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ABSTRACT

The Critical Heat Flux (CHF) is a two-phase flow phenomenon which rapidly decreases the efficiency of
the heat transfer performance at a heated surface. This phenomenon is one of the limiting criteria in the
design and operation of light water reactors. Deviations of operating parameters greatly alters the CHF
condition and must be experimentally determined for any new parameters such as those proposed in small
modular reactors (SMR) (e.g. moderate to high pressure and low mass fluxes). Current open literature
provides too little data for functional use at the proposed conditions of prototypical SMRs.

This paper presents a brief summary of CHF data acquired from an experimental facility at the University
of Wisconsin - Madison designed and built to study CHF at high pressure and low mass flux ranges in a
2x2 chopped cosine rod bundle prototypical of conceptual SMR designs. The experimental CHF test inlet
conditions range from pressures of 8 — 16 MPa, mass fluxes of 500 — 1600 kg/m’s, and inlet water
subcooling from 250 — 650 kJ/kg. The experimental data is also compared against several accepted
prediction methods whose application ranges are most similar to the test conditions.
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1. INTRODUCTION

In 1937, Thomas B. Drew and Alfred C. Mueller presented a paper at the American Institute of Chemical
Engineers meeting in Toronto exploring an interesting link largely dismissed by the scientific base at the
time [1]. In this paper, the authors discuss how since man first put a pot of water on a fire it was known
that the water would boil and the pot would, relatively, never be much hotter than the liquid inside it.
Furthermore, if the temperature of the fire was increased, the violence of boiling would also increase.
Although the Leidenfrost effect was known at the time, the authors noted that of all the investigators of
heat transfer at the time, only Nukiyama appeared to recognize and investigate the existence of a
‘maximum boiling rate’ beyond which additional heating through a surface would actually decrease the
heat transfer, exactly opposite the traditionally expected behavior. Nukiyama first presented his important
findings and the first ‘boiling curve’ in the Japanese Journal Society of Mechanical Engineers in 1934
(reproduced in English for the first time in 1966 [2]).

More specifically, this boiling limit or Critical Heat Flux (CHF) condition is a two-phase flow

phenomenon that is characterized by a flow regime change near a heated wall which rapidly decreases the
efficiency of the heat transfer performance at the heater surface. The CHF condition is categorized by a
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local increase in vapor void fraction which covers the heater surface. The increased vapor void fraction
triggers an abrupt and significant decrease in heat transfer rate between the heated surface and the two-
phase coolant. The system response to a CHF event depends on the heat source; constant temperature or
constant heat flux. The decrease in the heat transfer coefficient of a constant temperature heat source (e.g.
steam heating) will cause the heat flux through the system to quickly decrease. A constant heat flux source
(e.g. nuclear reactor, Ohmic heating) will have a rapid rise in the heating element wall temperature. The
rise in temperature can lead to melting, enhanced chemical attack, and/or other metallurgical changes.

Since the initial recognition of the CHF condition, especially in the design and operation of nuclear
reactors, significant resources have been spent establishing the conditions at which heat transfer
deterioration is initiated. Decades of experience and thousands of data points have shown that the nature
of a CHF condition is highly complex, requiring experimental data for any new parameters (e.g.
geometries, testing conditions, materials, etc.) of interest. One developing application of nuclear power
for which a dearth of data is available and therefore requires experimental support, rod bundle geometries
in particular, is the Small Modular Reactor (SMR).

