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Advantages of Simple loop Facilities

- Easy to construct and operate
- Minimum of instrumentation

- Phenomena taking place is easily traceable

- Large amount of easily reproducible data can be
generated economically in a short time

- Theoretical and numerical modelling is far more easier

- Data interpretation is easy



Contribution of simple loop facilities

- Phenomenological understanding of NC process

. Hysteresis or conditional stability phenomenon,
. Nature of the unstable flow

- oscillatory modes, phase shift and flow regimes
. Flow redistribution in parallel channels

- Development of theoretical model and computer codes
- Steady state, transient and stability performance of NCS

- Development and testing of scaling laws

Topic of this lecture - Contribution of simple loop facilities on the
study of steady state and stability behaviour of single-phase and
two-phase loops



For an incompressible Boussinesq fluid

Integrating and rearranging
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The total loop hydraulic resistance
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Replace the local loss coefficients K, with an equivalent length, Le,
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Define reference area and diameter for the NDL as

If the entire loop follows a friction law of the form f; = RL;Z’ then
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A Generalized correlation valid for all orientations can be obtained as
before if linear variation of temperature 1s assumed in the cooler
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Steady state performance of single-phase loops

The Generalized flow correlations were found useful to compare the
performance of various loops

Uniform diameter loops (UDLs)
Nonuniform diameter loops (NDLs)

Database for UDLs

Total Number of loops : 14

Loop diameter : 6 to 40 mm

Loop height : 0.38 to 2.3 m

Total circulation length : 1.2 to 7.2 m

L/D ratio : 75 to 1100

Fluid used : mostly water and freon in one case
Pressure : near atmospheric to near critical pressure (freon)

Source and sink orientations: all four (HHHC, HHVC,VHHC and VHVC)
Loop types : Open and closed loops

Loop shapes : Rectangular, toroidal, figure-of-eight loops



Comparison of UDL data - Without local losses, Ns=L,/D
- With local losses, No= (L ¢)/D
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Local losses are significant in the high Reynolds number zone

Good agreement with laminar flow correlation in the low Re zone
and good agreement in the turbulent flow correlation in the high

Re zone.



Most practical applications of NC employ NDLs
NDL database

10°
— | aminar flow correlation bl
Total Number of loops : 10 - - = Turbulent flow correlation -
LOOp diameter . 3 6 tO 97 mm 104 Transition flow correlation
Loop height : 1 to 26 m g
. . e 10° o Halmanviekenta(1058)
TOtal leClllathn length : 10 A Jeuck et al. (1-loop data)
. 10° A
Fluid used : water 3 Zutinetal. Zioop dat)
® FISBE
Pressure : up to 90 bar 10’
. 10°  10° 10" 10®° 10° 10" 10" 10"
Source and sink Gr N,
orientations: HHVC and VHVC NDL data neglecting local losses

Loop types : closed loops
Loop shapes : Rectangular and figure-of-eight loops

Data for low Re agrees with laminar flow correlation and high Re
data agrees with turbulent flow correlation
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General Remarks 10 ;
Laminar flow correlation ~ 10° 5 NDL data : %
is good for Gr, /N < 10° A UDL data 2]

10"
Turbulent flow correlation

is good for Gr_ /N > 100 2" 10°

Significant data scatter 102
exists in 106 < Gl’m /NG < e— |_aminar flow correlatio_n
10 . 10" = = = Turbulent flow correlation
10" as the loop is Transition flow correlation
neither fully laminar 10°
nor fully turbulent. The 10° 10* 10® 10® 10" 10 10" 10%®
empirical correlation is Gr /N,
good in this region UDL and NDL data neglecting local losses

For specific loops good agreement with laminar flow correlation is
obtained even up to Re of 1200 (Gr /N;< 5x107). Similarly
turbulent flow correlation is found to give good results for Re >
2000 (Gr, /N > 2x10%)
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The flow rate increases with power as well as with loop
diameter as expected.



