ignoring momentum change effects.
9

Both equations 100 and 101 can also be used to predict q" when

momentum change effects on film thickness are allowed for, of course,

if the appropriate values of 6D are employed. For laminar flow, these
o

can be obtained from Figures 8 or 9 or equation 90. Values of 6

allowing for momentum change effects in turbulent flow have not been

determined.

Ignoring momentum change effects, it can be readily shown from

equations 100 and 101 that the minimum q? occurs at a value of 6 given

by:

6 = -3 tan 9 (102)
m m

which yields:

9 = 141°
m

The predicted position of the minimum value of film breakdown heat flux

is thus constant and is the same for both laminar and turbulent flow,

when momentum change effects are ignored. The position and value of the

minimum q" will be modified somewhat if momentum change effects on film

thickness are allowed for. Howev ' tN; modifications will not be very

great, and considering the approximations discussed below no allowance

for momentum change effects is considered here.

It is emphasized that equations 100 and 101 still represent

essentially static criteria, i.e., ones in which the film thickness is
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constant over the length Re. Therefore, they should give conservative

Equations 100 and 101 apply for highly sub-cooled water, AT > 30°C,
SUB

about 20 C will be conservative. Another element of conservatism enters

I
I
I

results when applied to film flow on a calandria tube particularly in

the region beyond 8 - 9 0 where the film thickness is increasing. I

I
I

as stated by Fujita and Ueda, but probably for even greater sub-coolings

from an examination of their Figure 7 especially at lower Reynolds numbers.

Low sub-coolings increase q", and film breakdown conditions approach

those for isothermal conditions as the sub-cooling decreases to zero, H

i.e., as saturation conditions are approached. Therefore, the use of

equations 100 and 101 for NPD conditions with an assumed sub-cooling of •

I

I

the picture when these film breakdown criteria are applied to transient

situations, as in the analysis of film behavior on calandria tubes B

following a LOCA with impaired ECI flow. In such transient cases, thermal

energy storage in the film would be expected to delay film disruption J|

so that it would occur at higher heat fluxes than predicted by these

criteria.

Experiments using the simple film flow apparatus were also run with H

various heat fluxes on the heater tube, to assist in an assessment of the

above analysis for non-isothermal film breakdown. These experiments were I

run at low film Reynolds numbers (< 500), so that equation 100 was used

to analyze the results of the experiments. For the conditions of the •

experiments (T = 15°C and d = 1.905 cm.), the minimum non-isothermal B

film breakdown heat flux ignoring momentum change effects

I
I
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(i.e., at 0 = 141 ) was calculated for a range of Reynolds numbers,
m

The results are shown in Figure 19.

In the experiments, after stable film flow was established at a

given film Reynolds number, the heater was turned on and the heat flux

was increased in steps to the maximum obtainable average value, 5.5 W/cm2.

At each step, the power was held constant for a sufficiently long time

to ensure that steady-state conditions had been achieved. At the lowest

• film Reynolds number used, •• 100, there was no indication of film

| breakdown due to Marangoni effects even at the highest average value

I
of heat flux, 5.5 W/cnr.* At this Reynolds number, equation 100 predicts

I
I
I
I
I
I
I
I

a non-isothermal film breakdown heat flux of about 1.7 W/cm , as seen

from Figure 19. Therefore, we have confirmed that the predictions of

equation 100 are very conservative, at least for the heater material and

diameter used in the experiments. It should be noted that the very small

diameter of the heater tube, 1.905 cm, compared to that of typical

calandria tubes, —13 cm, probably introduces a further element of

conservatism since the turbulence generated by the columns and droplets

impinging on the heater from above will tend to persist to a greater

extent on the small diameter tube and hence to assist in stabilizing the

film against Marangoni effects. Also, the copper sheath on the heater

tube will enhance lateral heat flows in the sheath compared to those in

a Zircaloy or even an aluminum tube, which again may help to stabilize

the film against Marangoni effects.

