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The momentum pressure drop, in subcooled boiling at

low pressure, is determined by the use of the recovery of

pressure which follows the vapor condensation in the non heated

length of a channel of uniform cross-section.

Two parts can bo distinguished in subcooled boiling ;

- a highly subcooled one v;hare the void fraction is negligible

- a slightly subcooled one whore the void fraction is important.

The "point of net vapor generation" is correlated,

from our results, by : 9 = E cp/vV" with

6 = subuooling (°C)

K = empirical constant (l ,8 for circular channel ; 1,28 for

rectangular channel)

cp = heat flux (lv"/cra )

V = single phase velocity (oa/s) «

A void fraction model is derived from the correlation

• = E cp -Jv.

The parameters ran^e is :

geometry : rectangular channel : 600 X 3S x 2 and 600 x 33 x 3,6 mir

Circular channel : 6 mm I.D

pressure : from 1,75 to 5 bars abs

flow rate : from 300 to 700 g/cm ,s

heat flux : from 10C to 400 U/cm .
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Notations

B = perimeter of exchange between vapor and liquid

Be = heated perimeter

C = specific heat of the water

G = mass velocity

K = empirical constant: 1.8 for the channel with

6 <j> [sic; 6 mm <j>] and 1.28; for the rectangular

channels of 2 and 3.6 mm

L = heated length

L = latent heat of vaporization of the water

M = mass flow rate

m = empirical constant: 2

n = empirical constant: 1

p = pressure

ps = pressure at the end of the heated length

Tg = temperature of entrance

Tpm = temperature of moistened wall

TpQ = Forster and Greiff temperature = Tsat + ATpg

T = temperature calculated with the formula of
colb c

Colburn

Tg = temperature of outlet

Tsat = temperature of saturation

Tl = average temperature of the liquid

T = temperature of heat balance = Tp ?

T0 = temperature of heat balance for z = 0

V = velocity (cm/s)

VI = velocity of the liquid

Vq = velocity of the vapor



W<p = power supplied to the channel per unit of length

Wy = power absorbed by the vaporization per unit of

length

x = vapor titer

z = abscissa

AP = pressure drop

APacc = momentum pressure drop

ATpc = superheating calculated by the simplified Forster

and Greiff formula

a = average void fraction

q0 = average void fraction for T = Tsat

0 - PV/PL,

7 = VG/VL

5 1 if Tcolb * Tsat TFG
0 if Tcolb K Tsat + TFG

PY = specific mass of the vapor

pL = specific mass of the liquid

f = G2/G2

(j> = heat flux (W/cm2)

6 = undersaturation with the appearance

of the vapor = Tsat - TL (°C)
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0. Introduction

Numerous experiments have been performed to study pressure

drop in subcooled boiling because knowledge of these drops is

absolute necessary for heat calculations of the nuclear reactors

which are cooled with water and particularly for research

reactors at low pressure.

The results of these tests are presented, in general, in the

form of networks of curves in terms of S (AP as a function of M

for set Tg, <f>, Ps) • The minimum of these curves is the point to

be determined because this is the point which conditions the

appearance of the phenomenon of redistribution of flow rate

between the hot channels and the cold channels at the core [1].

Some correlations give the flow rate of redistribution [2],

and others give the total pressure drops in subcooled boiling

[3,4].

Most of these experiments were done with a uniform flux,

others with a flux varying longitudinally or transversely or even

with double-heat generator [1] in order to approximate the real

conditions of the reactor. But to our knowledge, no manipulation

has been performed in order to study the variations in pressure

connected to a discontinuity of flux, in particular the passage

from flux $ to a flux of zero in a channel with constant cross

section. These conditions exist at the ends of fuel plates

because the active part containing the uranium is stopped at a

few centimeters from the end of the plates.

We have therefore constructed a test section with a heated

length followed by a nonheated length, and we have measured the

recovery of pressure which accompanies the condensation of the



vapor in the nonheated part downstream. The measurements have

enabled one to separate the momentum pressure drop from the total

pressure drop, to study the conditions of appearance of the vapor

and the change in the void fraction in subcooled boiling.

1. Experimental device

The test section, either rectangular (Figure 2) or circular,

was mounted on a loop of which the diagram is given (Figure 1).

