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SECTION A: TLOW MEASURLMENTS

(R. S. L. Lee, J. Srinivasan and R. Hitzigrath)

INTRODUCTION

The primary objective of thic investigation i: to understand droplet
hydrodynamics under conditions simulating steam-water droplet flow=-
predicted to occur during the reflood portion of LOCA, The results will
be used to further substantiate the constitutive equations necessary to
predict heat transfer during core reflooding in the vicinity of the ris-
ing water level where droplets are formed by violent boiling and broken
up by leidenfrost phenomenon, First, this information is cbtained by
simulating the behavior of the water droplets present during the actual
LOCA process in an adiabatic flow inside & simplified test section, To
do this, an entirely new methodology and experimental hardware has been
developed., This technique has been applied to a solid particulate in
water (two phase) system with particle size-density distributions and
velocity distributions being obtained using a custom-made laser Doppler

anemometer (L.D.A.).

STATUS SUMMARY

A new optical technique using laser-Doppler anemometry has been
developed and has been applied to a solid particle-water two-phase flow
and a water droplet-air two-phase flow to obtain the local number densities
of particles/droplets and two-dimensional velocity probability densities

of both homogeneous and dispersed phase. This novel measuring technique,



the accompanying data processing electronic package and the results of
these measurements have been presented in Quarterly Report #SUNYSB-
NUREG-0001 NRC-04 through Quarterly Report #SUNYSB-NUREG-0009 NRC-04,
This measuring scheme has now been used to study the deposition of
water droplets during turbuelnt flow of air-water droplet flow in a
vertical rectangular channel, Measurements have been made both with
and without a continuous liquid film on the channel walls., The results
of these experiments have been presented at the Two-Phase Flow Instrumens
tation Review Group Meeting at Troy, New York, February 13-14, 1978 and

are explained in the following sections,

ACHIEVEMENTS

A wide band tape-recorder (model 101 - Honeywell) has been received
and was used to record high frequency signals--higher axial air-droplet
velocities,

The data-processing electronics were also modifies to handle high
frequency Doppler signals, The droplet-size distribution and velocity
distribution has been obtained over the cross section of a rectangular
channel with a liquid film build-up present on the channel wall, Also,
measurements were made for dilute twe-phase turbulent flow inside the
rectangular channel without any wall film present,

EXPERIMENT 1: MEASUREMENTS IN A RECTANGULAR CHANNEL (with liquid film
on wall)

The flow system was designed to generate a two-phase turbulent

flow of water droplets (ranging from submicrons to 100y in diameter)



in air through a vertical rectangular channcl of dimensions 10 mm, x
25 mm, with measurements to be taken at points along the lateral axis
across its smaller dimension,

The system consisted of a nozzle supplying water to be atomized
by 2 high velocity annular air jet encircling the nozzle., The droplet
generation and turbulent air supply were thus coupled in a device which
resembled an ejector pump., The atomizer was aimed at the entrance end
of the channel and the whole assembly--the atomizer and the end of the
channel--was enclosed in a plexiglass box to collect excess water, To
better control droplet size the air supplied to the atomizer was pre-
saturated with water to suppress any possible evaporation of the droplets,
Also, to control the number of droplets and to 1imit the size range
entering the test section, a thin perforated plate was placed between
the atomizing device and the entrance to the channel, A plate with
18-1.5 mm, diameter holes was selected as it provided the necessary
control, Finally, to prevent the droplets from falling back into the
channel, a jet of air was aimed at the exiting flow so that it blew the
droplets away, and yet did not disturb the flow inside the channel, The
test section was equiped with two-100 mm. long plate glass observation
windows mounted on opposite sides of the rectangular channel near the
exit end, An adjustable mounting brace was used so that the test section
could be aligned. The glass plates were aligned to be parallel to each
other and the entire test section was aligned so that measurements could
be made at locations near the wall. The flow arrangement is shown in

Figure 1,



D e e e e i i e e e e — —— e — —— -
D — T TR T—— — —— pr—
PP T — s R p— PPT— PR RR————. e e e

The center point of the optical measuring volume was placed at a
level of 582 mm, from the channel entrance and measurements were taken
succescively at nine different lateral positions across the channel,

The three analog signals were recorded at each measuring location on
over 4000 feet of magnetic tape at a taping speed of 120 inches per

second. The tape recorder had a higher frequency response and hence
measurements could be made at higher velocities.