SMRs have been proposed as an alternative/complimentary solution to traditional power stations in
meeting the 21% century world energy needs. In general these ‘small’ reactors are categorized according to
an electrical output of 300 MWe or less and lend themselves to modularity; the ability to fashion factory
pre-fabricated components on site. Although numerous designs have been proposed [3], in general the
nature of the SMR, with its enhanced focus on passive safety, lends itself to operate at much lower mass
fluxes than traditional reactors along with high pressures that are either on par or slightly lower than
traditional reactors. As this low mass flux and high pressure operating conditions have been of little
interest till recently, there is limited to no data available that satisfies a multiple parameter criteria (i.e.
pressure, subcooling, mass flux, non-uniform axial flux, and bundle geometry) necessary to predict CHF
at the conditions expected to be relevant to SMRs. For example, Figure 1 and Figure 2 demonstrate the
limited EPRI data [4] for a continuous non-uniform axial flux, square bundle geometry at the conditions
covered in this paper. In total, the plot contains 193 data points, of which 149 contain a large unheated
guide tube and 4 contain an unheated ‘control’ rod. Of particular note is the absence of data below a mass
flux of approximately 1300 kg/m”s.

The remainder of this paper summarizes the experimental facility built at the University of Wisconsin and
the gathered experimental data along with comparisons to a few widely accepted prediction methods in an
effort to contribute to a public resource for SMR CHF conditions.
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Figure 1. EPRI data for non-uniform heat fluxes, P < 17 [MPa], and G < 1700 [kg/m’s].
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Figure 2. EPRI data for non-uniform heat fluxes, P < 17 [MPa], and G < 1700 [kg/m®s].

2. EXPERIMENTAL FACILITY
2.1. Overview

The University of Wisconsin High Pressure Critical Heat Flux (UW-HPCHF) facility is a vertical forced
circulation deionized water loop that passes through a 2x2 equally spaced non-uniformly heated rod
bundle (Figure 3). The flow passes through a variable speed pump (1) to a the test section (4) and a
bypass (3) which then recombine before passing through a shell and tube heat exchanger (5 and 6) before
repeating. The flow through the test section is measured with an orifice flow meter (2) while the facility
pressure is maintained with a reservoir pressurized (7) with an argon cover gas (8) which also acts as the
thermal expansion tank. Under the low flows under consideration, the pressure drop is expected to be
minimal across the test section. Therefore, the pressure is measured at the inlet of the test section and
assumed to be approximately constant throughout the test section.

1) High Pressure Pump

2) Orifice Flow Meler
/ 3) Bypass Orifice
4) Heated Test Section

5) Heat Exchanger

6) Bypass Valve

7) Pressurizer/Accumulator
8) Argon Gas Cylinder

Figure 3. Basic process flow diagram and 3-D model (pressurizer not shown)
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2.2. Test Section

The test section is comprised of four electrically heated elements with a chopped cosine power profile
2m in heated length (L) described by Equation 1 fixed within a rectangular channel. The chopped
profile is obtained with a helically cut tube with varying pitch (thinnest in the middle and thicker at the
ends) while delivering a maximum per element power of 100 kW. The specific dimensions of the heater
elements and square test section are summarized in Table I. The channel wall is comprised of stainless
steel 316 while the cladding of the heater elements is Monel K500. Additional information and discussion
of the facility can be found here [5].

19 — g, + 6, cos (260, [-= - 0.5) (@)

Qavg HL

Given: 6, = 0.82; 0, = 0.68; 05 = 2.44; (ayq IS the average heater power; q(x) is the local power

Table I. Summary of test section and heater element dimensions

Parameter Ratio Parameter Size (cm)
Pitch/Diameter  1.33 Diameter 0.95
Pitch 1.26
h/G 0.75 G (rod-rod gap) 0.31
h (rod-wall gap) 0.23
Qpeak/Gavg 15 Channel Width 2.67

Due to concerns that boiling and flow induced vibrations would potentially cause the heaters to make
contact and significantly alter the geometry, three small and sparsely located grid spacers were applied.
The design used in the experiment yields a 16% flow blockage of a length of 2.54 cm per spacer and do
not have mixing vanes. The three spacers used in this study were centered at 1.0, 1.5, and ~2.0 m as
measured from the upstream end of the heated section of the heater elements (Figure 4 — Left).

