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ABSTRACT 

A series of tests for static flow instability or flow 
excursion (FE) at conditions applicable to the proposed 
Advanced Neutron Source reactor was completed in parallel 
rectangular channels configuration with light water flowing 
vertically upward at very high velocities. True critical heat 
flux experiments under similar conditions were also 

- conducted. The FE data reported in this study considerably 
extend the velocity range of data presently available 
worldwide. Out of the three correlations compared, the Saha 
and Zuber correlation had the best fit with the data. However, 
a modification was necessary to take into account the 
demonstrated dependence of the Stanton (St) and Nusselt (Nu) 
numbers on subcooling levels, especially in the low 
subcooling regime. 

INTRODUCTION 

The Advanced Neutron Source (ANS) is a 
state-of-the-art research facility proposed for construction on 
the U.S. Department of Energy's Oak Ridge Reservation. 
A N S  will be the world's most advanced fzility for neutron 

%anaged by Martin Marietta Energy Systems, Inc., under 
contract DE-AC05-84OR21400 with the U.S. Department of Energy. 



beam experiments. To me& the requhments, the core of the 
ANS reactor (ANSR) must be designed to acsxlmmodate very 
high power densities using a very large coolant mass flux and 
a high level of subcooling. A statktical/probabilistic 

margins and optimal power [l]. 
Because of its multiparallel channels configuration, the 

ANSR core is subject to FE andor flow instability [2] that 
may occur once boiling is initiated in any one of the channels. 
The FE phenomenon, also r e f d  to as the onset of flow 
instability (Om, constitutes a d i f fmt  thermal limit from a 
true critical heat flux (0 or departure h m  nucleate 
boiling (DNB). In a system subject to FE, initiation of boiling 
in one of the channels can result in flow redistribution to the 
other cooler channels. This process can rapidly lead to flow 
starvation in the hot channel, leading in turn to a local CHF 
or DNB at a flow lower than the nominal flow rate. After 
incipient boiling (IB) starts, the pressure gradient rises very 
gradually until the onset of net vapor generation (ONVG) 
point or the point of onset of significant void (OSV), where 
both void genention and pressure gradient start increasing 
sharply. Because of the sharp acceleration in void generation 
occurring after OSV, it is normally accepted that FE or OFI 
will likely occur won after OSV is established. 

for FE and CHF seldom include the specific combination of 
ANSR operating parameters (see the data comparison and 
correlation section below). Maulbetsch and Griffith [3] and 
other investigators have demonstrated that excursive 
instability will occur in a channel if 

uncertaintyaMlysisisbeingperformedtodetermure safety 

The available correlations and experimental data bases 
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In the case of many parallel channels between large 
common headers, as in the ANSR, the slope of the external 
supply system is practically zero (constant pressure drop). 
Based on this observation, FE or OFI conditions were 
determined in most of the experiments of this study by 
detecting the minimum in pressure-drop on the demand curve 
as the flow was reduced in steps under a constant heat flux. 
This method allowed for repetition of many nondestructive 
FE tests without experiencing an actual FE that normally 
causes test section failure. 



In mostcases, FEwillprecede true CHF in aparalld 
channel configuration, such as the ANSR 141. It is 
noteworthy, however, that the margin between FE and CHF 
narrows as the levd of certain parameters increases, and, at a 
certain point, the trend may even be reversed [SJ. Since the 
ANSR will normally operate at moderate press we^ and very 
high mass flux and subcooling levels, one of the main goals 
of these tests is to determine the relationship betweea CHF 
and FE under ANSR conditions. 

EXPERIMENTAL DESIGN AND PROCEDURES 

The thermal-hydraulic test loop (THTL) was designed 
and built to allow experimental determination of the FE and 
CHF thermal limits under anticipated ANS thermal-hydraulic 
(T/H) conditions [6]. The test Section simulates a single 
subchannel in the ANSR core with a cross-Section (Fig. 1) 
that has full prototypic length (507 mm), the same 
flow-channel gap (1.27 mm), and the same material 
(Al-6061). The channel span was scaled down to 12.7 mm (vs 
87 and 70 mm for the upper and lower elements in the ANSR 
core) to limit the total power requirements to the test section. 
To simplify the experimental design and operation, the 
involute shape of the plates was not simdated. The test 
section wall thickness on the flat sections was 2.54 mm (vs 
1.27 mm fuel plate thickness in the ANSR), as dictated by the 

-voltage/current characteristics of the available power supplies. 
Reduced wall thickness at the curved ends was designed to 
lower the heat flux and prevent premature burnout in this area 
of the channel. The test channel thermocouples were placed 
on the back of both sides of the channel for redundancy 
(Fig. 1). 

