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1. Introduction

During transient flow-boiling in a duct, many flow regimes are
possible. In some flow regimes, such as the stratified or annular
regimes, water and steam are not in thermal equilibrium and flow with
unequal velocities. These flow regimes have‘a marked effect on heat
transfer and transport. They may occur during a reactor cooling system
blowdown or after water injection into a hot channel, as in an emergency
cooling system. Flow boiling models in}generaT require auxiliary
relationships to describe mass, momentum and energy transfer between
phases and duct walls. These relationships contain transfer coefficients
that depend on the flow regime. It is therefore necessary to predict
the flow regime from the operating conditions. Genera]ized flow regime
maps exist but have not yet been verified for steam-water flow.

An experiment has been designed to obtain infomration on flow
regime transitions, phase velocities, pressure gradient, interfacial
and wall shear stresses for the flow of a steam-water mixture in a
horizontal section of a Candu feeder pipe. The purpose of this report
is to give an account of the design of the test and the proaress made

on the experiment to date.



2. Stratified Flow Test

A flow regime map fof horizontal steam-water flow was pTOtted
based on the Taitel-Dukler mode](S); A test matrix was layed out to
cover-the transition from stratified to indermittent flow, from strati-
fied to dispersed-annular flow and intermittent to dispersed-annular |
flow. A horizontal section of a Candu feeder pipe was instrumented and
installed into a high pressure loop at Westinghouse Canada Ltd. (WCL).
2.1 Objectives:

1) To verify the Taitel-Dukler model for flow transitions from

the stratified flow regime and

2) To obtain data on phase velocities, pressure gradient, inter-

facial and wall shear stress for stratified steam-water flow

in a horizontal pipe.

2.2 Test Section and Loop Description

The test section to be used was taken from a Candu type feeder
pipe that had previously been used in a pressure drop test performed

at WCL.

2.2.1 Loop Description

Saturated steam and water from the WCL boiler air connected to
the horizontal test section inlet. A modified gate valve is used to

function as a weir at the test section outlet. Steam and water are



separated upon leaving the test section and condensate is pumped back

to the boiler. The piping has been Tayed out and remains to be installed.

2.2.2 Test Section and Inlet

The test section is a 22 ft. long 3 in. schedule 80 pipe equipped
with various burr-free pressure taps. These pressure taps were drilled
and tested in a previous pressure drop test (WNRE-265).*

'An inlet section was designed to introduce the two phases with
the least amount of mixing taking place. The steam enters fhrough a
perforated pipe at the top of the inlet section. A manually controlled
piston inside the pipe is used for adjusting the steam flow area to
obtain a pressure drop of approximately 50 psi. The slightly higher
pressure in the steam inlet is necessary to prevent condensation in the
steam 1ine. The saturated water is introduced from the bottom of the
inlet section. The inlet section has been constructed and connected to

the test section.
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Fig. 1

*After installation the test section was leveled with a surveyors
Tevel to within 1/8 in. over the total length of the pipe. The pipe
was found to have a 1/4 in. camber and had to be loaded in p]ace to
achieve straightness.



2.3 Instrumentation

Steam and water flow-rate is measured upstream.of the inlet
section by a venturi and a 2 in. or 3/4 in. turbine flow meter.in each
line. Three gamma-densitometers are positioned on the test section,
the first one a distance of 40 pipe diameters downstream of the inlet.
Pressures and temperatures are measured at the inlet énd at several

places along the test section (Fig. 2).

2.4 Test Calculations to be performed 'on-line'

Steam and water flow rates in the test section are obtained

from a mass and energy balance on the inlet section. Wall to Tliquid

énd wall to gas shear stresses are calculated using average pressure

}_ gradients at a void fraction of 0 and 1 respectively. Using this
information in addition to the void fraction obtained from the
densitometers, the interfacial shear stress is determined. Other output
information is the steam-water velocity ratio, void fraction, volumetric
quality, mass quality, steam and water volumetric low rates, and the

flow regime obtained from the densitometer measurements.
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3. Summary of Progress Made
3.1 Theoretical Preliminaries |

a) The Taitel-Dukler general flow regime map for horizontal flow
was transformed to steam and water vblumetric flow rate
coordinates at pressures of 800 psi ahd 500 psi.

b) Test matrices were set up within the f]ow'ranges available
from the WCL oil fired boiler. | |

c) Pressure drops for the various test points were estimated
using the homogeneous flow model.

d) An'on-line' calculation procedure was established.’

