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ABSTRACT 

Burnout heat flux data were obtained \inder conditions of zero exit quality 
Eind bulk boiling at the exit of electrically heated test specimens. TSiese 
specimens were long, narrow channels with varioUa slot thicknesses, surfaces, 
materials, and length-to-diameter ratios. Tesfcs were run at 2000 psla and mass 
velocities frcm approximately 0.2 x 10^ to 3 x 10° Ib/hr-ft^. The effect of 
inclining the channel at k^' was also investigated. 

The rectangular channel burnout results are in reasonable agreement with 
data previously obtained for round tubes. 

A design equation is suggested which ylelilB a conservative estimate of the 
burnout heat flux in the low subcoollng and quality regions for the range of 
variables investigated herein. 

A burnout loop and method of operation are described. 
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NOMENCLATURE 

The fol lowing ncanenolature la used in t h i s paper: 
« 

D = equivalent diameter of test section - ft 
G = mass velocity - Ib/hr-ft^ 
H «= enthalpy of mlxtvire - Btu/lb 
L = test section heated length - ft 
(|> = heat flux density - Btu/hr-ft2 

, rms = root mean square - microlnch 
X ^ btilk quality of liquid - vapor mixture, mass fraction of vapor 
T = temperature of bulk liquid - "P 

M" = saturated teaiperature minus test water bulk temperature - F" 

Subscripts 

B.O. = buAout 
in =• inlet to test section 

Terminology 

Local or Subcooled Boiling - occurs with the surrounding liquid mostly 
at a temperature below saturation. Tte bubbles usually condense in 
the subcooled liquid and as a result, there is no net retention of vapor. 

Saturated or Bulk Boiling - occurs in a liquid where teiiqperature is equal 
to or slightly higher than saturation; it implies a net generation of 
vapor, 

wpr'Tpatfi Boiling - vapor is formed as discrete bubbles; a condition which 
is characteristic of wetted heating surfaces. 

Film Boiling - condition developed wherein vapor exists as a continuous 
film ontiie heating surface. 
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WAPD-T-;»iy 

INTRODUCTION 

A knowledge of the heat flux under which physical bximout of a heat 
transfer surface occurs ig of prime importance for boiling systems with 
forced circulation^of the coolant. Water-cooled and/or moderated nuclq^r 
reactors must be designed to avoid physical burnout under the various abnormal 
conditions that might occur during operation. Information on maximum heat 
flux or burnout flux is, therefore, essential to this type of reactor core 
design. 

A program of bvimout testing has been conducted to investigate the 
effects of gecanetry, surface material and finish, length-to-diameter ratio, 
and test section orientation on burnout heat flux in both the local emd bulk 
boiling regions. The pujrpose of this InTCstigation la to provide the necessary 
data for reactor core designs where boiling and high heat flvut conditions 
might exist during operation of the rjpactor. 

APPARATUS AND TEST PROCSDURB 

The burnout loop was designed with two test legs to acccxmodate both 
burnout and pressure drop experimentation at pressures up to 2000 psla. Both 
test sections are heated by a 480 kw d-c power supply. Hie aaximnn flow to 

. either section is 30 gpn. A schematic diagram of the facilities is shown in 
Fig. 1. The major loop components and Instrumentation are described in * 
Appendix I. 

Test Specimens 

An exploded view of a typical test specimen assembly is shown in Fig. 2. 
To obtain closer simulation of an actual reactor channel, the test apecimens 
were designed to bvim out on the flat plate rather than at the comers, ^is 
was accomplished by reducing the thickness of the cross sectlcm in each comer. 

In order to determine the effect of different channel lengths and 
equivalent diameters, materials, specimen construction, and speclnen surfaces 
on the burnout flux, the following varialilcs w»re built into the specimens: 

Channel material: commercial grade "A" nickel and Zircaloy-2 
Channel flow spacing: O.O5O in., O.O55 In., and 0.097 in. 
Channel width: 1 in. 
Channel lengths 12-l/l6 in. and 2? in. 
Channel manufacturing technique: roll-bonded or welded 
Heat transfer surface: machined or hot-rolled euid pickled. 

Test Rrocedure 

The loop was f i l l e d with cold, dsmlneralized water and degassed for 
ll to 8 hours. flenr war then passed thitrngh the ion-ezduueigexf u n t i l a minimum 
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purity of 2 megohm-cm was obtained. The loop was raised to the desired test 
pressure and the preheatei*a set to give required temperature conditions. The 
flow rate was set to the desired value and power applied to the test section at 
a rate that permitted all conditions to remain essentially in thermal 
equilibrium thix>ughout the test. The burnout point was determined \rtien the 
burnout detector tripped the circuit breaker of the power supply or when the 
exit wall thermocouple exhibited an excursion or a steadily increasing reading 
without an accompanying increase in test section power. The tenqperature 
excursion wsis generally greater thaua 50 F*. 