Based on the Homogeneous Equilibrium Model (HEM). The pressure
losses in the system are negligible compared to the static pressure so
that (constant pressure system) the fluid property variation with
pressure is negligible.

The inlet subcooling is negligible so that the density variation in the
single-phase heated section can be neglected.

Steam W, h,
Complete separation of steam and water is S !
assumed to occur in the SD so that there is . [ocogo5098c° )Swam
no liquid carryover with the steam and no Zo N e
vapor carry-under with water (see Figure) | o | o
A constant level is maintained in the SD, so jo o5 55 | |oome
that the single-phase lines always run full OOM@&

The heater is supplied with a uniform heat Oﬁr%%
flux and the SD can be approximated to a

$=0,S,
. . .. Loop relevant to BWRs
point heat sink. Heat losses are negligible



The steady state one-dimensional governing equations for the two-
phase NCS

d_W:o Conservation of mass
ds )
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Integrating the momentum equation around the closed loop and
noting that 4 dv = cf dP = 0 we get
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Two-phase density in the buoyancy force term can be approximated as
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Both the definitions are equivalent for a constant pressure system
in the two-phase regime if HEM is applicable



Steady state Performance of Two-phase Loops

[f we can approximate (3, to be a constant over the loop, then
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Replacing the local loss coefficients in terms of an equivalent length
and if a friction factor correlation of the form f=p/Re® is valid

throughout the loop
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It may be noted that the above assumption (i.e. f=p/ReP) may not be
valid always for reactor loops.



i=Ng+l

—2
B b 2b | N L, Ne o | @ L, Al L,
oo, Bufln-n)as - PNl ] [DA] stis 3 [ 5 |

- A4 . D . L L)
a):K, :h hr;Z:i;S:i,al: l;dl: l;ll: zand(leﬁ)‘:( ﬁ),
st (Ah)ss H H Ar Dr Lt l Lt
1 N, V l N,
h A o A :_t)D - DL ; r: in; dhr:hﬂ’l

wnere Lt ; i Lt r Lt - L5 O yo an

Gr, ) r
ReSS = C rm Where Ress = DFWYS ) Gl"m - IBIth C (2] and Vv = —1

N 4.1 Arll’ll p 3-b

L Ns I l
Ny ==
G Dr {Zl(dnb 2— bj LO;;& (d1+b 2— b) ¢LO, %ﬂ(dub 2— b) }

1
2
Re = 0.1768[?\:’70 laminar loop

G/ 4
Gr !
and Re  =1.96| —= | turbulent loop

G



Single-phase natural circulation
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Extensive database exists for the steady state performance of two-phase loops.

However, complete geometric details are not always available
coolant
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(a) 7,9.1, 15.74 & 19.86 mm loops (b) 49.3 mm loop

Schematic of the different test loops

Range of Parameters of Data

Pressure : 0.1-7 MPa Power :0.3-40 kW AT, :0.1-16K
Quality :0.4-24% Diameter: 7, 9.1, 15.7,19.9 & 49.3 mm



Testing with correlation
Loops considered: 5

Literature data 1s not utilized as
yet except one NDL data

The experimental data is in
reasonable agreement with
the theoretical correlation
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Testing of correlation with data Effect of pressure on two-phase NC flow

At constant power, the flow rate goes through a peak and then reduces
with increase in pressure



...... ——————————
- Pressure: 9.6 bar
—~ 20 sub-cooling: 1°K .
n - L.z
= L o
2 | P
2 sl )
c Or iy
m L
3 i °0
5 | /o0
i I ]
w 10F theory -
7] O Experimental data 1
‘E" - — -RELAP5/MOD3.2 (Two-fluid model) 1
—--= TINFLO-S '
0.5 L v T T
15 30 45
Power (kW)

(a) Flow increases with power

With increase in power, the steady
state flow may increase, decrease or
remain practically unaffected.