Per test, we measured:

the pressure at different outlets located over the heated

length and over the nonheated length*

the temperature of the dry wall over the heated length

the temperatures of entrance and of exit of the water

the flow rate

the power supplied to the channel

The parameter range studied was the following:

Pressure: 1.75-3-5 absolute bar

Flux: from 100 to 400 W/cm2

Flow rate: from 3 to 7 m/sec

Geometry: rectangular channel 38 x 3.6 x 600 mm

rectangular channel 38 x 2 x 600 mm

circular channel 6 0, length 600 to 120 mm

Degassed water: ~0.2 ppm.

*In order to avoid boiling in the pressure outlets, they
were cooled.



2. Interpretation of a representative result

Figure 3 represents the reading of the measured values for a

flow in subcooled boiling in the 3.6 mm rectangular channel.

Why does the pressure rise in zone 4 of the flow, that is to

say downstream from the heated length?

An inspection glass located in zone 4 of recovery of

pressure enables us to see that there is condensation of vapor:

the vapor was formed in undersaturated boiling in the heated part

of the channel, and it condenses downstream, in the nonheated

part, because it is in thermodynamic nonequilibrium.

This condensation is accompanied by a recovery of pressure

in the same manner as the creation of vapor in a channel is

accompanied by a momentum pressure drop:

Let us calculate the difference in pressure between a

section of the channel where the void fraction is zero (P,0x) and
a section where the void fraction is a\ (P. .) (not taking into

account the pressure drops by friction and elevation) [sic;

temperature increase]. Application of the theorem of the

quantities of movement leads to:

-p(0) -*ra\ =—( ) (l) assuming the velocity profile

of the liquid to be flat and neglecting the quantity of movement

of the vapor

2 A , ^ 2 /, s2

(a) «—• V" ~ :~ ---—--; letting
L (1 - a + apr)

?, .=. iL_. (^ "a +Q8y - (1 -a+gj5 7) \
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' " "7" P- — • that is to say taking
VL PL

into account the quantity of movement of the vapor.

it

neglecting the vapor and taking into consideration the velocity

profile of the liquid.

Let us consider formula (1): we see that in order to pass

from a section of the flow where the void fraction is zero to a

section where the void fraction is a, the pressure decreases by

(—J
and in order to pass from a to 0, the pressure rises by

(—)•\1 - a/

Conclusion: The recovery of pressure in zone 4 gives us

information concerning the momentum pressure drop and the void

fraction at the end of the heated length of the channel.
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3. A method for measuring the momentum pressure drop in

subcooled boiling

The formulas established in §11 do not take into account the

pressure drops by friction and by elevation; therefore, we cannot

obtain the momentum pressure drop except by an approximate

manner. In Figure 3: let us extrapolate the piezometric line of

zone 5 towards the end of the heated length. The difference in

pressure AP^g is a value which is less than the real pressure

recovery because the gradients of pressure drop by friction in

zone 4 are greater than those of zone 5 (zone 4 double phase,

zone 5 single phase).

Let us extrapolate the piezometric line from zone 2 towards

the end of the heated length. The difference in pressure APS^^

is a value which is greater than the real pressure recovery

because the gradients of pressure drop by friction in zone 3 are

greater than those of zone 2 (zone 3 double phase, zone 2 single

phase).

Conclusion: AC < APacc <A3£"

This inequality gives, at the same time, the maximum

uncertainty of the measurement. We can obtain a more likely

value of APacc by graphically estimating the line of the pressure

drop by friction and elevation in zones 3 and 4 between the two

extrapolations of the piezometric lines upstream and downstream.

The limits of this method depend on the desired precision

and the test conditions. In the range of parameters studied, the

method gave us good results.
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For the low void fractions with high undersaturation the

precision is satisfactory because the condensation occurs over a

short distance. It is in this zone that the measurements of void

fractions by absorption of radiation (7 or a) are the least

precise.

For the temperatures of outlet which are near saturation,

the length of condensation is great. In order to improve the

precision, we accelerated the condensation by injecting, at the

end of the heated length through a pressure outlet, an output (a

few % of the output of the channel) of cold water. We were thus

able to measure the momentum pressure drop up to thermodynamic

titers of zero in outlet of the heated length.