The test conditons were as follovs: 

1. Approximately Zero Exit Subcoollng, (Zero Exit Quality) 

Burnout Tests 

a. 2000 psla, vertlced, upflow 

b. Mass velocity range: 0.2 x 10^ to 1.0 x 10° lb/hr-ft2. 

2. Quality Burnout Tests 

a. 2000 psla, vertical and inclined U3*, upflow 
b. Mass velocity range: 0.15 x lo6 to 3.0 x lo6 lb/hr-ft2 
c. Exit steam quality range: 0 to 100 per cent. 

ACCURACY OF SESULTS 

The method of Kline and McCllntock^ was used to evaluate the uncertainty 
interval of the bvimout flux results because of uncertcUJitles in each variable 
Involved in the cocaputation. 

Die reported burnout heat fluxes are average values over the heated 
specimen and are based on power and heat transfer area measurements with an error 
of less than ±1 per cent for 20:1 odds (95 per cent confidsoce in the specified 
error of the Individual measurements). Considering a possible maximum discrepancy 
in a heat balance of 5^ as discussed below, the uncertainty in the btimout flux 
would be approximately -fljl and -6^. . 

A heat balance was made to determine the agreement between the amount of 
heat picked up in the water and the power dissiitated in the test section. In 
the subcooled region, the heat balance generally checked to within 5 pei* cent. 
£n the quality i*eglon. It was not possible to make a heat balance because of the 
lack of an independent measurement of the exit steam quality. 

In the subcooled region, the interval of uncertainty .in the calculation 
(for 95 per cent confidence limit) of the h^at picked up In the water was found 
to b« approximately ±2.5 per cent. This error Is based on a water teaq^rature 

1 - "Describing Uncertainties in Slagls n—gle Ks^erlments," by 3. J. Kline 
and F. A. McClintock, Nschanlcal kgiafMrlng, vol. 751 195^> PP- 3-8. 
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rise o' 200"? or a corresponding enthalpy rise (a mean veilue for the results 
reported heie) as the water passes through the test section. 

Tlie difference between the discrepancy in the heat balance and the 
LlHiated error caused by errors in the measurement taken is probably due to heat 

leakage from the test specimen to its environment and to its terminals. It 1 
believed that the accuracy of the heat balance in the quality region is approxi­
mately the same as in the subcooled region. 

In the course of the investigations, the test specimens had a tendency to 
expand against the back-up housing and thus Increase the nominal channel 
spacing. Because of thfs increaise, the inaccuracy of the channel dimensions is 
rather large, as shown in Table 1. The inteirval of uncertainty (for 95 per cent 
confidence limit) in the calculation of 0, the mass velocity, is ±11.0 per cent 
for the 0.055 in. channels and ±k.6 per cent for the 0.097 In. channels. The 
weight flow, vdilch is Independent of the sp8x:ing, is accurate to within 
±2.1 per cent. 

The interval of uncertainty associated with each variable enqployed in 
these calculations is estimated for 95 per cent confidence level eis shown in 
Table 1. 

RESULTS AND DISCUSSION 

Zero Exit Quality-Zero Exit Subcooled Burnout 

The burnout heat flux is defined as the mcucimum heat flux that can 
exist in the nucleate boiling region before vapor blanketing of the heat 
transfer surface begins. 

Tests were run to determine the effect of geometry, length-to-dlameter (I/D) 
ratio, and material on the bximout flux. I^D ratios of approximately 6k, 120, 
and 1̂ 40 were investigated. The data obtained are tabulated in Table 2 and 
plotted in Fig. 3 (includes some round tube data for comparison). From Fig. 3 
the following observations may be noted: 

a. Rectangular chaxuiels appear to bum out at about the Aams heat 
flux as ro\ind tubes. 

b. A variation in the length-to-diameter ratio between 64 and lUO 
appeeurs to have no effect on burnout heat flux. 

c. There are no ajypaxent effects on burnout dxie to the materials and 
surfaces investigated. 