The recorded signals were played back at 15 inches per second
through the electronic circuits into a PDP-15 digital computer for data
analysis, The entire summary of the data analysis is presented in
Appendix-1, The measured number densities of the different size droplets
at various distances from the wall are shown in Figures 2 to 8, The
mean axial and lateral velocity distributions and the standard deviations
for droplets at different distances are shown in Figures 9 to 15, Axial
and lateral velocities of the air were determined using submicron size
droplets. Their distribution is shown in Figure 16.

It was noted in this particular flow that the droplets formed a
continuous water film on the wall upstream of the observaiion secticn.
An 2nalysis of the experimental data revealed that very near the wall |
(0.25 mm.) there were large droplets (80y to 95u). At 0.5 mm. the
number of large droplets was less and at 1 mm. the number is smaller
droplets increased by at least one order of magnitude. When this was
analyzed, taking lateral velocity data into considecation, the following
observations were made: There was active generation of large droplets

from the wall film. These droplets broke up into a large number of |



i i 2 et e e i e
!

smaller droplets due to the violent shear flow of air. These small
droplets were found to move at higher lateral velocities in the away-
from-the-wall direction, and coalesce, forming large droplets at 2 mm,
from the wall, and then breakup again into medium-size droplets at 3 mm,
from the wall, This is shown in Figure 17,

It was observed that the flow in the channel was unsteady due to
the droplet entrainment from the wall film. Hence attempts were made
to study the droplet distribution without any wall film,

EXPERIMENT 2: MEASUREMENTS IN A RECTANGULAR CHANNEL (without liquid
film on wall)

The flow system was modified to generate a two-phase turbulent
flow of water droplets without any visible water film present on the
wall, In order to achieve this the following changes were made: The
water flow was reduced and the air flow going into the atomizing device
was increased, The perforated plate was replaced by a2 small rectangular
orifice. This flow arrangement is shown in Figure 18, The flow conditions
for both experiments are listed for comparision in Table 1.

The measuring volume was placed at a level of 5% mm, from the
channel entrance and, as before, it was moved along the lateral axis
through nine successive measuring locations, The data accumulation
and analysis were done using the same procedure outlined for the previous
experiment,

The measured number densities of various size droplets at different
distances from the wail are shown in Figures 13-27; the droplet velocity

distribution and the cerresponding standard deviations are showr in Figures
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28-36; and the air velocity distributions at different distances from

the wall are shown in Figure 37. The data summary for these nine locations
is presented in Appendix-2, An analysis of the experimental data revealecd
some interesting feature: of the two-phase dispersed flow, The droplets
were generally found to lag behind the air flow in the axial direction,
The amount of this lagging was found to increase with droplet size. How-
ever, in the lateral direction the medium and small sized droplets near
the wall were generally found to migrate towards the wall, The response
of various size droplets for the same turbulent field was different and
hence the number densities of the various size droplets had different
distrib dons and they had a peak at different distances from the wall

as shown in Figure 38. Furthermore, the large size droplets above 55u

were not present at the center of the channel.

CONCLUSIONS

The Doppler signals recorded for dilute two-phase (afr-water droplet)
turbulent flow inside a rectangular channel were analyzed and discussed
in this report. The results of the tests at different entrance lengths
will be reported in the next quarterly report,

The flow arrangement is being modified to make measurements in a

simulated rod bundle test secticn,
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TARLE, 1,
ELOW CONDJTIONS

@ VITH LIQUID FILM ON THE CHANNEL WALL

AVERAGE AIR VELOCITY = 5,21 M/SEC

FLOW REYNOLDS NO. = 3,600

AXIAL PRESSURE GRADIENT = 1,32 mm OF H,O0/M
TEMPERATURE = 20°C

DROPLET SIZE RANGE : UP TO 100 »