A method exists for measuring the quantity of movement,

which consists of measuring the thrust on a T [5]. This method

has a general use because it enables measurements in free [sic]

boiling and measurements on a double-phase flow with two

constituents, but there are difficulties with regard to the

critical flow rates.

4. Applications of the method

4.1 Study of the appearance of vapor in subcooled boiling
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4.1.1 The point of appearance of vapor

Let us consider a series of tests at the same pressure at

the end of the heated length Pg, the same heat flux, and the same

flow rate, but with different temperatures of outlets, and let us

measure for each test, the momentum pressure drop using the

method of §3.

Figure 4 shows the values of the momentum pressure drop and

of the temperature of the wall at the end of the heated length.

We see that the momentum pressure drop, therefore the vapor,

appears suddenly. This is the point of appearance of the vapor

or "point of net vapor generation" that Zuber and Staub [7] and

Bowring [6] previously studied, the point which we define as the

intersection of the axis of the temperatures with the line

representing the momentum pressure drop. Let us note that the

determination of this point is practically independent from the

method of measurement of the momentum pressure drop since it is

not the exact value which interests us but only the conditions

under which it appears.

This points divides the zone of flow in subcooled boiling

into two parts:

a highly undersaturated zone where the temperature of the

wall progressively diverges from the value that it would

have in forced convection in single phase in order to reach

a stage above the temperature of saturation.

In this zone, the void fraction is very low because the

bubbles remain at the wall.
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a weakly undersaturate zone where the void fraction is great

because the vapor bubbles are detached and infest the core

of the flow.

We have established that in this zone, the temperature of

the wall has a tendency to decrease a few degrees with respect to

its value in the highly undersaturated zone.

4.1.2 Influence of the state of the surface channel on the

conditions of appearance of vapor

A series of tests done on the circular channel with 6 mm 4>,

after a campaign of one month, was redone after cleaning the

channel.

Comparison of the two series of tests gives the following

results (see Figure No. 5):

in single phase, the temperature of the moistened wall is

unchanged

in highly undersaturated boiling the temperature of the wall

is less by approximately 10"C for the tests after cleaning

in weakly undersaturated boiling the difference between the

temperatures of the wall decreases (5"C)

the fluid temperature for which the recovery of pressure

appears is unchanged

the total pressure drops of the test after cleaning are

higher by 2% than those of the preceding test.
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Interpretation

We can interpret the results in the following way: on the

moistened wall of the channel, the seeds [= K[illegible]] of

boiling are more numerous after than before cleaning: in effect,

after a campaign of tests of one month in degassed water, a great

number of small pockets of air contained in the irregularities of

the surface have disappeared and putting the channel in contact

with air reproduces them.

Consequently, for the channel after cleaning, the seeds of

boiling are more numerous; therefore, the temperature of the wall

is lower; therefore, the pressure drops by friction are greater.

4.1.3 Influence of the heated length on the conditions of

appearance of the vapor

We performed a series of tests at the same pressure, flux,

and flow rate but with heated lengths of 600, 300, 217 and

113 mm; the results are shown in Figures 6 and 7.

It results from this that the heated length, in the range of

variations studied, has practically no influence on the

conditions of appearance of the vapor in subcooled boiling but,

in contrast, modifies considerably the superheating of the wall.
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4.1.4 Influence of the content of dissolved gas in water on

the conditions of appearance of vapor

We performed a test with water whose gas content was 4 ppm,

and we compared the results with those of the same tests with

degassed water (0.2 ppm) (see Figures 6 and 7).

It results from this that the gas content has no influence

on the conditions of appearance of vapor in subcooled boiling

but, in contrast, modifies the superheating at the wall.

4.1.5 Results - Comparison with the Bowring formula

According to paragraphs 4.1.2, 4.1.3, and 4.1.4, we see that

the conditions of appearance of vapor in subcooled boiling do not

depend on the wall and seem only to be a function of the overall

values of the flow, namely: the flux, the velocity, the

undersaturation.

Table I gives the results of our tests.