Quality Burnout 

Quality burnout heat flux is characterized by the coexistence of net 
steam and water at the burnout point aa calculated by a heat balemce for the 
system. The qxiality b\imout data reported herein for rectangtilar channels are 
in reasonable agre«aent with similar data for round tubes. Typical graphs of 
the quality data appear la Figs, k and 5* 
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Effect of L/D 

The L/D effect is Interpreted to mean any variation in the burnout flux 
due to changing the heated length of the channel while the local fluid conditions 
at the burnout point are kept constamt. This series of tests was run on machined 
Zircaloy-2 test specimens 12-l/l6 In. and 27 in. long {L/D * 6k and l̂ fO), Data 
were taken on a 12-l/l6 in. long channel at an inlet subcoollng of 11 F" and a 
mass velocity of 0.2 x 10" to 2.5 x 10° lb/hr-ft2. A comparative set of data ŵ s 
run on a 27 in. channel; however, the inlet temperature was adjusted so that 
11 F° subcoollng existed 12-l/l6 in. from the exit of the channel. In conducting 
the test this way, the L/D effect attributable to a heat balance is .separated 
from Einy additional L/D effect that might be present. If any discrepancy existed 
between the data obtained frofc the two channels, Information on the degree of 
mixing or validity of calcxilating the exit quality from the First Law could be 
derived. Data from these runs ar«S reported in Table k and con5>ared in Fig. 6. 

Figure 6 indicates that the burnout flux for the 27 in. channel {L/D = ll+O) 
is approximately equal to the corresponding flux for a 12-l/l6 in. channel. 
This evidence may be interpreted to mean that there, is excellent mixing in the 
chcmnels and that the ceLLculated exit quality may be a significant parameter for 
predicting burnout. 

In the L/D effect tests described, it was necessary to Increase the inlet 
subcoollng with the longer channel in order to obtain the same bulk coolant 
conditions at burnout at the end of the channel. It is thus possible that there 
are two opposing effects occurring that make the burnout fluxes approximately 
eqial: the effect of L/I> and the effect of inlet subcoollng. The comparison 
in Table 5 indicates the possible effect of inlet subcoollng on burnout for a 
given geometry (27 in. long, 97 mil channel); in general, the higher the inlet 
subcoollng, the higher the burnout flux. Por this comparison the following 
conditions are maintained. 

a. approximately constant bulk quality, 
b. constemt mass velocity or larger mass velocity for the condition 

yielding the lower value of burnout flux. 

Another method of com̂ eu-ison is shown in Table 6. In this table a 
comparison of burnout points for 97 mil chaimels, lC-l/li> hi. and 27 in. long, 
was made on the following basis: 

a. constant inlet subcoollng, 
b. approximately constant exit bulk quality, 
c. mass velocity greater for the condition that yields the lower value 

of burnout flux. 

From Table 6, it is noted that, although the inlet teaiperature and exit quality 
are the same for both channels and the mass velocity is higher for the longer 
channel, burnout in general occurs at a lower heat flux in the longer channel. 

Effect of Inclination 

Burnout tests were run on 97 nill smooth, and 50 and 55 nill hot-rolled 
Zlrcaloy specimens Inclined at an angle of 45*. The data are tabulated in 

u *J "' 
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Tables 3 and 7- All inclined specimens were observed to bum out on the upper 
-sitfe only, an indication that preferentleil stratifloction did occur at the 
burnout point. 

Zero exit subcoollng and zero exit quality data for a vertical and an 
inclined l87 mil round tube are ccnpared in Fig. 3. Vq effect on burnout due 
to inclination can be seen. In Fig. 7 vertical and inclined 50, 55> and 97 mil 
data are compared with a suggested design equation. The 50 mil Inclined quality 
data are scmeirtiat lower than expected. Ihis is probably due to instabilities 
as discussed in the following section. 

Quality burnout data were obtained for a 50 mil channel with the thin edge 
in the vertical position. These data are rejwrted in Table 3. It appears that 
this orientation of the test section has no significant effect on burnout 
heat flux. 

Effect of Instability on Burnout 

From time to time other investlgatora2 have reported a sudden instability 
in a test system at fluxes well below the expected burnout flux. Similar 
instabilities have been encountered occasionally while obtaining the data 
reported here. The results of specific tests to investigate these instabilities 
are reported in Table 7 and may be summarized as follows. 

a. Instabilities occurred at heat fluxes as much as 21 J)er cent below the 
actual burnout heat flux. Such instabilities may be partially 
responsible for lower burnout in the case of inclined 50 mil channels. 

b. Neither the exact nature nor the cause of the ihstabilities was 
determined. Ix>op effects such as control veLLve chatter and lack of 
svifflclent pxfflip heeui were investigated and appeared to have little 
effect on the instability. The rate of heat flux application did not 
affect burnout in the ranges investigated. 