DISTANCE FROM THE ENTRANCE TO THE
MEASURING LEVEL : 582mm

@ HITHOUT LICUID FILM ON THE CHANNEL WALL

AVERAGE AIR VELOCITY = 9,52 M/SEC

FLOW REYNOLDS NO. = 6,600

XIAL PRESSURE GRADIENT = 1.54 mm OF H,0/M
TEMPERATURE = 20°C
DROPLET SIZE RANGE : UP TO 100 w
DISTANCE FROM THE ENTRANCE TO THE
MEASURING LEVEL : S541m
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As a result of this pressure drop, on a droplet with the volume,
V, located in the gas, there acts a force Vpgug in the direction of
the acceleration vector, but since the density Of of the droplet is
not equal to the density °g of the gas, the acceleration we of the
droplet is also not equal to the acceleration of the gas and the
droplet thus moves relative to the gas with an acceleration equal
to (wg - wg). For relative motion of a droplet in the gas with a
non-constant velocity, the effect exerted on the droplet Ly the
gas is given by additional term ogva added to the mass of the dropleta.
Here Va can be envisioned as a volume of liquid considered attached
to the droplet and which moves with the droplet. This means that
the total influonce of gas motion on the droplet can be represented
2s an increase in its mass and, consequently, as an increase of the
total system inertia. As a result of the relative motion of the
droplet in the gas, a resistance is set up directed opposite to the
driving force and proportional to the added mass pgva. that is, equal
to pg(mf - ug)va and so the equation of relative motion cf a droplet

in turbulent flow can be represented in the form
pg[ugv - (mf - wg)Va] = peVug (9)
From equation (9), we find the droplet acceleration as a function
of the to‘al gas acceleration:
VsV
= RS
“t " Y "oy
V’p- + Va
9

(10)
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Taking account of the added mass thus makes a noticeable contribution
to the value of Wes and, for example, for particles approaching a
spherical form the added mass is equal to half the mass of the dis-
placed gasa. Now, substituting in equation (10), the gas acceleration,
Wy e which is equal to wg from equation (1) and droplet acceleration,
We from equation (6) and taking into account equation (4) and equation

(9) we can rewrite the relative velocity as

g
] V-—-— - V
€, /2 Pq
Vrel © [271 ik Pe (m
V— 4 !
Fg

At real conditions, when there is a system of discrete droplets
in turbulent flow, each droplet is influenced by the otlier droplets
which are in immediate contact with it as well as more distant, i.e.
the pattern of discrete droplets' motion is to a large measure determined
by their concentrations. For determination of this effect (constrained
motion) we will use the cell model.

Let us suppose each droplet is in a center of sphere formed
by adjacent droplets. With such an assumption, the problem of
constrained mot{ '\n may be reduced to a problem of liquid motion
between two cocentric spheres,

The qualitative influence of droplets on energy spectrum, E(N),
to turbulent pulsations was investigated in work and was shown that
addition of particles does not change the spectrum in the range wave-

1

numbers of N << K, ~ d  but favors to effective extinguishing of

d



eddies in range of N >> Nd‘

In order to simplify the problem, we can speak about deta hment
of short-wave range, E(N), starting from some characteristic wave-
number No; and in general, at the range N < No spectrum E(N) does not
change by adding droplets, when droplet concentration is sufficiently
large, ithe eddies which sizes are less than diameters of droplets,
are conpletely extinguished.

The first approximation, at sufficiently high concentration of
droplets when the radius of "external" sphere becomes commesurable
with a double diameter uf a droplet, the motion of gas inside the
sphere may be considered as leminar,

In ronditions of high droplet concentration, because the droplet
size is essentially less than an eddy of the scale, ), the groups of
neighboring droplets will be involved in motion--being in the same
eddy of definite direction.

Consequently, the central droplet and "spherical shell”, which
is composed by neighboring droplets, are in motion with equal velocities;
we may consider that outer shell is immovable with respect to central
droplet., In this case, the following expressions for radial and
tangential components of velocities relative to sphere center were
proposed:

v g * (eg + % + c1 + D1r3) cosf -~ v

re cosh (12)

rel

1 .3

6 N
Vrel © (;;5 “~Pr =€ =20r7) sino ¢ v ., sine  (13)
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vhere 3
v_.b 1
Ade rC1S’ :
2-3p + 3p~ - 2p
5
1 vre1b(2p + 3)
g 6
2-3p + 3p~ - 2p
: | (14)
c‘ i 'vrelb(ZP + 3)
2-3p + 3p5 -2;6
3
ol . re1?
(2-3p + 395 - 2;76)r2 )
where:
-2
ol (15)

(a - droplet radius; b - radius of the sphere);
taking some physically well-founded assumptions for the case when

Sc >> 1 expressions (12) and (13) may be reduced to the form

6 = \X.c
Yrel vre'l vl b sind (1€)
2
v:e1 A P w(p)(%) cosh (17)
where:
y=r-»>»

Thus, constraint conditions of motion may be considered by a

separate factor w](P):

Veel ™ Vper V(P) (18)

rel

where:



g
3--—%«*%03-3:’

y (P) = (19)

r
3+ 2p°
Taking into account equation (19) the relative velocity of a droplet

in constrained motion may be rewritten as

Veerel = [\, a(-——ﬁﬁb._,_..) ¥y (P) (20)

€ ]1/2
Og ~JDg
As follows from equation (20) the relative velocity of a droplet
in constrained motion is determined by droplet size, energy diss pation
and volume content of 1iquid phase.