As mentioned in section 9.0, there was evidence from surface temperature
measurements of a noticeable variation of heat flux along the length of
the heater, so that local heat fluxes in a certain region of the tube were
higher than 5.5 W/cm2.
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I
Recognizing that the predictions will probably be conservative, •

we can now calculate the non-isothermal film breakdown heat fluxes by

equations 100 and 101 for the NPD reactor conditions. Values of the I

parameters governing the falling film flows on NPD calandria tubes are

given in Table 7. The results are shown in Figure 20 for the nominal and H

assumed minimum film flow rates, using film thicknesses which ignore •

momentum change effects. The minimum film breakdown heat fluxes for the

conditions of Figure 20 are 3.84 and 5.46 W/cm2 for the film Reynolds H

numbers of 1120 and 2240, respectively.

The IMPECC program analysis for the critical LOCA with indefinitely |

delayed ECI flow for the NPD reactor has provided the local heat fluxes «

at any position on the outer surface of the calandria tube as functions

of time, for two RIH break sizes (2). The maximum values, on a time H

basis, of these heat fluxes for the large break size are also shown in

Figure 20 for two cases: one in which the pressure tube does not sag onto |

the calandria tube and the other in which pressure tube sagging does occur. .

For the case of no pressure tube sagging the maximum heat flux on the

calandria tube is about 3.77 W/cm2, uniform around the circumference, •

which occurs about 21.3 minutes after the end of blowdown. Thus, from

I
effect would not be expected for indefinitely delayed ECI flow for the _

NPD reactor following a large break in the RIH, provided that the pressure ™

tube does not sag onto the calandria tube. Although the actual heat flux •

for this case, 3.77 W/cm2, is almost equal to the calculated minimum

I

Figure 20 and the q" values quoted earlierf film breakdown by the Marangoni

I
I
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TflBLE 7

FILM FLOW AND HEAT TRANSFER CONDITIONS

CALANDRIA TUBE SPRAYS

NPD REACTOR

T = 80 C

T, g/m s

Nominal
Film Flow Rate*

195

Assumed Minimum
Film Flow Rate**

97

Re. 2240 1120

6 . , vim
min

pv
C r

315 ***, 290****

1210

222

605

Re a3
1.55 x 108 3.10 * 10s

* For a horizontal row of 12 calandria tubes, 4.25 metres long with
uniform film flow rates over them.

** Film flow rate = -r nominal film flow rate.

*** Laminar, equation 7.

**** Turbulent, equation 58.
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after EOB), and exceed the film breakdown heat fluxes for 9 > 110 for

Re = 1120 and for 6 > 130° for the nominal film flow rate (Re = 2240).

I
I

breakdown heat flux of 3.84 W/cm2 for the arbitrary minimum film Reynolds •

number of 1120, the conservatism in the use of the analysis and in the

assumption that the film flow rate is only half the nominal value gives I

confidence that non-isothermal film breakdown will not occur in this case.

The same conclusion is drawn for the small-break case with no pressure •

tube sagging since the maximum calandria tube heat flux is 3.67 W/cm2, •

occurring about 23.3 minutes after EOB.

However, Figure 20 indicates that, should the pressure tube sag Bj

onto the calandria tube, the resulting high local heat fluxes over the

bottom portion of the calandria tube occurring at, and immediately following, •

contact of the pressure tube on the calandria tube will probably cause Bj

disruption of the film by the Marangoni effect. The maximum predicted

heat fluxes for this case, as shown in Figure 20, occur about 0.36 seconds I

after contact of the pressure tube with the calandria tube ( 12.8 minutes

Notwithstanding the probable conservatism in the calculated breakdown heat

fluxes, the large margins by which these are exceeded, as shown in Figure •

20, indicate that film disruption by this mechanism would be very likely

should the pressure tube sag onto the calandria tube for NPD conditions.