Standard practices of CHF detection employs thermocouples located at various locations either on the
outer or inner wall of the heater’s cladding [6]. In this study, ten thermocouples per heater are embedded
on the inner wall of the cladding in each heater element at different axial and circumferential positions
(Figure 4). The positions of the thermocouples were chosen to maximize detection of first CHF
occurrence. Additional thermocouples monitored the inlet, outlet, and bulk fluid temperatures within the
channel.
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Figure 4. (Left) Axial thermocouple location, heater profile, and spacer locations (green markers).
(Right) Circumferential thermocouple locations.

2.3. Experimental Procedure

From a steady state condition, the power of the heater elements is increased slowly (~1 kW/heater/min).
As the power level increases, the system pressure is allowed to rise as the inlet subcooling is controlled.
Additionally, the mass flux can either be adjusted to maintain a constant mass flux or allowed to slightly
decrease. The facility is thus brought to a critical condition where a CHF event will occur, recognizable
by a significant spike (Figure 5) in one or more of the thermocouples embedded in the heater elements.
This procedure is a common method for obtaining experimental CHF data [7].
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Figure 5. Characteristic heater element thermocouple response to a CHF event

The ‘trip’ temperature for the system which indicates CHF occurrence is set approximately 150°C above
the saturation point (i.e. ~75-100°C above the embedded thermocouple measurements). Once the CHF
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event is detected, the power is automatically reduced and a steady state condition is established. The
process is then repeated. This 150°C threshold, while arbitrary, does not significantly alter the measured
CHF point and associated system conditions due to the slow approach to the CHF and magnitude of the
temperature excursion.

Using this procedure, a total of 96 CHF tests have been performed covering the inlet conditions outlined
in Table Il. The full test summary can be found in [5]. The associated uncertainty of the primary
parameters was evaluated using a propagation of error analysis. A representative distribution of the
maximum error for any give test is presented in Table I11. The large error associated with the local CHF is
dependent on the spacing between each individual heating element’s thermocouples. The estimated heat
lost in the test section is limited to a maximum of a few percent.

Table 1. Summary of inlet conditions of CHF data

Parameter Range
Inlet Subcooling (kJ/kg) - heys 250-650
Inlet Pressure (MPa) — P;, 8-16
Mass Flux (kg/m?s) - G 500-1600

Table I11. Summary of main parameter uncertainty from propagation of error analysis

Parameter Nominal Value +o Unit % Error
Inlet Subcooling 409 13 kJ/kg 3.1%
Inlet Pressure 12.1 0.16 MPa 1.3%
Mass Flux 898 17 kg/m’ 1.9%
Heater Power 56.0 0.79 kW 1.4%
Average Critical 930 16 KW/m 1.7%
Heat Flux
Local Critical 2
Heat Elux 1250 200  kW/m 16%

3. CRITICAL HEAT FLUX DATA

The following section presents CHF data gathered from the HPCHF facility according to important
parameters commonly evaluated in discussions of the CHF from a fixed inlet condition approach. The
primary variables under consideration are those summarized in Table 1I; namely inlet subcooling, inlet
pressure, mass flux, and exit quality. For reference, the local and average CHF are defined by Equations 2
and 3 where Ang is the heated area of a heater element and ga.q and q(x) have been defined with

Equation 1.
" Qav " q(x)
Qavg = Ktz » Qiocal = m (2)
Aptq = mxDiameter xLy; (3)
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In order to better visualize the conditions covered by the experimental data in context of existing literature
Figure 6 and Figure 7 are presented below. These figures are the same EPRI plots presented in the
introduction with the addition of this reports experimental data.
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Figure 6. Overlay of experimental data and EPRI data for non-uniform heat fluxes, P < 17 [MPa],
and G < 1700 [kg/m®s].

1500 |

1250 |

750

Average Critical Heat Flux
[kW/m?2]
o
S
S

500
500 1000 1500 2000

< EPRI Dat
aa Mass Flux [kg/m?3s]

O HPCHF Data

Figure 7. Overlay of experimental data and EPRI data for non-uniform heat fluxes, P < 17 [MPa],
and G < 1700 [kg/m?s].