3.2 Physical Installations
a) The steam-water inlet section was designed.
b) The test section instrumentation needed was determined.
c) Piping layout was designed

d) The test section was installed and leveled.



APPENDIX A

Transformation of the Taité]éDuk1er general flow regime map for horizontal

800 psi and 500 psi.

1.

Stratified-Intermittent to Stratified-Annular Dispersed Transition.
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similarly
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Tet
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Transition between Intermitttent and Annular Dispersed Flow |

Criteria:
o= .5
or h = 5
_ 10/9
Q .=k, X2 Q

A calculation routine was set up, where by Qg» X, Qs Qo> Reg, and
ReL are calculated using the normalized water height in the pipe

~

hL as the input parameter.

Properties

800 psi (55 Bar)
T = 270°C
T 767.9 kg/m3
o = 28.1 kg/m°
voo=.132x 1070 mz/s-
= 652 x 1078 n?/s
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500 psi (34.5 Bar)
| Teup = 242°C
o, = 811.03 kg/m®
og = 17.26 kg/m®
v, = .138 x 107 n¥s
v = .652 x 107 n¥/s
Coefficients
SRRk WK
800 psi L0214 1190 8.3 x 10 4.1 x 108 27437
500 psi 02823 .140 8.27 x 10/ 3.9 x 10° .2754
Results
800 psi
b Qg (2/s) X o (a/s) Rey x 10° Re x 10° q, (u/s)
.02 31.0 0062 .02 8.0 .3 1.12
.03 27.7 0113 .036 7.0 .4 1.93
.05 23.73 .024 072 6.3 .66 3.78
a0 18.5 .070 .184 4.9 1.17 9.31
2 12.9 221 458 3.6 2.03 22.04
25 10.9 .332 .608 3.0 2.3 28.56
3 9.19 (473 760 2.63 2.6 3.9
4 6.38 884 1.058 1.9 3.2 46.3
5 4.20  1.58 1.330 1.3 3.5 55.0
6 2.54  2.87 1.56 .89 3.6 60.0
.7 1.33  '5.62 1.72 .53 3.56 1

60.
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40.3

h Qg (a/5) X o (2/s) Reg x 108 Re x 10% g, (a/9)
.8 .535  13.22 1.79 .25 . 3.3 54.3
.85 .281 23.5  1.78 .16 3.1 48.5
.9 113 51.8 1.724 .075 2.8 40.1
500 psi _ - . .
hy Qg (2/) X o (&/s) o, (2/5)
.02 40.9 .0062 .020 1.13
.03 36.5 .0113 .035 1.93
.04 33.54 .0173 .052 2.83
.05 31.3 .024 .070 3.79
075 - 27.3 .045 122 6.44
. 24.4 .070 .179 9.34
125 22.1 .10 .24 12.41
.15 20.2 14 .306 15.6
175 18.5 175 .375 18.84
.2 17.0 .22 .445 22.12
.3 12.12 473 .738 135.0
4 8.42 .884 1.03 46.4
.5 5.54 1.58 1.29 55.16
.6 3.35 2.87 1.51 60.14
.7 1.75 5.62 1.67 60.3
.8 .71 13.22 1.74 ' 54.47
.85 .37 23.5 1.73 48.7
.9 .15 51.8 1.67
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FLOW REGIME PREDICTIONS BASED ON TAITELS MODEL
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- NOTATION
A = flow cross-sectional area

D = pipe diameter and hydraulic diameter
g = acceleration of gravity

h = Tiquid level

m.- = exponent
n = exponent
P = pressure

Re = Reynolds number

S = Perimeter over which the stress acts

T = dispersed bubble flow dimensionless parameter

v o= velocity in the x-direction

v = velocity normal to the x-direction

X = Martinelli parameter

a = angle between the pipe axis and the horizontal, positive for down
ward flow

p = density

T ~ = shear stress

v = kinematic viscosity

Subscripts and Superscripts

G = gas

i Tiquid gas interface

L = Tiquid
s = superficial, for single fluid flow
W = pipe surface



v

= dimensionless variable
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APPENDIX B
TEST MATRIX FOR STRATIFIED FLow TEST