The IMPECC results for this case also show that the calandria

tube heat fluxes exceed non-isothermal film breakdown heat fluxes over

a portion of the perimeter from the instant of tube contact to the time •

at which calculations were terminated, about 15.5 minutes after EOB or

about 2.7 minutes after initial contact of the tubes. Of course , for

_

I
I
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other times than that at which the maximum heat fluxes occur, the extent

of the calandria tube perimeter over which the predicted heat fluxes

exceed the breakdown heat fluxes will be less than that for the maximum

heat fluxes. For example, at 2.7 minutes after contact between the

tubes, Figure 20 also shows that the region over which the predicted

actual heat fluxes exceed the critical heat fluxes for non-isothermal

film breakdown extends over 6 > 135° for Re = 1120 and 6 >" 155° for

Re = 2240.*I
• Of course, a basic assumption used in the IMPECC analysis is that

good cooling of the entire periphery of the calandria tube is maintained

I at all times, since the simplified version of IMPECC was used in this case

in which the boundary condition of constant and uniform temperature of

I the calandria tube outer surface is assumed (2). Therefore, the predicted

• heat flux distributions on the calandria tube outer surface after contact

occurs between the tubes will not be valid since the film disruption will

I redistribute the heat fluxes considerably. This redistribution of outer

surface heat fluxes will obviously affect the predicted local calandria

1 tube and pressure tube temperatures significantly but will probably have

• considerably less effect on fuel and sheath temperatures. It is proposed

to modify the IMPECC program to permit analysis of this situation, i.e.,

I redistriburion of calandria tube outer surface heat flux resulting from

deterioration of heat transfer coefficients over a certain portion of the

I calandria tube periphery. This modification will also permit analysis

*
1 The predicted local heat fluxes on the calandria tube at and following

pressure tube sagging are essentially the same for the small break as
for the large break considered here. Therefore, ail discussions and
conclusions given here apply to both break sizes.
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,o

thickness have been ignored. If these effects are accounted for, the

film will be slightly more susceptible to breakdown than predicted because

its thickness at any angular position for 6 > 90 will be slightly less

than the value used in the analysis.

I
I

of other mechanisms of heat transfer deterioration such as film blow-off fl

by vapor generation and critical heat flux on submerged calandria tubes.

The present IMPECC analysis is, of course, valid up to the initiation •

of film disruption and in its prediction that film disruption will occur.

Therefore, even though there is some uncertainty and probable conservatism •

in the predicted film breakdown conditions, it is quite probable, •

considering the very high local heat fluxes occurring at the moment of

contact of the pressure tube on the calandria tube, that disruption of the •

cooling film will occur in a LOCA with indefinitely delayed ECI flow in

the NPD reactor, if the pressure tube sags onto the calandria tube. W

However, it is also probable that the pressure tube will not sag onto the •

calandria tube in this case. The IMPECC analysis described in reference 2

shows that the pressure tube maximum temperature will reach only about I

1025 - 1035 C if the pressure tube does not sag onto the calandria tube,

which is only a few degrees above the assumed sagging temperature of B

1000 C * Also, the presence of the three garter springs between the im

pressure and calandria tubes in NPD will tend to prevent or restrict

pressure tube contact with the calandria tube. •

In the foregoing analysis, the effects of momentum change on film

I
I
I

Note, however, that this sagging temperature is itself quite uncertain.
It is an assumed value, taken as equal to the estimated sagging temperature •
for the Bruce reactor pressure tube (2). •

a
i
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However, considering the relatively small change in thickness

in the critical region (8 = 141 ) * for Re - 1120, and the conservatism

in the analysis, we still conclude that film breakdown by Marangoni

instability will not occur for relevant NPD conditions, provided that

the pressure tube does not sag onto the calandria tube.

Of course, the previous conclusion that film breakdown by Marangoni

effects will probably occur should the pressure tube sag onto the calandria

tube is also unchanged. In this case, the angular extent over which we

would anticipate film disruption would be slightly larger at any time than

that indicated in the analysis.

We may conclude that, while cooling film disruption by Marangoni

instability will occur in the NPD case if the pressure tube sags onto the

calandria tube, it is probable that the pressure tube will not sag onto

the calandria tube, in which case, film breakdown by this mechanism will

probably not occur and the calandria tube will remain well-cooled

throughout the transient.