Figure 8 illustrates the locations and number of CHF occurrences registered at each thermocouple. There
are 115 indicated CHF events in the figure out of 96 tests due to simultaneous trip of multiple
thermocouples on a few tests (typically between thermocouples at the same axial position). It was
anticipated that the most likely axial heights for CHF were to be at thermocouples 3/4, 5/6, and/or 7 based
on behavior of a non-uniform power profile. Circumferentially, it was reasoned that rod-rod gaps, rod-
wall gaps, and the center channel were to be the most likely locations of CHF given proximity of heaters
and flow restrictions. Although rare (3 occurrences) that multiple thermocouples were tripped that were
not at the same vertical location, when it did occur, the local CHF value was determined from the tripped
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thermocouple located most upstream (higher local CHF value). This does not significantly impact the
results of local CHF presented in Table IV.

With these prior predictions, the map of CHF in Figure 8 seems to match assumptions. The locations of
the thermocouples on heaters 3 and 4 are more strategically oriented than of heaters 1 or 2 (i.e.
thermocouples are located at both axial and circumferential locations matching the previously mentioned
expected CHF locations). Therefore, although the tripped thermocouples are mostly located on heaters 3
and 4, the locations of the thermocouples tripped are in the areas believed to be most conducive for a CHF
event and not necessarily indicative of significant deviations of non-uniformity in subchannel properties.
Furthermore, as the CHF condition in any given test was approached, typically multiple perturbations in
heater thermocouples were observed and a set of four bulk thermocouples, located at the same axial
location (1.78 m) and near the wall between each set of heaters, were typically in agreement adding some
qualitative support to that conclusion. Therefore, a CHF location map such as Figure 8 appears to not be
uncommon or unreasonable given similar maps reported in literature [8] and the previous discussion.
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Figure 8. Location of CHF occurrence detected with embedded thermocouples

3.1. Influence of Parameters: Subcooling, Pressure, Mass Flux, and Exit Quality

Within the range of experimental conditions covered in this study, open literature predicts a linear
behavior between CHF and inlet subcooling [9]. In other words, the change of the CHF value is directly
proportional to the energy required to obtain a saturated condition given all other variables remain
constant. Evaluation of the data in this regard demonstrates that the expected trend of a linear increase in
the CHF with increasing subcooling is indeed observed (Figure 9 - Left). Note, all lines in Figure 9 and
Figure 10 are to assist in trend visualization and are not necessarily an indication of a linear correlation.
Furthermore, the portions of data plotted below have been grouped together whose conditions are within
~+/-5% of the specified values in the legend.

Pressure has a complicated effect on the CHF. For a fixed inlet approach, as pressure is increased, the
CHF will actually increase, reach a maximum, and then decrease. Readers are directed to other sources
such as [10] for possible explanations of this behavior though in essence it is thought to be highly
dependent on the physical properties of water and their impact on flow behavior. Given that the
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experimental data of this study lies at higher pressures, CHF is expected to decrease as the pressure
increases. Figure 9 (Right) presents the CHF data as a function of the inlet pressure. This figure
demonstrates a clear decrease in the CHF with increasing pressure as expected.
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Figure 9. (Left) CHF vs. Inlet Subcooling with linearly increasing correlation. (Right) CHF vs.
Pressure with clear decrease in CHF with increasing pressure.