Different NC flow regimes exist
in two-phase loops
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Effect of quality on void fraction Different flow regimes in 9.1 mm loop

Gravity Dominant Regime: Occurs at low qualities where there is a large

change in void fraction with small change in quality. Characteristic of this regime i1s
that NC flow increases with power

Friction Dominant Regime: Occurs at high qualities where there is a small
change in void fraction with change in quality. Characteristic of this regime is that flow
decreases with increase in power. Generally observed during low power operation.

Compensating Regime: The increase in buoyancy force is compensated by a
corresponding increase in frictional force resulting in practically constant flow
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(b) 49.3 mm loop

100

The friction dominant regime shifts to lower pressures with increase in loop

diameter

At high pressures, only the gravity dominant regime may be observed if the

power is low.

Knowledge of the flow regimes helps to understand the stability behaviour of two-

phase loops



Extensive database exists on single-phase instability and a few of the
general characteristics observed are discussed below

- Hysteresis

- Instability mechanisms and flow regimes

- Flow regime switching and oscillation period
- Limit cycles

- Effect of power

- Prediction of instability threshold

- Prediction of limit cycles

- Techniques for stabilization



Hysteresis Phenomenon

From the linear analysis, it appears that the stability threshold 1s a
unique value.

A region of hysteresis (conditional stability) exists where the instability
threshold depends on the operating procedure

The phenomenon 1s observed 1n simple rectangular loops, figure-of-
eight loops with throughflow, parallel channel systems and two-

phase loops

The effect of the following three operating procedures are investigated
- from rest (Instability threshold: 105 W)
- raised from stable steady state (Threshold : 270 W)
- Power from an unstable state (Threshold : 60 W)

The instability thresholds were found to be different for all the
three cases with the coolant secondary conditions maintained constant
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A rich variety of
oscillatory flow
regimes are possible
-unidirectional
-bi-directional
-chaotic switching

The of the
limit cycle depends
on the chosen

parameter space



Welander proposed that oscillation growth as the mechanism
causing instability
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(a) Oscillation growth from steady state (b) Start-up from rest at low power c¢) Start-up from rest at high power

Oscillation growth 1s the mechanism causing instability. But
differences are visible

Flow regime switching leads to period jump



The amplitude of
oscillation is found to
increase with power.

The oscillations also become
more with increase
in power

The phase plots also deform
with increase in power

9 307 oV

Experimental 3-D Phase space of 1-O® NC

The various flow regimes like unconditionally stable, conditionally
stable (hysteresis) and the unconditionally unstable



The frequency of oscillation increases with increase in power
except when period jump occurs
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The period of unidirectional oscillation is found to decrease
linearly where as the period of bi-directional oscillation is found
to decrease exponentially



Prediction of Stability Map

The stability map is usually predicted by the linear theory

Often the wall effects and heat losses are neglected

The prediction 1s significantly affected by the correlation

Good comparison with experimental data 1s obtainable with a loop
specific empirical correlation.

The same correlation when used for other loops can show
significantly different results

However, accounting for the wall and heat loss effects good
prediction can be expected for fully laminar and turbulent loops

For certain loop geometry such as the toroidal loop, the adequacy
of 1-D theory 1s questionable due to the continuous variation of

the gravitational component



Prediction of Limit Cycles

1-D theory 1s expected to give good prediction of the steady state

flow if the local losses are accounted for a fully laminar and fully
turbulent loop.

Good prediction of the stability map 1s also expected for the fully

laminar and fully turbulent loop if wall thermal effects and heat losses
are accounted

However, prediction of the limit cycle oscillations 1s a bigger challenge
in single-phase loops as all three (laminar, turbulent and transition

regimes) are encountered in rapid succession especially when periodic
flow reversal takes place.