Obviously, further assessment of this problem is necessary. In

particular, analysis of the situation in which the film is disrupted over

a portion of the calandria tube periphery by a modification of the IMPECC

pr igram will be required to assess calandria and pressure tube and fuel

and sheath temperature histories following film disruption and to

establish rewetting behavior. It would also appear advisable to undertake

an experimental program using an apparatus more representative of actual

Of course, the reduction in film thickness at any point will move the
critical position to 9 > 141°.
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calandria tube conditions during a LOCA with impaired ECI flow, so as

to obtain experimental results more representative of actual non-

isothermal film breakdown. Essential features of such an experimental

apparatus would include a diameter close to those of actual calandria tubes

and higher power levels so as to obtain higher heat fluxes than 5.5 W/cm .

Assessments of Marangoni film instability on the Douglas Point or

Pickering reactor calandria tubes have not yet been made. The situation

will be somewhat less severe for these cases if pressure tube sagging

occurs since the calandria tube outer surface heat fluxes at the moment

of contact and later are considerably less than for the NPD case because

of the Zircaloy calandria tubes used in Douglas Point and Pickering

rather than the aluminum tubes used in NPD. See reference 2 for a

comparison of NPD and Douglas Point calandria tube outer surface heat

fluxes at the moment of, and following, pressure tube sagging onto the

calandria tube.

10.3 Film Disruption By Bubble Hucleation

An assessment of film disruption by bubble nucleation has also

been undertaken.

The approach used was to adapt the method of Fujita and Ueda (41)

for saturated film breakdown by bubble nucleation to svj-cooled films which

are of concern under conditions of interest here. That the falling films

will remain sub-cooled, in general, following a LOCA with indefinitely-

delayed ECI flow in a CANDU reactor with a dumpable moderator has been

confirmed by the following simple analysis for the NPD reactor.
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For the case in which the pressure tube does not sag onto the

calandria tube, the most likely situation for NPD conditions, (2), from

the IMPEC'C analysis the maximum heat flux on the outside of a calandria

tube is 3.67 W/cm2 for the small-break case and 3.77 w/cm2 for the large-

break case. See section 10.2 of this report. These heat fluxes are

uniform around the periphery of the tube and occur about 21 to 2 3 minutes

after EOB at the maximum power position in the maximum power channels.

For the nominal film flow rate in NPD, 195 gm/m s (Table 7), the maximum

temperature rise in a film around a single calandria tube is about 7.5°C

for the larger of the above heat fluxes. Allowing for the fuel heat

generation variation across the core diameter (Radial form factor =

0.74 (42. ), the maximum total temperature rise of the falling films,

after flowing over 12 vertically-aligned tubes, is about 67 C. Assuming

a spray inlet temperature of 30 C, the maximum film temperature leaving

the lowest tube would be about 97 C, which is below the probable saturation

temperature of about 102 C. At all other axial positions and at all other

times, the maximum film temperature will be below this estimated value.

For the high power channels near the center of the core radius, for which

the maximum heat flux of 3.77 W/cm2 applies, the maximum film temperature

leaving a calandria tube will be about 60 C - 65 C. Therefore, even under

the worst conditions, the film here is well sub-cooled.

An estimate of the film temperature rise around a single calandria

tube was also made for the unlikely case for NPD of a pressure tube in a

high-power channel sagging onto a calandria tube. From the IMPECC analysis

for this case (2), the maximum heat fluxes on the calandria tube for the

highest power channel occur about 12'j minutes after EOB and momentarily reach
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very high local values (970 W/cm2 maximum) at e = 180 , but drop off