Particular attention was devoted to ascertaining whether or not an insta­
bility in flow or autocatalytlc effect as di^pussed by Jens3 accompanied bxim-
out. This effect was not delected. The flow meter used In these investigations 
indicated no appreciable decrease in flow at the burnout point. 

Effect of Power Pulse on Burnout 

Preliminary power pulse tests are reported in Table 8. Pulsing the power 
from about 20 per cent below the burnout poipt to the bvimout point apparently 
had no effect on burnout for the few tests conducted. The rate of heat fliix 
application was approximately 100,000 to 200,000 Btu/hr-ft^ per sec. 

2 - W. H. Rohsenow and J. k» Clark, Boiling Buxnout Newsletter No. 2, 
Brookhaven National Labotatpry BNL*2llfl, January 5^ 1955. 

5 - J. A. Clark and W. M. Rohsenow, "Local Boiling Heat Transfer to Water at 
Low Reynolds Numbers and High Pressures/' T.A.S.M.E., vol. 76, May, 195*̂ ,̂ 
pp. 553-562. 
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Effect of Surface and Material 

Figure 3 includes a con̂ jarison of the machined Zlrcaloy-2 surface and the 
hot-rolled, pickled Zlrcaloy-2 surface. Despite the rather obvious difference 
in surface roughness (32 mlcroln. rms for the machined siirface con̂ iared to 
l4o mlcroln. rms for the hot-rolled surface), no apparent effect on burnout was 
observed. For the few data aveLllable from this investigation there was also no 
observable difference in results obtained on a nickel specimen and on a 
Zircaloy-2 specimen. 

CORRELATION OF RESULTS 

The burnout data obtained in the series of experiments conducted cannot 
be applied dli^ctly to nuclear reactor design because the reactor heat flux 
distribution in the direction of flow is not uniform eus was that of the cases 
tested herein. To utilize the burnout data In reactor design, it is desirable 
that burnout be correlated on the baisis of the local fluid conditions. An 
expression was developed which is believed to give approximations of burnout 
heat flux within the reuages of variables investigated. No generality is 
Intended in this expression, but it is useful as a design equation provided 
that (a) no extrapolation of the equation to regions beyond the limits of the 
•variables investigated is made except for preliminary eveduations, and (b) the 
value calculated by Eqs. 1 and 2 is reduced by 25 per cent. 

Burnout heat flux is defined as the mlnlmimi valxie calculated from either 
of the following two equations: 

B.O. . . ̂ . / 0 \°-7 / H \-^-8 [1] 

10' 

•B.O. . ,. / e r'-" (2) 
io"5- '•'» (l?j 

where 

TB.O. » bvimout flux, Btu/hr-ft^ 
G » mass velocity, Ib/hr-ft^ 
H • enthalpy of fluid, Btu/lb 

Limits on the equation are as follo'ws: 

Pressure - 2000 psla 
Geometry - Round tubes emd rectangular channels similar to those tested 
Mass velocity - 0.2 x 1(P lb/hr-ft2 Ui k x 10^ Ib/hr-ft^ 
L/D - 60 to lUO 
Lacal Enthalpy at Burnout Point - 65O to 1135 Btu/lb^ 
Test Section Position - ̂ 5* and TBrtlcal 

r f. 9 
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The possible Influences of the past history effects (inlet tenrpeature 
and L/D) on burnout were considered in establishing Eqs. 1 and 2. These 
equations were developed so that a conservative estimate of burnout heat flux 
is given, namely, the case when water at the saturation temperature is supplied 
at the inlet to the longest test channel investigated. Under these circumstances 
any Inlet subcoollng effect tends to Increase the burnout beat flux. The L/D 
limit of li*̂0 is very important because increasing L/D appears to lower the 
burnout flux. 

In Fig. 7> Eqs. 1 and 2 are coptpared wi-th 'the Bettis Plant burnout data. 

Fig. 8 is a graph of Eqs. 1 and 2. On 'this graph burnout appears to be a 
function of both mass velocity and bulk quali"ty xnr enthalpy In certain regions. 
However, there are also regions •trtiere burnout appears dependent only on the 
fluid enthalpy or, in other words, the effect of mass velocity is insignificant. 

CONCLUSIONS 

The following conclusions can be drawn. 

1. Zero exit subcoollng (i.e. zero exit quality) burnout flux increases as the 
mass velocity increased in the range from approxiffla-tely 200,000 to 1,000,000 
Ib/hr-ft^. Few da-ta are available at higher mass velocities, but, based on 
the behavior of low quality burnout data in the range of 1,000,000 to 
1+, 000,000 lb/hr-ft2, it appears that zero exit quality and subcoollng bum-
out flux Increases only slightly fUr mass velocities above G - 1,000,000 
lb/hr-ft2. 