Because energy dissipation

£ = vg3 (21)

and particle relative velocity

Veurel ™ "93/2 (22)
the relative velocity of a particle may be rewritten as
; e | iﬂ?/?
Veope) = CONSt (E;‘* ngE;) ¥y (P) Z;va7?.' a (23)

if we take into account the equations (18) and (19).
Because pg >> cg and the concentration of droplets in the gas
flow is low, the equation (23) may be simplified as

& 3/2
Veorel ¥ Vg . a (24)

Srinivasan and Lee measured the size and two-dimensional

velocity distributions of the air in a turbulent upward flow of a
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water droplet-air dispersion in a 10 mm-wide, 25 mm-deep and ~560 mm-
long rectangular channel by the Laser- Doppler Ancmometry technique.
A comparison of equation (24) with these measurements is shown in
Tatle 1. From this comparison, the constant K in equation (24) is

thus determined as
K = 0.465 + 0.17 [%-- (1 + 8)], for 1.0¢6¢3.0 mm

and

K = 0.805 + 0.277 [%-- (2 + §)], for 3.0¢6<5.0 mm.



Table 1:

Comparison of Measured Croplet

Relative Velocity in a Rectangular

Channel without Liquid Film on

Wall with Corresponding Theoretical

Results.
exp = calc

dp Vg ¢ vre? K1/2 S K]/z vrel Disc
(uk)  (M/Sec) (M/sec) (M/Sec) (5:3/2 = ;3/2 (M/Sec) %

1 2 3 4 5 6 7 8
Measuring Location: 1.00 mm from wall
96.76 9.00 7.48 1.52 0.582 0.463 1.210 20.39
90.62 8.70 0.30 0.123 1.133 277.¢66
79.24 7.90 1.10 0.514 0,928 15.64
73.96 8.08 0.92 0.461 0.925 0.54
68.96 7.86 1.14 0.€12 0.862 24.39
64.21 8.53 0.47 0.2 0.803 70.85
59.69 7.87 1.13 0.701 0.746 33.98
55.40 8.39 0.61 0.408 0.693 13.€0
51.32 8.29 0.7 0.512 0.642 9.58
47 .45 £.00 1.00 0.781 0.593 40,70
43.77 8.53 0.47 0.398 0,547 16.238
40,28 8.25 0.75 0.883 0.504 32.80
36.96 8.03 0.97 0.972 0,462 52,37
33.80 g.64 0.36 0.394 0.423 17.50
30.7° 8.55 0.45 0.5 0.385 14.44
27.95 8.7 0.29 0.384 0.349 20.34
25.24 8.78 0.22 0.323 0.316 43,64
22,66 8.61 0.39 0.637 0.283 27.44
20.22 8.63 0.37 0.678 0,253 31.€2
17.89 8.80 0.20 0,414 0.224 12,00
15.68 8.94 0.06 0.142 0.196 22€.€5
13.59 8.79 0.21 0.572 0.170 19.05
11.60 8.99 0.01 0.032 0.145 1350,00
10.09 8.74 0.26 0.99 0.126 51.54
9.03 g.Nn 0.29 1.189

8.02 8.75 0.25 1.154

7.06 8.46 0.54 2.833

6.14 8.45 0.55 3,318
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Table 1: Continued.

1 2 3 : £ 6 7 8

Measuring location: 1.50 rm from wall

96.76 8.08 5.77 3.3 1.250 0.550 1.456 56.00

90.62 8.72 0.36 0.145 1.364 278.00
84.78 7.49 1.59 0.685 1.276 18,7¢
73.96 £.72 0.36 0.172 1.113  200.00
68.95 7.10 1.98 1.048 1.038  47.58
64.21 7.9 1.17 1.009 0.966 17.41
55.40 8.40 0.68 0.84% 0.834 22.60
51.32 8.06 1.02 0.72¢ 0.772 24.29
47.45 8.36 0.72 0.55¢ 0.714 0.83
43.77 8.41 0.67 0.55¢ 0.659 1.6%
40.28 7.81 1.27 1.182 0 606  52.27
36.96 8.48 0.60 0.583 0.55¢% 7.20
33.80 8.64 0.44 0.476 0.509 15.60
30.79 8.59 0.49 0.5¢82 0.463 5. 44
27.%5 8,78 0.30 0.392 0.421 40.00
25.24 8.76 0.32 0.4€3 0.380 18.€9
22.06 8.65 0.43 0.6%4 0.341 20,70
20.2 8.7% 0.33 0.5%6 0.304 7.7¢%
17.80 £.82 0.26 0.53 0.269 3,58
15,68 8.82 0.15 0.350 0.226 §7.30
13.5% 9.02 0.02 0.054 0.204 900,00
11.60 9.08 0.00 o