quite rapidly for smaller values of 8, and with time. The film temperature

rise around a calandria tube at any given moment was calculated by numerical

integration of the local heat flux as a function of 6, as predicted by the

IMPECC program, ignoring transient heat storage effects in the film, which

will produce conservative results. Results obtained for the worst NPD

conditions give a single-tube temperature rise of about 40 C at the instant

of maximum heat fluxes (at the moment of contact) and of about 10 C one

minute after contact. While the maximum instantaneous temperature rise is

quite high, such a rise would be expected only on the high-power channels

near the center of the core, and would not, in general, occur at the same

instant for all such channels. In addition, the film temperature rise drops

back very quickly in such channels to values close to those for no pressure

tube sagging. The maximum momentary temperature rise occurring on a sir.gle

channel at a time near the center of the core will not result in saturation

conditions being reached in the films on the maximum power channels,

considering the very low cumulative film temperature rise on the upper

calandria tubes. (The film temperature leaving the calandria tube of the

high-power channel at this moment is still less than 100 C.) Therefore,

for the case of pressure tube sagging as well as for the case of no

pressure tube sagging, the film at any time on a high-power channel will

remain sub-cooled, in general. An analysis for saturated films may be

made later.

The Fujlta and Ueda analysis for bubble nucleation in a saturated

film was adapted to a sub-cooled film in the following manner.



87

Fujita and Ueda expressed the mass balance for an increment of

length of a saturated film as:

dr dr dr

to" + d ^ + *T = ° (103)

where the first term represents the change in flow rate of the

liquid film, the second term represents the evaporation rate from the film

and the third term represents the droplet expulsion rate from the film

caused by bubble nucleaticn. For sub-cooled conditions, there will be

essentially no evaporation from the film, so that equation 103 can be

rewritten for a sub-cooled film as:

dr dr
-= + -T—° = 0 (104)
dx dx

Fujita and Ueda have shown that the droplet entrainment rate

from a film can be expressed by:

dr 0.5 2.5
-=—- = C r (q") (105)
dx f

where C is an empirical constant.

Equation 105 applies to a fully-developed, saturated falling film

on a vertical surface for a uniform surface heat flux. It is not known

whether this equation will be valid for a sub-cooled falling film on a
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horizontal tube with a rapidly varying heat flux around the perimeter.

However, lacking any other information, we will assume that equation 105

can be applied on a local basis in the present case.

Substituting equation 105 into equation 104 and integrating over

the length of film from the point of onset of sub-cooled nucleate boiling,

x , to any position x, we obtain:

x ,

h " 2 5

Equation 106 can be readily modified for cylindrical geometry:

9sb

rf9* - T f i h ~ ? f I * " ) 2 ' 5 * <107>
9

where the integration covers the region from the onset of sub-

cooled nucleate boiling, 6 , , to any angle 9, r_. is the initial flow rate

onto the tube and r ,. represents the film flow rate at 9.
ID

Fujita and Ueda determined the value of ths empirical coefficient,

C, for their conditions, to be:

C = 5.3 x 10" (kg m7/W5 s)°"5

We will use this value in the present study, although it should

be recognized that the value may well be different for a film on a

horizontal tube with a varying heat flux the»n for the conditions used

by Fujita and Ueda.
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To establish the approximate position of the onset of sub-cooled

boiling, 6 , the heat fluxes as predicted for failing film convective

local cooling and by nucleate boiling local cooling of the calandria tube

were equated:

- ^ ( 1 0 8 )

The value of q" is given by:

ff - hff(Tw " T> = *nb ( 1 0 9 )

For convenience in this first approximate analysis, the local

value of h was predicted using equation 45, which applies for laminar

flow films in the developed region, ignoring momentum effects in the film.

This equation may be rewritten as:

h f f = B r
1 / 3 (sin8)1/3 (110)

whe:• •> B is a function of film property values and g.

The nucleate bciling heat flux may be expressed by a simplified

equation of the form (e.g., 22,41)

q". = C wAT
n (111)

Tib nb s

For low pressure water on reasonably smooth engineering surfaces,

we can use the conventional McAdams equation (41) for nucleate boiling.
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in which n = 3.86 and, in units to give q", in W/cm2, C , = 2.26 x 10

As discussed in reference 43, it appears that the coefficient C ^ in the

conventional McAdams equation may be in error. Therefore, a value of

_ < •
C , = 5.95 x 10 , consistent with the correlation developed by the writer
n£>

(43), was also used in the analysis.