TABLE ENTRIES : X QUALITY
(55 8AR) G MASs VELOCITY [hglni/s]
: @EL)  pesssurs G/MD/EAJT‘ [N/t f] (HoMOGEwEOUS MODEL)
QG ( Z/S)

o | .zl .19 .29 .45 g9 1091671 2.59| 4.0 | 6.23] 9.67| /5.0

1.6 |to (1o lro lte {20 V10 |10 |to )10 10| 10 | 10
O 00 | .79 | t25| 19 |2.97 |46 | 7/ | IO |11/ | 26.4) 4./ | 64 | 9?2
0.0 | .00I7) .0043) .0l |.024).057| .14 | .33 | .80\ 192 | 266| /4.2 | 27

0.0 | .035|.085 .08 | .12 | .07 |.25 |-34 | .44 .55 .66 | .75 | .82
A2 | 2161224 | 22.9123.5| 24.6] 262|287 32.6| 38.7| 48.0|62.7 | 854| /20
072 /g | .g | .25 1.35 1.5/ (.80 | /29 2.2 |404| 79 |16/ |34¢.5

0.0 |.025| .04 | .06 | .09 .13 | ./19 | .26 | .36 | .46 | .57 | .65| .76
J7 | 306 314 1319 | 326|336 352|378 | 4.7 477 | §7.0\ 7.7 | 98 | /30
S48 .25 1.3 1 .39 1 .83 .75 1 228 176 2.89) S0 923 (783 1377

0.0 |.0/%| .03 | .04 |.067|.099 | ./5 | .2/ | .29 | -39 | .50 |.&/ | .70
23 | #S5\ 42.2) 42.7| 434 444 46.0) 48.6| 52.5| 5851 67.8) 82.5| 10§ | /40
266| .40 | .49 | -60 | .79 | 1/ |156|235| 37362/ | /] [20.9 |47

0.0 | .0/14| .02 | .03 | .05 |.075| ./l | .16 | .23 | .32 | .42 | .53 ]| .64
.3/ 15549567 571 | 578| 588| 60-4| €3.0 c6.9! 73.0| 82.3| 97 | 120 | J55
48 | 67 | .78 | .43 | 119 15T 2.2 | 3.2 1493 | 79| /135|245 47/

0.0 00 .06 02 | .037] .055) .08 J2 48 25 1 .35 | .48 ) .56
43| 7725 | 783| 788| 79.4|80.5| 82.0 | 84.6| 885 94.6| /D4 | /T | /4] | /76
23 1 1/9] 134 155 1.9 | 242 3.3 | 464 6.86| /0.6 /7.4 30.] | §5+

00 | .007| .0/ | .O/7]|.027| .04 | .06 | .09 | ./4 | .20} .28 | .37 | .48
GO | 1081 1083\ 1094 ho. |l | //3. NS | ng | 125 | BS | 149 | /72 | 207
1.8 217|238 268| 3.2 1387|508 6.9 | 7288|147 | 23.2|385|67.6

0.0 |.oo5|.008| .00 | .02 | .03 |.09c| .07 .70 | .15 | .22 | .30 .40
B2\ 148 | 1486| 149 | 150 | 150.7) 152 | ISS | 159 | 165 | /74 | 189 |2/2 | 247
3.38| 3.87| 42 | 457, 523| 6.22| 783 | /0.3 |14.25/ 20.6| 3.3 | 50 | 840

L 142058 206.2) 2067 207 | 208 | 2/0 | 2/3 | 2/6 | 223 | 232 | 247 | 267 | 304

0.0 | .0038|.006| .007|.0/4 | .022.034| .05/ .08 | ./ J7 | .24 | .33
653 722 7Ze | 8./ | 9./ | 1051727 | /6] |2/.5 | 30 g4 | &77)| O

0.0 1.0027\.004)| 007 .0/0 | .0/6|.025| .04 | .06 | .085) ./3 |./8 |.26
[.571283 | 283.7|2842| 285 | 286 | 288 | 290 | 294 | 300 | 309 | 324 |347 | 382
124 1 /3.3 | /39 (/147 /5.9 /78 | 20.9| 28,6 32.9 | 43| €2.9 |73.4| /45