in a stiff mode, where constant flow is maintained in the 
channel. Other FE tests were performed in a soft system, 
where a constant pressure drop is maintained, resulting in 
actual FE and subsequent burnout. To be able to operate the 
system in these modes, special design features were 
incorporated [a, 7J. An experimental data reduction model 
was developed for single-phase forced-convection flow, 
focusing on the flat portion of the test channel. Uncertainties 
were estimated by the root-sum-square method, including 
most of the measured and data reduction components with the 
values (at the two standard deviation level) for the major 
parameters being Lb = 496, P = 5.896, Tb = 2.096, AT, = 

Most of the FE tests (without burnout) were conducted 



3.096, Q = 3.496, G 
12.4%. A description of the data reduction pgram, as well 
as a discussion of various uncertainties in testing 
implementation, are provided by Siman-Tov et al. [8]. 

5.496, = 6.496, and St = 

RESULTS AND DISCUSSION 

The current THTL experimentation for the ANSR T/H 
correlations emphasizes the FE phenomenon and, to a lesser 
extent, CHF. The initial phase of this activity was reported by 
Siman-Tov et al. [SI. Since then, additional experiments have 
covered higher heat fluxes and velocities. The experiments 
completed so far include the following nominal T/H 
conditions: 

0 lightwatercoolant, 
0 

and 1.27 x 25.4 X 507 mm, 
0 

0 

rectangular channel: 1.27 x 12.7 X 507 mm (Fig. 1) 

inlet coolant temperature: 45 and 4OOC, 
exit coolant pressure: 1.7, 0.45, and 0.17 MPa, 
exit heat flux range: 0.7-18 MW/m*, and 
corresponding exit velocity range: 2.8 28.4 m/s. 

Acquiring FE data at t h e  heat fluxes and velacities is 
significant for two reasons. First, to our knowledge, few data 
are available for FE at velocities higher than 10 m/s (the few 
-exceptions are Waters [4], Maulbetsch and Griffith [3], and 
Croft [9]) and none are known above 18 m/s. The range of 
data has now been extended to a velocity of 28.4 m/s (at the 
exit), which is above the maximum velocity expected in the 
ANSR, including uncertainties. Second, the high heat flux 
achieved in this study (16.8 W / m z  average and 17.9 
MW/m2 at the exit) is well above the ANSR nominal average 
heat flux of 5.9 W / m *  and nominal peak heat flux of 12 
MW/m2. In fact, it is almost as high as the ANSR local hot 
channel peaking factor heat flux (e.g., peak heat flux with 
uncertainties) of 18 MW/mz. 

A summary of the pertinent data from all of the tests 
(FE and CHF) is given in Table 1. The St numbers for the 
nondestructive THTL data are plotted against subcooling in 
Fig. 2 (see further discussion later). The actual local heat 
fluxes near the exit where the FE phenomena typically occur 
are indicated in Table 1 as fa. These heat flux values at the 
exit are higher than the average as a result of the temperature 
dependence of the aluminum electrical resistivity. 



I -  

In addition to the nondestructive FE expehents, a 
number of destructive (actual burnout) tests were @tamed 
using a soft system to determine the effect of bypas ratio on 
FE conditions. Three such destructive FE tests were 
performed and the results are presented in Fig. 3. The 
FE318B test was designed to provide benchmark FE data 
under conditions Similar to those under which the Costa 1101 
data were obtained. The minimum pressuredrop point was 
achieved at a velocity of 4.7 m/s compared with 5.4 m/s 
found by Costa, which is a reasonable agreement. 

the effect of bypass ratio on the actual FE burnout in relation 
to the minimum point in each. Both tests are for a nominal 
average heat flux of 12 MW/m*, but FE212A had a bypass 
ratio of 2.6 while that of FE331A was 6.2 the highest bypass 
possible for the loop at that velocity. The minimum pressure- 
drop points were achieved at 19.3 and 19.5 mls, respectively, 
showing the anticipated close agreement. However, the actual 
destructive FE failures came at velocities of 17.8 m/s for the 
FE212A test (bypass ratio of 2.6) and 18.4 m l s  for the 
FE331A test (bypass ratio of 6.2), both at lower velocities 
than the corresponding minimum points. This comparison is 
consistent with expectations that higher bypass ratios should 
cause the actual FE to approach closer to the minimum point. 
The minimum pressure-drop technique for determiniig FE 
conditions is clearly a conservative estimate since it implies 

would be the case for an infinite bypass. 

performed in a stiff system with a closed bypass line, by 
further reducing the velocity after the minimum pressure-drop 
point was achieved. Both experiments were conducted under 
similar conditions with average heat fluxes of 10.5 and 11.8 
MW/m*, respectively. The results are presented in Fig. 3 
with the rest of the burnout cases. The occurrence of CHF 
was clearly identified in the experiments by a rapid burnout 
and failure of the test channel. In none of these tests was a 
true CHF (or the subsequent expected bumout) encountered 
before reaching the minimum point at which FE usually 
occurs. The CHF showed a 30% additional margin in velocity 
(14.5 m/s) compared with the FE velocity of 19.8 m/s 
corresponding to the minimum pressure-drop point. This 
margin between FE and CHF was surprisingly large based on 
the values predicted by the respective correlations. 