The position of the onset of nucleate boiling in the film was

established for various times following sagging of a pressure tube onto a

calandria tube for both NPD and Douglas Point reactor conditions, assuming

quasi-steady state conditions, in the following manner. The local heat

fluxes on the outer surface of the calandria tube at a range of angular

positions near the bottom of the tube, for a given time after contact of

a pressure tube with a calandria tube were taken from the IMPECC program

output for the reactor case concerned. From the heat flux at a given value

of 6, the wall superheat should nucleate boiling be occurring was

determined from equation 111, and the corresponding outer surface

temperature of the calandria tube found. For the assumed falling film

bulk temperature of 80 C, the falling film heat transfer coefficient at

the same value of 8 was calculated using equation 110, and the local

heat flux for a convective falling film was calculated from equation 109.

This calculated heat flux was compared to that taken from the IMPECC

program: If the value from the IMPECC program is higher than the

calculated value, nucleate boiling is occurring at that position. If the

IMPECC program value is lower than the calculated value, convective cooling

is occurring at the position. This procedure was repeated at other values

of 8, and the value of B , found by applying equation 108.
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Results for the cases investigated so far are given in Table 8.

Table 8 shows that prediction of the location of the onset of

sub-cooled boiling is not very sensitive to the boiling correlation

(Value of C , ) used. Table 8 also shows that a relatively small portion

of the film (̂  19 ) is undergoing sub-cooled boiling even at the instant

of maximum local heat fluxes for both NPD and Douglas Point reactors.

The values of 6 . established as described were then used with
sb

equation 107 to establish the position at which the film is blown-off the

tube by bubble nucleation. At this position, obviously r_ = 0 .
f 0

Therefore, the position of film blow-off can be established by determining

the angle at which the integral term in equation 107 equals r_. -

For the cases considered, the integral was evaluated numerically

for values of calandria tube heat flux over a range of values of 9 n ar

the br,tom of the tube, as given by the IMPECC program. By comparing the

value of the integral for the range of 6 to r_. , the position of film

blow-off, 6. , was found. This procedure introduces a large uncertainty

into the results since the IMPECC analysis for the case considered assumes

that good cooling of the calandria tube is maintained over its entire

surface at all times. Obviously, that portion of the surface uncovered

by the film blow-off will not be well cooled. Development of a dry patch

in this manner will result in a redistribution of the heat flux which will

result in higher heat fluxes immediately beyond the dry patch. These

higher heat fluxes will result in further film blow-off, so that the

actual dry patch at any time will be larger than the calculated size,

and because of the positive feedback effect of the heat flux redistribution,



TABLE 8

ONSET OP SUB-COOLED BOILING IN FALLING FILMS AFTER

SAGGING OF PRESSURE TUBE ONTO CALANDRIA TUBE

92

Reactor,
Case

NPD,
large break

Time After
PT/CT

Contact,
sees.

0.0093

Tf =

9sb'
degrees

162.7

80 C

n "q sb'
W/cm2

1 5 . 0 2.26

Notes

Instant of
maximum q"
on CT at
9 = 180°

NPD,
large break

Douglas
Point,
case 1

Douglas
Point,
case 1

0.0093

0.366

13.3

161.6

161.6

164.6

13.f.

12.2

11.2

5.95

2.26

2.26

1. All cases based on one-half of normal spray flow.
NPD - Rer = 112 0

Douglas Point - Re = 2115

2. For other conditions for each case, see reference 2 .
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the dry patch growth rate and extent might become significantly larger

than calculated. Therefore, the results obtained by the present analysis

should be considered only as indicating the magnitudes of effects. The

IMPECC program is now being modified to permit analysis of cases in which

heat flux redistribution, dry patch growth and eventual re-wetting are

allowed for.