2. There is no significant #ffect on burnout flux for conditions of zero exit 
quality amd zero exit subcoollng as a result of changing channel slot thick­
ness (from 55 to 97 mil)/ channel geometry (round tube or narrow rectangular 
channels of approximately 'the same equivalent diameter), channel length, 
heat transfer surface finish, or heat transfer material. 

3. Quall'ty burnout results, as compared with a suggested design equation are 
essentially Independent of channel position (vertical or ^̂ 5"')̂  geometry 
(round tubes or recteuigular channel), heat transfer surface finish, or heat 
transfer materials. 

k. In the bulk boiling region, there are apparent inlet subcoollng and length-
to-diameter ratio effects on burnout. Sor approximately constant local 
fluid conditions, increasing "the inlet -subcoollng tends to Increase the 
burnout heat flux, ̂ ereas increasing the L/D ratio tends to decrease the 
burnout heat flux. 

^ 
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APPENDIX I 

LOOP CCMPONEHTS 

Power Supply 

Power is supplied by a kdO kw d-c generator designed to operate at 
12,000 amp and kO v. However, for short periods, as much as 20,000 amp can be 
drawn from the generator. 

Piping System * 

The main piping system is constructed of 1-1/2 in., achedule-80, 
type 3̂ +7 stainless s"beel. All main system valves have type 3l6 cast stainless 
steel bodies and stelllte seats and plugs. TTie valves are Teflon packed. The 
throttle valves are globe type; all others are gate valves. 

Pumps 

Two Westinghouse oil-cooled, 50-A sealed puvps are used to circulate the 
water. The pumps may be run individually or connected in series. IHie control 
circuits are so interlocked •that the pumps must be in operation before the 
generator can deliver x>ower to "the test section. 

Pressurizing Tftnk 

This vessel is used both to pressurize and degas the system. Pressurizing 
is accomplished by means of eight heaters which provide a total of 30 kw: six 
are manually controlled and two are operated by an automatic pressure controller. 
A liquid-level controller operates the system's high pressure make-up pump. If 
the liquid level becomes too low, the main circulating pumps are automatically 
shut-off. Shutting off these pumps shuts off the test section power. 

Deionizer 

A deionizer is in the system to maintain •the water purity at a high value 
(resistivity approximately 2 megohm-cm). The deionizer loop draws about l/2 gpm. 
It contains a bed of Amberllte MB-1 resin, 3-l/t2 in. diameter by 3$ in. long, 
and two filters, a Neva Clog fil-ber at the ion-bed inlet and a Micrometeillic 
Filter at its outlet. Aû tomatic controls prevent the ion-exchanger fran over­
heating during operation. 

Preheater ^ 

In order to vary the inlet temperature to the test section, the loop has an 
Immersion tyi>e preheater with a capacity of 20 kw. Half of the power is con­
trolled by switches and half by a hand-operated veuriac. Ihe preheater ceuinot be 
turned on unless there is flow in the test section. The loop overeuLl tempera­
ture is controlled by 70 kw of "cast-in-bronze" line heaters. Hiese heaters 
operate through the same type of safety circuit as 'the ioBersion preheater. 

11 
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Heat Exchanger 

There is a water-to-water heat exchanger in 'the system to remove heat 
from the primary flow. 

INSTRUMENTATION 

Burnout Detection 

Incipient burnout of the test specimen is prevented from proceeding to 
actual failure by "the use of a burnout detector or by observation of a wall 
temperature excursion wi>h a thenaoc^uple. The burnout detector consists of 
the following: 

a. a bridge-type circuit of lAlch the test specimen forms two legs, 
b. an amplifier that magnifies the bridge unbalance caused by a portion 

of the tube overheating, 
c. a thyratron that receives 'the amplified un))alance signal and strikes 

^en the signal reaches a predetemined magnitude, permitting a 
condenser to discharge, 

d. a high speed breaker whose trip coil is actviated by the condenser 
discharge. 

Such a detection systea is based on using a test specimen material that 
has a leurge and continuous temperature coefficient of resistivity. When 'the 
test material meets these specifications, the detector will Interrupt 'the power 
very close to the physicsil burnout point. When the specimen is constructed of 
a material whose resistivity does not increase with increasing temperature at 
high temperature levels (for exaaqde, Zircidoy-2), the detector does mbt 
function properly, and burnout must be detected either through a sudden, 
continuous rise in the wall tenqperature or through physical rupture of the 
specimen. 