Tests FE212A and FE331A allowed investigation of 

- an ideally constant pressure drop boundary condition, as 

Two CHF experiments, CFl15B and CF328A, were 



Two FE tests, FE620B and CF622B, and a CHF test, 
CF622B, wefe performed with double the normal channel 
span (25.4 mm vs 12.7 mm) in order to determine span 
scalability to the 70 87 mm wide channels in the ANSR. The 
primary goal was to investigate any possible end effects from 
the channel comers, where the heat flux was reduced to 36% 
of that at the flat portion. Nonuniform span- fluid bulk 
temperature, spanwise fluid mixing (or the lack of it), and 
spanwise heat redistribution in the aluminum walls could all 
be dependent on span size and correspondingly affect the test 
results. As can be seen in Table 1 and Fig. 2, the results of 
the two wider span tests seem to have somewhat higher St 
numbers but are not inconsistent with the general data 
collected to date. Other researchers have demonstrated that 
there is little spanwise fluid mixing in such rectangular 
channels even under two-phase flow conditions [4, lo]. 
Furthermore, some data show that span width (or span to gap 
ratio) has no significant effect on either CHF or FE [11,12]. 
Nevertheless, additional tests are planned to verify this 
conclusion. 

DATA COMPARISON AND CORRELATION 

The collected THTL data were compared with 
correlations by Costa [lo], Whittle and Forgan (W&F) [ 111, 
and Saha and Zuber (S&Z) [13] in a common formulation as 
discussed by Siman-Tov et al. p, 81. All three correlations 
seem to be generally conservative compared with the data 
with the S&Z correlation having the closest fit. The Costa 
correlation compares reasonably well with the THTL data in 
the low-velocity range @elow 10 d s )  but becomes 
increasingly conservative as velocity increases. 

Costa correlation to the S&Z correlation for the ANSR, 
especially since the nominal conditions of most of the 
accident scenarios analyzed in the ANSR involve rather high 
mass fluxes. Although a reasonable selection based on direct 
data comparison, the W&F correlation was not selected 
because of its global rather than local nature. This 
characteristic of the W&F correlation becomes a major 
liability for nonuniform heat flux distributions, which exist 
both axially and spanwise in the ANSR and when statistical 
uncertainties are applied in the analysis. 

The S&Z correlation seems to be a good selection for 
the ANSR conditions because it represents the data quite well 

The above data comparison supported a shift from the 



over the entire range of interest. However, the limiting heat 
flux based on the original S&Z correlation is very sensitive to 
the subcooling d u e  at low subcooling and decreases to zero 
as subcooling reaches zero. This is obviously unrealistic since 
the FE heat flux cannot be lower than the IB heat flux. 
Therefore, it became usefbl to plot both the TEFIZ data and 
the rest of the ANS data base for FEand OSV in terms of the 
St and Nu numbers (which are the selected dimensionless 
group in the original S&Z cornlation) against subcooring as 
shown in Figs. 4 and 5, respectively. The initial version of 
this data base was presented by Siman-Tov et al. [l, 141. The 
data base was mer expanded to include additional data at 
the low Pe number range. The current data base includes 802 
data points from 33 sources (including 31 TH"L data points) 
as summarized in Table 2. 

As can be seen in both Figs. 3 and 4, there is a clear 
trend for the St number to increase with declining subcooling, 
particularly at lower subcoolings. A similar trend can be 
detected for Nu number in Fig. 5 but the trend is obviously 
not as consistent. In addition, it should be observed that by 
definition both the St and Nu numbers must become infinite 
when the subcooling is zero, which contradicts the constant 
values for these parameters suggested by the original S&Z 
correlation. This observation, in combination with the trend 
observed in the data, provides a strong case for modifying the 
S&Z constant St number (0.0065) and constant Nu number 