In Figures 8A and 8B, we compared our results with those

given by the Bowring formula: V6/<f> = 14 + 0.1P. It seems that,

for a given velocity, 6 is indeed proportional to <f> but that for

a given flux, 6 is not inversely proportional to V. In Figures

9A and 9B, we give 6 as a function of

. cp/vv

and since the dispersion is low (±2°C) we therefore propose a

correlation with the form:

•Jv. *
9

_ k K depends on the geometry
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K = 1.8 for the circular channel with 6 mm <j>

K = 1.28 for the rectangular 2 and 3.6 mm-channels

The low range of pressure which is covered does not enable

us to detect the variation of K with the pressure.

4.2 Change of the void fraction in subcooled boiling

4.2.1 Model

The empirical relationship defined in the preceding

paragraph:

e a K.«p //v

which links, at the time of appearance of vapor in the channel,

the undersaturation 8, flux <f>, and velocity V, can be considered

as defining a coefficient of heat exchange between the vapor

which is formed at the wall and the liquid core of the flow.

When, because of the rise in temperature of the liquid or the

pressure drop, the undersaturation becomes less than 6 we will

assume that there is a creation of a void a in the section which

increases the velocity of the liquid and the surface of exchange

between vapor and liquid so that locally the relationship

= x q>/</V

This mechanism interprets the point of appearance of the

vapor in subcooled boiling.

Let us specify the hypotheses.



Starting relationship: 9 = k <p/fv

8 = TSat " TL

T_ ?I-
C
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z W-, (z)
T = temperature of heat balance = r, + f _± az

4 = W/B

w = wT - wv

Wy = power absorbed by vaporization = ^h £f
dz

B = perimeter of exchange between water and vapor = Bc (5 + ma)

Bc = heated perimeter

5 = 1 if TcQlb > Tsat + ATFG

5 = ° if Tcolb < Tsat + ATfg
1

a = void fraction in the section in consideration = 1 - x1 + %J

M 1 - -.V = average velocity of the liquid =
S.PL 1 -a

7 = slippage = 1 + na

One then obtains the following differential relationship:

—=^ - Ms +ma) (g8at - tl),Jm Q _ xj
dz m* „ / : :

MSpt(i- a) M.36
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4.2.2 Results

We calculated in a first step, longitudinal void profiles at

constant pressure for reasons of simplicity of the calculations.

Consequently, we will take into account the variations in

momentum pressure, friction, and elevation. The comparison with

the experimental results is therefore not strict because, in

reality, no void profile is produced at constant pressure. This

remark is also valid for the zone of condensation.

In Figure 10, we compared the measured void profiles with

the calculated profiles for two cases at different pressures.

The agreement seems to be satisfactory between the model and

the experiment, but it is necessary to note, nevertheless, that

the start of the curve is more sudden for the calculated values

than for the measured values and that it is the precision of the

correlation which gives the point of departure which rules the

precision of the calculations. Figure 11, which shows the

variation of the void fraction in the course of recondensation,

confirms the model since the calculated lengths of condensation

are the same as the experimental lengths of condensation.

For these calculations, we have B = Bc (1 + 2a) and

7 = 1 + a (see §4.2.1); this signifies that the surface of

exchange increases proportionally with a and that the slippage is

between 1 and 2 which corresponds to the currently accepted

values in low pressure boiling.
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4.2.3 Comparison with other models

Model of Lavigne [8]

The real titer x results from a local balance between: the

vapor which is supplied + the vapor which enters - the condensed

vapor = the vapor which leaves

the vapor supplied is

fl -**S) -£ dz

that is to say that the flux which vaporizes at the wall is zero

at the beginning of subcooled boiling and W«p for T = Tsat«

The condensed vapor is: dm = E - x at dz
V

The balance is then written:

*5-JL- f__JL +^ AT
dz .4 M ^AIs v•/

It is suitable to use this model to determine the points of

appearance of the subcooled boiling and the constant K.

In the model that we propose, it is the same value which

gives the appearance and the change of the void.
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Model of Bowring [6]

Bowring decomposes the local flux into three parts:

<f> = <f>e + 0a + ^SP

<f>e = flux which vaporizes

<t>a = flux evacuated by agitation due to bubbles

<£Sp = flux evacuated by transfer in single phase

The author lets

and determines e by experimentation.

In our case, <j>e results from the difference between the

total flux supplied to the channel and the flux that the liquid

evacuates.