Similar to inlet subcooling, the CHF has been shown to increase with increasing mass flux in a quasi
linear behavior. This dependency is generally greater at lower flow mass fluxes and diminishes at higher
pressures, presumably dependent on the change of flow patterns [11]. Once again for the conditions at
which experiments were run, the expected behavior, monotonic increase, of mass flux and CHF was
observed (Figure 10 - Left). Exit quality conversely has been shown to increase with decreasing mass flux
[11] with which this experimental data is in agreement (Figure 10 — Right). Exit quality, as previously
indicated, is calculated using a heat balance with no energy losses.
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Figure 10. (Left) CHF vs. Mass Flux with monotonic increase of the CHF with increasing mass flux.
(Right) CHF vs. Exit Quality with decrease in CHF with increase in quality.
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3.2. Comparison to CHF Correlations

Chosen for their wide acceptance and validated range of applicability similar to this study, the EPRI
correlation (with the non-uniform correction and cold wall factors but not the grid spacer factor) [12], the
CISE-GE [13], the W-3 (with the non-uniform correction factor) [14], and the 2006 Groeneveld Look-
Up-Table (LUT) (with correction factors 1, 2, 4, and 5) [15] have been selected for comparison to
experimental data. It is worth noting that each prediction was evaluated with different combinations of
their correction factors, where applicable, and the ones presented gave the best results based on the mean
and RMS error of the average critical heat flux.

In addition to the generalized prediction methods, an Artificial Neural Network (ANN) analysis using
MATLAB?’s ‘neural net fitting tool” was also employed using a random subset of 70% of the experimental
data to ‘train’ the network. An ANN applies statistical learning algorithms inspired by biological neural
networks (i.e. central nervous system). It is ideal for pattern recognition and is an alternative way to tackle
complex and ill-defined problems (i.e. CHF appears to be a perfect candidate). For brevity the interested
reader is directed to these references [16] [17] [18] [19] for a more thorough discussion of ANN and its
successful application to CHF. The error presented in Table IV for ANN represents only the mean/error
associated with data not used in training and is less accurate (i.e. more realistic) of the ANN prediction
capabilities for this data set. The network used has three inputs: inlet subcooling, inlet pressure, and mass
flux; one output: local or average CHF; and one hidden layer with five neurons.

Based on the common approach of channel centered flow geometries in subchannel analysis and its more
consistent accuracy (in terms of average critical heat flux), the prediction results were calculated from the
channel centered approach (Figure 11 - Left). Using this geometry and the primary inlet conditions, the
iterative heat balance method (HBM) [15] was used to determine the predicted location of CHF. The
HBM iteratively increases the overall heater power until local heater flux and predicted CHF are within a
specified tolerance of one another. The predicted local heat flux is the flux associated with the
convergence location. The average CHF is calculated based on the value of the heater power at
convergence. This process is conceptually captured below with a representative iteration depicted in
(Figure 11 - Right).

‘\“' -
K
" N =7 Convergence
x Predicted CHF RN ;
~
= Heater Profile 4 i
LI

Heater Element Location

Figure 11. (Left) Channel centered flow geometry marked in red. (Right) Iterative HBM example.
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The comparison between the prediction methods and experimental data is shown graphically in Figure 12
with an associated error summary presented in Table IV. In general the EPRI, the CISE-GE, and the W-3
all predict the average CHF reasonably with means relatively near 0% and RMS errors not too divergent
from the reported prediction accuracies of approximately 10-20%. The notable difference is tendency of
the EPRI and CISE to predict conservative CHF values while the W-3 and 2006 LUT error on the side of
being non-conservative (over predicts the CHF). It is noted that each of the correlations have regions of
both over and under predicting the CHF which should not be overlooked. Furthermore, the non-
conservative 2006 LUT (based on heated 8 mm tubes) performance could be a result of cold wall effects.
However, additional analysis would be required to substantiate that hypothesis.

Additionally, the performance of the ANN demonstrates the predictability of the facility behavior and
helps to substantiate the confidence in the repeatability of the facility at the conditions tested. It is
hypothesized that, similar to previous applications of ANN to CHF, this network could be applied in
overcoming limitations of the test facility and associated database in order to better understand CHF
behavior at SMR conditions.