So far, only three cases for the Douglas Point reactor have been

analyzed as described. The results for these cases are given in Table 9.

The first two cases given in Table 9 represent the instant of maximum

calandria tube heat flux, occurring 0.366 seconds after the pressure tube

sags onto the calandria tube. In the first case, the film flow rate is

taken as one-half the nominal design value and in the second case the film

flow rate is set equal to the design value. The third case represents

conditions 13.3 seconds after the pressure tube sags onto the calandria

tube for one-half the nominal film flow rate.

Table 9 shows that, at the instant of maximum calandria tube heat

fluxes, the film is predicted to be blown off only a very small region

(-'S0 or less on each side of the bottom stagnation point) of the calandria

tube surface. Of course, as discussed above, because of the redistribution

of the heat flux as the dry patch is formed, the patch may be, in reality,

considerably larger than the values predicted here for the unperturbed

heat fluxes. The predicted, unperturbed local heat flux at the edge of

the dry patch is about 100 W/cm2 for the reduced film flow rate and about

137 W/cm2 for the nominal film flow rate. The predicted extent of the

dry patch is quite insensitive to film flow rate.
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TABLE 9

FILM BLOW-OFF BY

BUBBLE NUCLEATION

DOUGLAS POINT REACTOR

Condi t ions - Case 1 , r e f e r ence 2

Uc = 56 .7 W/cm2K

w = 0 .258 mm.

Unperturbed Heat Fluxes

Time After
PT/CT
Contact,
sees.

0.366

0.366

13.3

Rer

2115

4230

2115

8 o'
r vjes

175.0

176.1

_

*bo'
W/cni2

100.6

136.7

rfi

0

0

0.155
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Table 9 also shows that the unperturbed calandria tube heat fluxes

only 13.3 seconds after PT/CT contact are insufficient to blow the reduced

flow-rate film off the calandria tube, with the predicted film flow rate

at 6 = 180° still being some 15% of the initial film flow rate. This

result indicates that the unperturbed heat fluxes following PT/CT contact

are high enough to disrupt the film by bubble nucleation for only very short

periods of time. Of course, with the actual redistribution of heat fluxes

caused by the development of a dry patch, the periods would be longer than

predicted here.

Obviously, the predicted period even if heat flux redistribution is

allowed for, does not represent the tiir.e at which complete re-wetting of

the dry patch would occur since the mechanism of surface re-wetting has not

been considered in the analysis. The predicted period merely represents

the time over which the surface heat fluxes exceed those required for film

disruption by bubble nucleation.

Analysis of re-wetting of dry patches resulting from bubble

nucleation, as well as from Marangoni-type instability, will be possible

with the modified IMPECC code mentioned earlier.

This analysis of film blow-off by bubble nucleation has been based

on the use of conventional convective film heat transfer coefficients

which ignore the effects of momentum change on film thickness. If momentum

change is allowed for, the film in the lower quadrant will be thinner at

any angular position, as shown in sectior 7.0 of this report and the local

convective heat transfer coefficient will be higher. These effects will

tend to delay the onset of sub-cooled boiling and to stabilize the film
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against bubble nucleation blow-off (41) , so that ignoring them, as has I

been done here, will introduce an element of conservatism.

A comparison of the results of the present analysis of film disruption by B

bubble nucleation can be made with that of film breakdown by Marangoni

effects given in section 10.2 of this report. The analysis of section

10.2 indicates that, for a large RIH break case in NPD, the fraction of

the calandria tube periphery over which film breakdown occurs is rather

o
large, extending as far as 8 = 110 for Re = 1120 immediately after

contact of the pressure tube with the calandria tube, and still extending

o
as far as M 135 for Re = 1120 at 2.7 minutes after contact. Of course,

these results are probably conservative, i.e., the predicted extent of the

film disruption is probably greater than would actually occur, but on the

other hand, they are based on the unperturbed heat fluxes predicted by

IMPECC, so that the predicted extents of film disruption are less than

would occur with perturbed heat fluxes.