In such cases, a criterion for laminar to turbulent flow transition 1s
also required. Different transition criteria also can give interesting results

The predicted can be significantly different due to the 3-D
effects caused by the flow which 1s never fully developed



Techniques for stabilizing

Increasing the St and L./D are always stabilizing.

Instability 1s observed in loops with L/D < 300.

Increasing the L/D 1s commonly used in NCSs. Introduction of
orifices 1s the usual method. The location of the orifice does not
matter in single-phase systems

Introduction of orifices reduce the flow and heat transfer
capability significantly.
There are techniques which does not affect the flow

Use of thick conducting walls are found to stabilize single-phase
systems

In addition process control techniques are being tried out to
stabilize single-phase NCSs



Extensive database from simple loop facilities exist for two-phase
NC instability

Most instabilities such as flashing, geysering, Type I DWI,
Ledinegg type instability and even CHF induced instability are
found to occur during initiation of boiling.

For analysis purposes, it is important to separate them out based
on their mechanism and characteristics as analysis methods are
different

This is often lacking in the database



Two unstable regions are found
for two-phase NCLs.

The first unstable zone in the
two-phase region occurs at a
low power and hence at low
quality and 1s named as type I
instability by Fukuda and
Kobori (1979). Similarly, the
second unstable zone in the
two-phase region occurs at high
powers and hence at high
qualities and is named as type 11
instability.

L Boiling inception

2.8F Loop diameter: 9.1 mm 180 X
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o M =
s 14 40
o 1
0.7 20 %
W‘_lll"l"
0.0 Stable 1eflow ! . ! . | 0
0 5000 10000 15000

Time - s
Typical low power and high power instability

Type-I instability occurs in the gravity dominant regime whereas
type-1I instability occurs in the friction dominant regime. Instability
is not found in the compensating regime during the present tests.



. oq e . . . 3.5 100
It occurs right from the boiling inception. The amplitude of ot centn |t ]
oscillations first increases, reaches a peak and then “l e 7,
decreases with increase in power eventually leading to  2*'] P TS O Gt 10
Stable ﬂOW. g 14l Typertinstabilty| § [l N\ P 40 goé
n- """"" 4 1
. g . . . 0.7 20 E
Generally unidirectional oscillations, but more - .
B . ) able 1-¢ flow | . ) < 0
chaotic than single-phase NC 1200 . 3600
40 PowerA:pli ross 1-¢ region
% 0| i ” " ir
g 20 - ] % 100 '%0 0 p
= AVAVAVAVAVAVAVAVAVAVA : 2
< or ] g 50 - A
i ° 0.2 . . . . .
0 Time (S) 100 . “3 2 1 0 1 2 3

0.5 0.6 0.7

(a) Power =20 kW Flow rate (kg/s)

0.8

Phase plot at 15 kW and 2.2 bar

The limit cycle is similar to that found in single-phase
flow except that it is more chaotic. Very few studies on
validation of limit cycles
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The amplitude of type-I oscillations reduce significantly with increase in pressure. Further, type-

I instability is not observed beyond a critical value of the system pressure.
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Effect of pressure on the instability due to boiling inception in 19.2 mm
i.d. loop

The critical value of
pressure beyond
which type-I instab-
ility disappears is
found to decrease
with increase in the
loop diameter.



regime and 1t occurs at higher qualities.

AP mm of water column (1-¢)
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Linear analysis based on the drift flux model is given by Ishii-Zuber
(1970)

Saha and Zuber (1978) modified this model by taking into account
the effect of thermal nonequilibrium effect.