Burnouts have been checked with and without a de'tector. In all cases, 
the detector fired at heat flux values greater than 90 per cent of 'the physical 
burnout flux. 

Flow Meter 

Flow is measured by a Potter t\irblne-type flow meter. The Instr̂ mient is 
calibrated to be accurate to within l/2 per pent of the Instantaneovis flow 
j*e€uilng. 

Temperature Measurement 

Temperatures are measured by ei-ther a Leeds and Borthrup 2lv-polnt precision 
indicator or a l6-polnt recorder. Both instruments have 10 suppiressed ranges 
and are accurate to approximately 0.03 Mv or slightly greater than 1 F* at 
635 "F. All thermocouples are chrcsoel-alumel. 

12 
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Current Measurement Shunts 

Current is measured by the voltage drop across 'two calibrated 60OO amp 
Westinghouse type-G shunts. The readings are taken on a 5-range Brown recorder. 

Voltage Measxirement 

The voltage drop across the test section is recorded on a 2-range Brown 
recorder. 
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Table 1. Uncertainty of Variables 

Voltaj^ 

Current 

v:w *0 . 0Q5 V 
V 

I:w^ A0.0016I 

Flow Rate, gpm 

Test Section Length 

W:w_ ±0. 005 W 

L:wj^ * l / 6 4 i n . 

Channel S e e i n g D:WQ ^0. 006 in. for 
0 .055-in. channels 
±0. 004 in. for 
0 .097-in. channels 

Inlet Temperature"* Tj:w^ *2F* 

Outlet Temperature* T^:w^ * 2 F ' 

Fluid Density p:w ^0.02p 
P 

Channel Width b:wjj ±0. 001 In. 

* The inlet and exit temperatures are used to 
calculate the enthalpies of the fluid. 
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Table 2. Zero Exit Quality and Siibcooled Bxu*nout Data, 
Exit Pressure 2000 psia 

Test Channel 
* 

Vertical nickel (machined) 
Flow dimension: 1 in. x 0. 055 in« 
Length: 12-1/16 in. 

Vertical Zircaloy-2 (hot-rolled) 
Flow dimension: 1 in. x 0. 055 in. 
Length: 12-1/16 in^ 

Vertical Zircaloy-2 (machined) 
Flow dimension: 1 in. x 0.097 in. 
Length: 12-1/16 in. 

Vertical Zlrcaloy-2 (machined) 
Flow dimension: 1 in. x 0. 097 in. 
Length: 27 in. 

•• 

Exit 
Subcoollng 

F ' 

12 
11 

11 
14 

Ifass Velocitv 
106lb/hr- f t i 

1.35 
1.32 
0.926 
0.667 
0.578 
0.269 

1.47 
0.919 
0.858 
0.571 
0.195 

1.24 
0.888 
0.529 
0.208 

1.21 
0.906 
0.906 
0.604 

Burnout.Flux* 
IQb Btu/hr-ft2 

1.120 
0.920 
0.938 
0.949 
0.786 
0.360 

1.42 
0.765 
0.786 
0.695 
0. 300'»* 

0.979 
0.921 
0.851 
0.333 

1.11 
0.847 
0.841 
0.747 

* Burnout Flux is evaluated from 94% of the total power as generated in the 
thick portion of the rectangular channel (6% of the power is generated in the 
thin edges). The sxirface area of the thick portion of the channel is 
0.88 in. X length X 2. 

** This value is estimated as the maximxmi heat flux in the nucleate boiling 
region. Physical burnout occurred in the film boiling region at a heat flux 
of approximately 0. 560 x 10^ Btu/hr-ft^. 
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Table 3. Quality Burnout Data, Kxit P ressure iOOO paia WAPD-T-319 

Te«t Channel 

Vertical Zircaloy-2 (machined) 
Flow dimension: 1 in. z 0 .09/ in. 
LcniitK- 1 2 - I / I 6 1n. 

Inclined (45') Zlrcaloy-2 (nuchlaad) 
Flow dimenaion: 1 in. s 0. 097 In. 
Length: 12-1/16 In. 

Vertical Zircaloy-2 (machined) 
Flow dimenaion: 1 in. x 0. 097 in. 
Length: 27 in. 

Inclined (45*) Zircaloy-2 (hot-rolled) 
Flow dimension: I in.- z 0.055 in. 
Length: 12-1/16 in. 

Inclined (45') Zircaloy-2 (hot-rolled) 
Thi:i edge up 
Flow dimension: 1 in. x 0. 050 in. 
Length: I 2 - I / I 6 i n . 