-- (455) criteria, especially in the low subcooling range. A best 
fit was developed based on the 505 data points of the data 
base presented by Siman-Tov et al. [14], including 26 data 
points from THTL. Under guidelines and constraints listed in 
Siman-Tov et al. [14], the following subcooling correction 
factor was employed to improve the original S&Z correlations 
for the ANS applications: 

St = q"/(G Cp A C J  = 0.0065 qsd , 

Nu = q" D,, / (2 AcJ = 455 qSd,  

Pe > 70,000; (2) 

Pe < 70,000; (3) 

where qd = 0.55 + 11.21/AT, (qd being the proposed 
subcooling correction factor). Figures 4 and 5 show the 
selected modified correlations in terms of St number and Nu 
number, respectively, against the expanded A N S  data base 



(802 data points, including 31 fiom TfFIz tests). Table 3 
provides the statistics far the modified S&Z correlatcm in 
terms of mean and standard deviation, as well as for the 
original S&Z and Costa codations for the same data base. 

The following wmments should be noted concerning 
the proposed modificaton. 

(1) As seen in Table 3, the modified S&Z correlation 
provides considerable improvement in the uncertaintieS 
compared with either the original S&Z correlaton (especiauy 
at low subcooling) or the Costa correlation (especiauy at high 
velocities). The mean and standard deviation in St number 
were 1.07 and 2296, respectively, when comparing the THTL 
data with the original S&Z correlation, and 1.03 and 16% 
when comparing them with the modification. Comparison 
with the worldwide data base showed a mean and standard 
deviation of 1.4 and 52 96, respectively, for the original S&Z 
correlation and 1.02 and 30 96 for the modification. 

numbers) for predicting O W  were modified based on a 
mixture of actual FE and OSV data. Therefore, the modified 
correlations here are probably more reflective of FE than of 
osv. 

(3) There is a definite advantage for the ANSR 
analysis to treat the statistical uncertainties in at least two 
velocity zones: a low velocity (V < 8 m/s) and a high 

--velocity zone (V > 8 m/s). The correlation uncertainties for 
the second zone, which includes the ANSR nominal and early 
transient conditions, are considerably lower than those of the 
first. 

constrained to be common to both St and Nu numbers. 
Emphasis was put on achieving a better fit with the St 
number, resulting in a compromise for the Nu number. 

(5) The large uncertainties currently shown for the Nu 
number nodilkation are obviously impractical for application 
to very low safety margins. It is therefore necessary in those 
cases to conservatively use the incipient boiling criteria (or 
the more conservative but simpler criterion of T, = T,J as 
the lowest limit for all  FE predictions. 

(6) The uncertainties shown in Table 3 are based on 
the data base currently available (Table 2). With additional 
analytical work, further screening of the data, and additional 
in-house experimental efforts, the proposed modification can 

(2) The original S&Z correlation (using St and Nu 

(4) Fitting the correlation factor with the data was 



be impmved and the uncertainties reduced, especially those 
for the Nu number. 

SUMMARY AND CONCLUSIONS 

1. A modification for predicting the S&Z Corzejation 
FE was proposed to account the trend of increased St and Nu 
numbers with reduced subcooling and also to be consistent 
with the definition of these two parameters. The proposed 
modification provides better agreement and smaller standard 
deviations than either the Costa or the original S&Z 
correlation, based on both the THTL data and the broader 
A N S  data base. 

2. Acquiring FE data at this level of heat flux and 
velocity is highly significant. Most of the available FE data 
are in the low velocity range (< 10 ds) and none are 
available above 18 ds. The data reported in this paper 
extend this data range up to 28.4 ds, well beyond the ANSR 
nominal velocity of 25 d s .  

was not encountered before the minimum pressure drop (FE) 
point in any of the experiments performed thus far. 
Furthermore, the two true CHF tests performed at a nominal 
12 MW/mZ showed a 5 m/s (close to 30%) reduction in 
limiting velocity compared with the corresponding FE tests. 

4. The results of the two wider span tests performed 
- show results with a somewhat higher St number. However, 

3. A true CHF (or the subsequent expected burnout) 

they are not inconsistent with the rest of the data. Additional 
tests are planned to confirm this conclusion. 

proposed for FE prediction, final correlation of the data for 
FE and CHF will be postponed until additional experiments 
and data analyses are performed. 