Thermal nonequilibrium effect predicts a more stable system at low
subcooling compared to thermal equilibrium model

These predictions showed poor agreement at high subcooling
conditions when compared to experiments

Furutera (1986) showed that the threshold of instability could be
predicted with reasonable accuracy using the homogeneous model.
However, the two-phase friction multiplier and the heat capacity in
the subcooled boiling region has a significant effect

Since then many others showed that it is possible to predict the
threshold of DWI using HEM



The stability of the test loops were studied with a linear stability code TINFLO-S
based on the drift flux model. The drift flux parameters (Co and Vgj) for slug flow
were used as it was the most frequently observed flow pattern during the tests. The
Martinelli-Nelson two-phase friction multiplier model was used in the computations.
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Comparison of measured and predicted stability maps



Effect of loop diameter on stability
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Predicted stability map for various loop diameters

The stable zone enhances with increase in loop diameter which is consistent with the
test results.

Type-II instability threshold shifts to higher qualities with increase in loop diameter.
Beyond 40 mm loop diameter, the upper threshold is not found in the two-phase
region (1.e. O<quality<l).



By appropriate choice of the loop diameter, it is possible to eliminate the type-II
instability in the two-phase loops.

Since both instability and CHF needs to be avoided in the design of two-phase natural
circulation systems two types of designs are possible depending on which of them is
limiting the maximum power that can be extracted.

Stability-Controlled Designs

The maximum power is limited by the stability, as the threshold of type-II instability 1s
lower than the CHF threshold. This situation arises in small diameter loops.
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CHF-controlled Designs

The CHF threshold 1s much below the type-II instability threshold and

hence CHF limits the maximum power that can be extracted. This
situation arises in large diameter loops.
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CHF controlled designs and effect of loop diameter

Design of forced circulation BWRs is usually CHF controlled.



Operating line for stability controlled designs

Since two-phase NCSs are not
completely stable over the entire
subcooling-power map an operating
line needs to be specified for ensuring
stability for all anticipated operations
like start-up, power raising, and step
back. The decay ratio goes through a
minimum while moving from the
lower to the upper threshold for a
fixed subcooling. Ideally, the
operating line shall pass through the
minimum decay ratio line (locus of all
minimum decay ratio points) so that
all oscillations will die down in the
quickest possible manner.
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For stability-controlled designs, one could choose the operating line as

the minimum decay ratio line



Unstable oscillations and CHF

Premature occurrence of CHF and test 400 . , .
section burnout can be an issue during rmmlestecton e
oscillatory flows in two-phase loops. In 300 |
the present experiments, premature CHF
occurrence was observed only for the test
section diameters of 7 and 9.1 mm. The
occurrence of burnout during instability
was more frequent in 7 mm diameter loop +—pressure drop | .
than in 9.1 mm loop. Inspection of the 0 ' 2050 ' 2500
burnt out test sections revealed that the
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outlet.
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In the larger diameter test sections, the CHF power was significantly
large compared to the available power preventing the burnout during
unstable oscillatory flow.



Premature occurrence of
CHF 1s a problem at low
oscillation frequency. It 1s
also 1mportant at high
frequencies 1f the oscillation
amplitude 1s large

Power = 30 kW, Mass flow rate at CHF = 0.03 kg/s, P = 70 bar

Amplitude (%)




Single-phase Loops

Using a generalized dimensionless relationship, it 1s possible to
compare the steady state performance of different loops

Friction factor correlations, wall thermal capacitance and heat
losses significantly affect the prediction of instability threshold

Reasonable prediction of the threshold 1s possible for fully
laminar and fully turbulent loops if the wall thermal capacitance
and heat losses are accounted

1-D theory 1s able to predict the trend of the time series and the
different unstable flow regimes. However, the shape of the limit
cycles are significantly different.

3-D effects are important for unstable oscillatory tlows and the
applicability of 1-D theory for the prediction of limit cycles is
debateable



Two-phase loops

Lack of generalized dimensionless groups make it difficult to
compare the steady state performance of different loops

Although, extensive database exists, often it is not possible to
identify the instability type from the data

The threshold of instability can be predicted with reasonable
accuracy using the homogeneous model. However, the two-phase
friction multiplier and the heat capacity in the subcooled boiling
region has a significant effect

Very few studies are reported for the validation of the
observed limit cycles
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