Ver ' ical Zircaloy-2 (hot-roUed) 
Flow dimension: 1 in. x 0. 050 in. 
Length: 12-1/16 In. 

Inlet 
Subcoollng 

F* 

8 
11 

8 
9 
B 
9 

10 
10 
36 
36 
34 
37 
36 
6 3 
60 
62 
6 0 
60 
6 0 
62 

11 
12 
11 
1 0 
M 
59 
60 
60 

10 
10 
1 0 

9 
10 
10 

9 
63 
62 
61 
6 6 
62 
62 
62 
62 

i l 
9 
9 

10 
6 0 . 
S9 
60 
60 

3S 
34 
36 
34 
37 
38 
37 

335 
335 
335 
136 
137 
13S 

11 
11 
l i 

Mass Velocity 
l O t - l b / h r - f t i 

2.67 
2.57 
1.94 
1.38 
1.19 
0.864 
0.479 
0.187 
2 .74 
2 . 7 4 
2.72 
2 .10 
1.28 
2.92 
2.17 
1.41 
1.32 
0.924 
0.466 
0.179 

1.22 
0. 843 
0.443 
0. i n 
1.31 
0. 915 
0.469 
0.176 

2 .71 
2 .03 
1.35 
1.13 
0.840 
0.438 
0.157 
3.29 
2.88 
2.24 
1.49 
1.32 
0.937 
0.467 
0.187 

1.33 
0.894 
0.473 
O i l 7 5 
1.42 
0.955 
0.499 
0.173 

1.47 
1.46 
1.10 
1.03 
1.02 
0.494 
0.490 

1.05 
0.626 
0. 333 
1.91 
0.891 
0.595 
1.58 
0.842 
0.578 

Burnout F lux 
10* B t u / h r - f t ^ 

0.808 
0.660 
0.771 
0.718 
0.77 3 
0.704 
0. 558 
0.376 
1.08 
1.10 
1.08 
0.970 
0.839 
1.24 
1.08 
0.969 
0.959 
0.760 
0.618 
0.402 

0.731 
0.625 
0.502 
0.330 . 
0.974 
0.823 
0.622 
0.375 

• 0. 567 
0.504 
0.448 
0.436 
0.397 
0.320 
0.170 
0.902 
0.848 
0.732 
0.594 
0.565 
0.487 
0.392 
0.207 

0.596 
0.496 
0.403 
0.242 
0.755 
0.613 
0.472 
0.253 

0.700 
0.697 
0.558 
0.598 
0.602 
0.446 
0.446 

1.142 
0.842 
0.573 
0.855 
0.713 
0.595 
0.586 
0.526 
0.509 

Q u i l l t v 

12.3 
1 i.O 
17.0 
2j; .B 
i'> i 
37.1 
55. 3 
'iV.O 

7_ 
J. I 
8 . 4 

11.0 
20 .5 

0.<i 
5 . 7 

14.0 
16.9 
21.6 
46.7 
92 .5 

25.8 
32.4 
52. b 
93.3 
17.5 
2 5 . 2 . 
46.3 
87.2 

19.2 
24.1 
33.0 
39.6 
48.7 
76.9 

100.0* 
10.7 
12.2 
15.7 
24 .6 
27 .4 
37 .4 
72.6 

100 .0* 

35.4 
45.6 
72.0 

100 .0* 
23.5 
37.6 
64.0 

100.0* 

34.0 
34.7 
36.1 
*4,'> 
44..; 
7-i. t 
7S. i 

18. :5 
43.2 
Ti. 5 

5..-
3t.. •• 
S6.fc 
30.6 
55.9 
81.6 

* Exit fluid ia actuaUy a few c!«gr««s auperbaatad. 

i\ 
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WAPD-T-319 

Table 4. Comparison oi Burnout Flux (Subcooled and Bulk Bolllnf) 
in Zircali^-2 Channels (Machined) 

Exit Pressure 2000 psia 

Mass 
106 ih 

Velocity 
•/hr-ft^ 

12-1/16 in. 

2.67 
2.57 

1.94 

1.38 
1.19 
0.864 
0.479 
0.187 

1.24 

0.888 

0.529 

27 in. 

2 . 7 4 
2.47 
2 .03 
2 .08 
1.38 
1.21 
0.897 
0.481 
0.188 

1.21 
0.906 
0.906 
0.605 

Burnout Fliuc 
106 Btu/h 

12-1/16 in. 

Q.808 
0.860 

0.771 

0.718 
0.773 
0 .704 
0.588 
0.376 

0.979 
0.921 

0.851 

r-ft2 
27 in. 