Although average CHF was relatively well represented, all correlations failed to provide reasonably
accurate predictions of local CHF (i.e. CHF location occurrence). This is to be expected since there is
significant uncertainty associated (Table III) with the first occurrence of CHF given the limited number of
heater thermocouples. If the location of CHF could be more precisely determined it is reasonable to
suggest that the associated local CHF could be decreased. Therefore, in reality, the prediction vs real local
CHF value is arguably in better agreement than that indicated in Table IV.
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Figure 12. Comparison of average CHF prediction methods to experimental data
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Table IV. Summary of local and average CHF prediction vs. experimental error

Channel Centered

Parameter Error [%0]

q"CHF,avg q"CHF,IocaI
Method Factors x RMS X RMS
2006 LUT K1,2,4,5 ON; K3 OFF 23% 30% -39% 42%
EPRI Cwall ON; NonUni ON 5.4% 16% 17% 28%
CISE-GE - -3.1% 18% 27%  32%
W-3 NonUni ON 72% 18% 9.5% 41%
ANN -0.01% 2.5% 1.9% 16%

X

1

1
Vi€ RMS = [TXVe? ;€

L L

__ Predicted—Experiment

Experiment

The predicted CHF deviation from experimental results (€) for the four primary parameters discussed are
shown in Figure 13 and Figure 14. Although some correlations were able to predict the average CHF for
these conditions, these figures show a bias of these methods compared to the experimental data. One
reason for this bias is the non-complete independence between the inlet parameters (inlet subcooling,
pressure, and mass flux) as discussed in Section 2.3. On the other hand, the ANN is presented as a
regression model able to predict the average CHF with errors normally distributed around zero
(considering on the values not used for training the network). An application of an ANN in this sort of
representation may be better suited to overcome a database’s deficiencies and capture truly independent

parameter deviations more accurately.

50%
40% o:
o,
‘QO &
P
30% | & %
& 0 0. 3
5 " 0% o
o

10% Dggg [+] o®
B, o
" s f
=20% % g %
| o2
-30% - g0 ™
~A40%
=500 i
200 300 400

0% |
- [
o
Y & ocg 40%
< Og % A
A A
& e 30%1
-]
o0 Opdn a 20%
¢ A
005 4 A o
o © & # o%a 10%
sae, &0 —_ .
Bei Fa T e |
¥
o @ -10%
9y
88 op
and & -20%
o 4
® 2006 LUT  0EPRI o
oom
CISE-GE oW-3
-40%
ANN
L -50%
500 600 700

Inlet Subcooling [kl/ke]

&,

&
® &
&

s &

®,

2006 LUT  EPRI
CISE-GE  OW.-3
ANN

8 10

n 14

Inlet Pressure [MPa]
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Figure 14. Prediction relative error as a function of (Left) mass flux and (Right) exit quality

4. CONCLUSIONS

Critical heat flux experiments have been conducted at the low mass flux and moderate to high pressure
conditions prototypic of proposed light water SMR designs at the University of Wisconsin High Pressure
Critical Heat Flux facility. This study contributes valuable CHF data spanning the conditions indicated in
Table II, specifically in a 2x2 bundle configuration, for which minimal public data exists.

An investigation of the primary parameters demonstrated that expected trends in inlet subcooling,
pressure, mass flux, and exit quality were observed. Comparison of the experimental data to prediction
methods demonstrates the reasonably accurate prediction capabilities of the W-3, CISE-G, and EPRI
correlations in regards to the average CHF. It is noted though that all prediction methods evaluated
performed unsatisfactorily in regards to local CHF prediction, though a portion of that error is likely
associated with the method in which local CHF is determined (physical spacing of thermocouples).

Finally, a neural network analysis was also performed on the experimental data which was capable of
accurately predicting the experimental data, thereby demonstrating the predictability of the facility’s
behavior. Given the good performance of the ANN, it is possible that a well-trained ANN can be a useful
tool in overcoming experimental and database limitations in order to expand understanding of CHF.
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