00 (.007 |.003|.005|.008|.08/2 |.078 .03 |.0q {.043 )\ 710 | /£ }|.26
216 389. 13901 1390.5 39 | 392 | 394 | 394 | 400 | 206 | 416 | 430 | 953 | 458
. 23.5 248 | 255126612831 309 |35/ |45 | &1.6 | 67/ | 92/ | /32 | 799

0.0 |.00i4| .00z .0035|.0055.008 |.0v3 |.02 | .03 |.047|.07 |.4# | .76
2.97| 535 | 536.1| 5365 537 | 538 | 540 | 542 |96 | $52 | 582 | 576 | 597 | &34
244 | 46,1 | 472 |48.7 |5/ |546 |60.4 692|829 | /04 | /38 |17/ |278

0.0 .00/ |.0006|.0025].004 | .0p6 | .00 | .0/5| .02 .03 085 .08 /2
4] | 737 | 7397|7902 | 7. | 742. | 743 | 746 | 7S | 756 | 765 | 780 | 803 | 838
E4+5 87 (884|90.5|938 (98.7 |07 | /7 | /38 | /67 | X3 |286 |40/ |

- 19
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APPENDIX C

PIPING LAYOUT
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APPENDIX D
'On-Line' Test Calculations
Input to program:
WG1 = steam mass flow rate at inlet section
wL1 = water mass flow rate at inlet section

o = void fraction from densitometers

AP pressure drops over several sections of the test section,

n:
taken with reference to upstream pressure at the inlet

61 steam temperature at the inlet section

PG] = steam pressure at the inlet section

Tw] = water temperature at the inlet section

—
I

62~ steam temperature at the densitometer
G2~ steam pressure at the densitometer
Twz = water temperature at the densitometer
A = test section flow area
Output:

At densitometer

=
i

G steam mass flow rate

=
il

L water mass flow rate

QG' = steam volumetric flow rate

QL = water volumetric flow rate

8 = homogeneous void fraction (= volumetric qué]ity)
X = mass quality |

21



velocity slip ratio

[
o
~
[oand
—
1!

fWL = 1iquid-wall shear stress

T gas-wall shear stress

Ty = interfacial shear stress
Calculations

o— vFe

—
/L\u
4’\‘J
2d
/"‘\.V

/R
Ter T
=T} Py
Wa/ Wei

Mass'balance

WGT + WL] = WG + WL

Energy balance

Wae h W

61 Mgy * Wy Py = g g F N R

(enthalpies determined through a properties subroutine)

written in matrix form:

L1
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(WG] + w“) 1
' (Hy hgy *+ Wy hyqd by | (Hgy + Wby - (lgy by + Wyq by g)
G 1 h - hg
g2 Ml
Mgy (b =hgg) + Wy (b -y )
Wg = T -
L g
T (Mgy + W)
Ahg gy hgy + Wy bl
W = b=k
L.~ Ng

W= Mgy (hgy - hg) + W 4 (b - he)

h - hg
Lt
G P
-
L‘ P
. QG
%omo = B T 0L Q
G L

x - 6

WG'FWL
AL=(1—oc)A



Momentum balance for a horizontal pipe (neglecting hydraulic gradient):

o

A-—-D'-——J

It
o

dp
"AL (‘a_z-) = TNL SL + 1. S.

Py _ -

in matrix form

. - =" I dD v
e -9 Si ] [S] [AL @
. dD

O e Si) )| (@@

D ,dp
= - 7 (g7 _
«= 0
_ D ,dp
Tweg =~ ~ E'(379



dp
e 0 A (g
0 T A (g——)
we g a7
T - 1 ..... ] . 'TrD
i _
e O S
0 "TNG ‘S_i
1 1 0
dp dp
o T e A G * A (G e
L Si Uryg = Ty!
where
S, = h(D - h)]/2

i

h=[1- cos (%)]-%

solve 1 _
f ————— [1-——2-7}-(6—51'ne)=oc]f0r‘6
. numerically

(Regula Falsi Method as programmed in 'Applied Numerical Methods ', B.

Carnahan,converges very fast).
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