5.  Although a modification to the S&Z correlation was 
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NOTATION 

b = flow channel gap (m) 



c, 
Dk 
G 
k 
NU 

P 
Pe 

Q 
4" 
st 

T 

V 
AP 
%nb 

A T , ,  

Subscripts 

mean coolant specific heat OFJllcg49 
heated diameter (m) 
mass flux (kg/m2*s) 
thermal conductivity @W/m*K) 

4 ", Nusseltnumber = - 
I A l j  

Gcph ~ecletnumtm = = sr k 
flow rate (m3/s) 
heat flux (lcW/m2) 
Stanton number = Q 

GC,ATd 

temperature (K) 
subcooled temperature difference (K) 
coolant velocity ( d s )  
pressure drop (Pa) 
subcooling correction factor for the S&Z 
correlation 

average across and along the test section 
bulk coolant 
demand side 
at the flow excursion point 
exit 
external 
inside 
saturated 
subcooling . 
test section 
wall 
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Fig. 1. Cross-section of the test channel in the 
thd-hydraul ic  test l~ap.  

Fig. 2. Nondestructive flow excursion data fkom the 
thermal-hydradic test loop. 

Fig. 3. Destructive flow excursion and critical heat 
flux data from the thermal-hydraulic test 1 9 .  

Fig. 4. Comparison between the modified and 
unmodified forms of the Saha and Zuber correlation for the 
Stanton number. 

Fig. 5. Comparison between the modified and 
unmodified forms of the Saha and Zuber wrrelation for the 
Nusselt number. 



Table 1. Flow excursion and critical beat flux data 6om the thermal-hydraulic test loop.4b 

' In dl cues the M e t  tempelrtam b nomludly 45 OC, acept for FE318~yhere the inkt temperature b 4OOC 

' Most now excudon testa are nondatrn&y$th dab shown for tbe nJnlmma prrsmrc drop point. 
i 

> 
Refers to a true destructive bumout w f U ~  FE d Q i n d l u t i q ~ a n d  CRF laq rapeetiVely, 

'The channel gap for ases =OB and CF622B wss umcert.in mnd lud b be adjmtcd, 



de 2 

. .. 

. Summary of the flow excursfordonset of significant voiding database used in 

I 17 I 05- 17.8 I 027-2.52 I 0.1 - 10.1 I 6.0-24.6 
CM&-~ 241 I SI I 13-7.9 I 0.24 -0.46 I 1.1 -3.2 I 2.2 -43.7 

1 6 '  I 1.0-1.1 I 1.50-4.50 I 0.4-0.8 I 9.7-30.8 
I 802 10.03-25.3 I 0.1-14.75 10.01-20.1 I 0.1-65.4 

L 

a Complete citations are located in the references. 
t&u%&r was independently calculated from reports data. 
h 

The 5 i P - k -  

present 



Table 3. U factor' statistics for Costa, S & 2, and Modified S & 2 correlatiomc 
Peclet Range ~ ~ t f o n  Data Range I # Poinfs I Average I S.DJb) I SJ).% 

Costa THTLDara 1 281 1.50 1 0.35 1 23.4 
AZlData f 6341 1.38 1 5.10 / 369.5 

1051 3.07 i 12.34 f 401.9 ...- V>8m/s I 
v<am/S f 5291 1.04 f 0.68 f 65.2 

Saha & Zber THTLData f 281 1.07 f 0.24 f 22.4 : AllData 1 6341 1.54 f 3.48 / 226.4 

i 

1051 2.22 f 8.40 f 377.7" 
--.7 

Pe > 70,000 V>8m/s 
Stanton V<8m/s  5291 1.40 0.75 53.1 
Correlation) ModSedSaha & Zuber THTL Data 1 28! 1.03 i 0.16 ........ i 15.9 

AllData j 6341 1.02 1 . 0.30 -- 1 . 29.7 
105; 1.10 1 0.20 t 18.5 V > 8 m / s  I 

V<8m/s 5291 1.00 i 0.31 j 31.5 
31 0.75 i 041 i 54.9 

Pe < 70,000 AUData 1 1681 1.28 f 0.85 66.4 
Nusselt Modified Saha h Zuber THTL Data f 31 0.62 f 0.31 f 50.9 
Correlation) fi AllData 66.0 

!.-- 

Saha & Zuber THTLData 1 ----c-----iA+--.- 

P 

a U = Experimental Heat Flux / predicted Heat Flux 
S.D. = One Standard Deviation of U. 
Includes a data point with a subcooling of 0.14"C. 
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Fig. 1. Cross-section of the test channel in 
the thermal hydraulic test loop. 
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FIGURE 2. NON-DESTRUCTIVE ROW EXCURSION DATA FROM THE THERMAL HYDRAULIC TEST LOOP. 
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Figure 4. COMPARISON BETWEEN THE MODIFIED AND UNMODIFIED FORMS OF THE SAHA ZUBER 
CORRELATION JOR St NUUBEX. 
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COMPARISON BETWEEN THE MODIFIED AND UNMODIFIED FORMS OF THE SAHA ZUBER 