Conclusion

From the tests performed, we obtained the following results:

a correlation giving the conditions of appearance of vapor

in subcooled boiling at low pressure with a negligible

influence of the state of the surface of the channel, of the

heated length, and of the dissolved gas content. The

formula is 6 - rr <p//~v
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a model of the void fraction in subcooled boiling tested in

a first step by neglecting the variations of pressure but

that we are going to perfect by taking into account the

pressure drops by friction, elevation, and momentum and

compare with other experimental results.
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Key to Figure 1:
1 - Degasser pressurizer
2 - Heating bands 2 x 5 kW
3 - Resistance 0.1 kW

4 - Secondary exchanger
5 - Principal exchanger
6 - Pump
7 - Test section
8 - Heated length
9 - Preheating

10 - Turnstile winch
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Key to Figure 2:
1 - Distances between outlets

2 - Output
3 - Pressure outlets

4 - Cross section
5 - Thermocouples
6 - Terminal

7 - Entrance
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Figure 3. Piezometric line in subcooled boiling.
Channel • > 3.6 mm x 3 8 mm

Key:
1 - Heated length

28



29

Figure 4. Appearance of the momentum pressure drop in subcooled
boiling. Rectangular channel 3.6 mm.

Key:
1 - Appearance of the void



n°»337a 342

n°»343a348

P = 3 bar abs.

<? = 420W/cm2
G= 700g/cm*.s

732.S -

V2I

IT°0

20C

150

j= >Z3*

30

Figure 5. Influence of the state of the surface of the channel
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Key:
1 - Heated length
2 - Degassed water
3 - Gassed water



Tpm*c

-200

-100

50 60

vf-300w/cma
e-500g/cm*5
P. 1/5 bar abs.

CD
Longueur chauffante:

+ 600 mm*J gj\
o 500 mm , ,

. eau degaxe* 200 Y
a 217 mm a •
A 113 mmj -o,

• 300 mm] eau 9a*** 4000 If

70 80 SO 100

32

TcoLe

-IhSX.

TV

110 180

Figure 7. Influence of the heated length and of the gas content,

Key:
1 - Heated length
2 - Degassed water
3 - Gassed water



33
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Figure 8A. Comparison of the results with the Bowring formula,

Key:
1 - (Appearance of the void fraction)
2 - 2-mm channel

3 - 3.6-mm channel
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*••:*•'•«

Figure 8B. Comparison of the results with the Bowring formula.

Key:
1 - (Appearance of the void fraction)
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Figure 9A. Experimental results. Circular channel 6 itim f

Key
1 - (At the appearance of the void fraction)



30

6 (A Tapporition du taux de vide)

©
<f= W/cm2
V= cm/s
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<P

Figure 9B. Experimental results.
Rectangular channels 2 and 3.6 mm.

Key
1 - (At the appearance of the void fraction)
2 - 2-mm channel

3 - 3.6-mm channel
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Table I. Results concerning the point of
fraction in subcooled boiling,

appearance of the void

0
flr_T..-_l roetr-scu-aire de 5C X 2 xr-n

K° ossais

374 a 379 i

380 a 3B5

386 a 391

392 a 597

? ^tr-xs r.cs,

2,985

2,985

2,935

4,935

q> (V,'/cm2)

314

314

218

310

©
Cr-naJ. roctanculaire de ?S X 3.6 na

N° CS3CU.S

217 a 221

222 a 226

228 a 232

233 a 233

240 a 244

245 a 250

252 a 257

258% 264
266 a 271

272 a 276

273 a 232

283 h. 238

289 a 294

296 a 301

302 a 305

? (br.rs abs) q> ('j/cra )

2,985

2,935

2,985

2,985

4,985

4,985

1,735

1 ,735

1,755

1 ,735

1 ,735

4,935

2,935

1 ,735

2,935

220

222

287

287 •-

23/r

284

293

229

228

229

290

225

225

290

287

Key:
1 - Rectangular 38 x 2 mm channel
2 - Test No.

3 - Rectangular 38 x 3.6 mm channel

.

G- g/ en .s

745

500

500

750

G- g/oni .s

300

500

403

390

300

497

502

397

300

393

300

400

600

300

-*:

119

115

121

133

°C

120

117

116

115

132,3

131

100

104 «>

1C2

100

99

134

119

1C1

114

*H
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