A preliminary analysis of film breakdown by bubble nucleation has

not been done for the NPD reactor but only for the Douglas Point reactor.

However, a comparison of the predicted points of onset of sub-cooled

boiling in the film in Table 8 shows that there is no significant

differences between the extents of the regions of sub-cooled boiling in

the film for the two reactors, with 9 being greater than 160 in all

cases. Since, obviously, film disruption by bubble nucleation must

occur after 0 , , the predicted region affected by this mechanism for the

NPD large break case must not extend to values of 9 less than 160 . Of

course, as emphasized earlier, these results are for unperturbed heat
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flux distributions; the extent of the affected areas would be greater

for perturbed heat flux distributions. Nevertheless, it would appear

from these analyses that the extent of the region affected will be greater

for Marangoni-type film breakdown than for bubble nucleation film

disruption. Therefore, the former mechanism may well be the governing

one for film breakdown in the accident cases considered here. Of course,

this result would be expected from the lower heat fluxes required for

Marangoni instability than for bubble disruption. It should be noted,

however, that the analysis for Marangoni instability probably contains

several conservative elements, which will tend to bring the breakdown heat

fluxes of the two mechanisms closer together in reality than predicted

here. A further argument that Marangoni type instability would govern in

the real case follows from the fact that a larger fraction of calandria

tube periphery is affected by this mechanism than by bubble nucleation.

Therefore, the perturbation of heat fluxes will be greater for Marangoni

instability than for bubble nucleation so that the positive feedback

effect would be greater resulting in a relatively greater increase in dry

patch size at any time for the former mechanism. However, this tendency

may be ameliorated to some extent by the three-dimensional heat flow in

the calandria tube resulting from the continuing flow of the rivulets

resulting from Marangoni instability.

In general, both mechanisms would probably occur in a given case

since the diverted film flows, caused by Marangoni breakdown into

rivulets (2), would then undergo disruption by bubble nucleation.

Reliable predictions of the behavior of the films following contact
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of the pressure tube on the calandria tube must await the completion of

modifications of the IMPECC program.

Of course, in considering film disruption by bubble nucleation in

the NPD and Douglas Point reactor cases, it must be recognized that it is

improbable that the pressure tube will sag onto the calandria tube in the

accidents considered for the reasons given earlier in this report.
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11.0 CONCLUSIONS

The work described in this report has shown that in a LOCA with

indefinitely delayed ECI in the NPD or Douglas Point* reactors, in which

pressure tube sagging is not likely to occur, the falling films on the

calandria tubes will not be disrupted by any of the r.echanisms considered.

Therefore, the moderator heat sink will probably be maintained and fuel

melting will not occur. To ensure the maintenance of the moderator heat

sink in these cases, it will simply be necessary to ensure the reliability

(if the moderator recirculation and cooling systems.

However, should a pressure tube sag onto a calandria tube in these

reactors, then falling film disruption, by Marangoni effects or blow-off

by bubble nucleation, will almost certainly occur. The extent of the

dry-patches formed and the times required for re-wetting are unknown

since the method of analysis does not allow for effects of heat flux

redistribution caused by the dry patch nor does it consider the re-wetting

mechanism. Therefore, the effects of falling film disruption on fuel

element temperature and therefore, the probability of fuel melting are

not known.

The analyses discussed in this report have not yet been applied

to the Pickering A reactor, which relies on falling film cooling of the

calandria tubes.

To provide the information necessary to establish the effectiveness

of falling films on the calandria tubes of a CANDU reactor as a heat sink

At 70% power.
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further work is obviously necessary. Recognition of this fact has

resulted in proposals for experimental work on the characteristics and

stability of falling films on horizontal tubes under conditions more

representative of actual reactor conditions than those used in the

preliminary scoping experiment and for extension of the IMPECC program

to account for dry-patch spreading and re-wetting.
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Figure 11 Film Flow, Rer = 165, q" = 0
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Figure 14 Film Flow, Rer = 60, q" = 5.5 W/cm2
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