10.08 9.1% 0.07 0.254 0.152 1000.00
9.03 9.21 0.13 0.526

3.02 .40 0.32 1.458

7.08 9.07 0.01 0.052

6.14 9.08 0.00 - 5

Measuring Lecation: 3,00 mm from wall

96.76 8.75 5.59 4.18 1.412 0.780 2.298 44,77
73.36 1.5¢ 1.83 0.813 1.813 0.95
64.21 4,99 5.20 2.690 1.52% 71.00
59.69 7.€5 2.10 1.185 1.417 32.50
£5.40 8.39 1.36 0.806 1.358 0.17
§1.31 7.38 2.37 .87 1.218 42.%9
£3.77 8.81 0.94 0.70% 1.073 18.92
£0.28 9.08 0.67 0.54¢ 0.957 42.7¢€
36.96 9,08 0.67 0.555 0.878 =0.92
33.80 9.06 0.6% 0.670 0.828 20.05
30.73 9.20 0.55 0.582 0.731 oL.93
27.95 8.77 0.98 1182 0.564 27
25.24 9.10 0.65 0.846 0.€18 4.83
22.66 9.03 0.72 1.044 0.538 25.7¢
20,22 9.30 0.45% 0.73 0.4956 Tu.id
17.89 9.27 0.48 0.cEl 0.438 8.E7
15.€3 9.53 ReBs C.2€3 0.37 69.2%
15.59 9,44 6.3 0.745 333 7.44
11.60 9.45 0.30 0.249 0.294 5.24
10.09 9.50 0.25 0.014 0.247 1.03
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Table 1: Continued.

1 R 3 4 5 _6 7 8

Measuriig Location: 4.00 mm from wall

96.76 9.87 8.52 1.38 0.450 0.528 1.504 17.35
90.62 7.10 2.77 0.986 1.484 46 .44
84.78 7.67 2,20 0.837 1.388 36.91
79.24 8.94 0.93 0.372 1.297 39.50
73.96 8.68 1.19 0.480 .21 17.5¢€
68.96 7.67 5 oh 1.029 1.129 48 .€8
64.21 8.52 1.39 0.678 1.051 .13
59.69 8.83 1.04 0.562 0.977 6.03
55.40 8.98 0.89 0.518 0.907 1.9
$1.32 8.72 1.15 0,723 0.840 26,94
47 .45 8.79 1.08 0.734 0.771 28,06
43,77 9.05 0.82 0.604 0.717 12.61
40.28 9.21 0.66 0.528 0.659 0,08
36.96 9.33 0.54 0.47 0.605 12.06
33.80 9.27 0.60 0.572 0.553 .07
30.79 9.30 0.57 0.597 0.504 11.56
27.95 9.44 0.43 0.496 0.458 €.42
25.24 9.46 0.41 0.524 0.413 0.79
22 .66 9.32 0.55 0.555 0.3N 32.55
20.22 9.46 0.07 0,654 P.31 19.25
17.89 9.48 0.39 0.703 0.293 24,89
15.68 9.70 0.17 0.350 0.257 51.00
13.59 9.85 0.02 0.047 D.222 100,00
11.00 10.25 0.38 1.056 0.190 50.00
10.09 10.44 0.57 1.822 0.165 71.00
Measuring Location: 5.00 mm from wall

55.40 11.36 10.33 1.03 0.486 0.251 0.532 48,35
36.96 11.66 0.30 0.212 0.354 17.93
30.79 10.77 0.59 0.500 0,296 49.85
27.95 9.73 1.63 1.523 0.269 83.52
25.24 10.280 0.55 0.579 0,243 56.58
22.66 11.16 0.20 0.230 0.217 8.45
20,22 11.20 0.16 0.206 0.194 20.9¢6
17.89 11.18 0.18 0.203 0.17N 4.C6
15.68 11.20 0.16 0.266 0.150 6.19
13.59 11.24 0.12 0.231 0.130 8.40
11.60 11.29 0.07 0.157 0.1M 59.26
10.09 11.29 0.07 0.181 0.097 38.53
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