0.892 
0.806 
0.793 
0.806 
0.712 
0.699 
0.649 
0.522 
0.367 

l . l l 
0.847 
0.841 
0.747 

Quality 
% 

12-1/16 in. 

12 .3 
13 .0 
17 .0 

22 .6 
29 .2 
3 7 . 1 
54.3 • 
97 .0 

r 

27 in. 

11.8 
13.0 
14 .3 
13 .4 
21 .9 
24 .6 
29 .5 
49 .0 
88 .3 

Exit Subcoollng, F* 

11 
14 

3 

3 
4 
4 
4 

,"••7 
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WAPD-T-319 

Table 5. Possible Effect of Inlet Subcoollng on Burnout 

Comparison 
Set 

I 
I 

n 
n 

in 
m IV 
IV 

rv 
V 
V 
V 

QuaUty 
% 

88.3 
100.0 
49.0 
48.5 
29.5 
27.4 
24.6 
24.6 
24.1 
13.0 
14.3 
15.7 

* For comparison purposes, if quality « 100%, burnout flux 
may be estimated as approximately 0. 325 x 10^. 

** For comparison purposes, if quality » 29. 5%, burnout flux 
may be estimated as approximately 0. 550 x 10^. 

%l 

Mass Velocity 
106 lb/hr-ft2 

0.188 
0.187 
0.481 
0.840 
0.897 
1.32 
1.21 
1.49 
2.03 
2.47 
2.03 
2.24 

ATiN 
F * 

513 
62 

263 
10 

177 
. 62 
133 

66 
10 
73 
94 
61 

Burnout Flux 
lOOBtu/hr-ft^ 

0.367* 
0.207 
0. 522 
0.397 
0.649 
0.565»* 
0.699 
0. 594 
0.504 
0.806 
0.793 
0.732 



WAPD-T-319 

Table 6. Possible Effect of L / p on Burnout 

Comparison 
Set 

I 
I 

II 

n 
m 
m IV 
rv V 
V 

VI 
VI 
vn 
vn 

vm 
vm 

ATiN 

X-
62 
62 
60 
61 
60 
66 
60 
62 
62 
62 

8 
10 

9 
10 
10 

9 

Quality 
% 

14.0 
12.2 
16 .9 
15.7 
2 1 . 6 
24 .6 
46.7 
37 .4 
9 2 . 5 
72 .6 
29 .2 
24 .1 
37.1 
33 .0 
9 7 . 0 

100. 0 

Mass Velocity 
10^ lb/hr-ft2 

K41 
2 .88 
1.32 
2 .24 
0.924 
1.49 
0 .466 
0.937 
0.179 
0.467 
1.19 
2 .03 
0.864 
1.35 
0.187 
0.157 

Length 
in. 

12-1/16 
27 
12-1/16 
27 
12-1/16 
27 
12-1/16 
27 
12-1/16 
27 
12-1/16 
27 
12-1/16 
27 
12-1/16 
27 

Burnoirt Flux 
10° Btu/hr-ft^ 

0.969 
0.848 
0.959 
0.732 
0.760 
0.594 
0.618 
0.487* 
0.402 
0. 392** 
0.773 
0 .504 
0.704 
0.448 
0. 376*** 
0.170 

* For comfMurison purposes, if quality » 46. 7%, burnout flux may be 
estimated as approximately 0.450 x 10^. 

** For comparison purposes, if quality » 92. 5%, burnout flux may be 
estimated as approdlmatfely 0. 300 x 10^. 

*•* For comparisoh purposes, if mass velocity = 0.157 x 10 , burnout • 
flux may be estimated as approximately 0. 300 x 10°. 

19 
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WAPD-T-319 

Table 7. Subrooled and Bulk Boiling Burnout Flux in Zircaloy-2 Hot-RoUad 
Channels Inclined 45*, Bxlt Pressure 2000 pala 

(CharJiel flow dlfficnaiona: 0.050 in. by 1 in. Lengthi 12-1/16 i s . ) 

)( 1 

00 

Inlel 
V.-l 
f , , ^ 

; L-

. Or 

.:. 06 

^ . 0 0 

5.16 

9.00 

5.8 

b. 4 

S. 0 

Mass Velocitv ,Szlt Stibcooling 
a • *"* or Quality 

10* Ib/hr-fl'' F' or % 

0.431 

0.42U 

0.428 

0.417 

1.07 

1.85 

1.03 

0.951 

0.000 

49.6% 

53,3% 

52.8« 

54 .3* 

2F' 

31F* 

15.26« 

19. T » 

4 5 . 9 9 * 

Burnout Flux 

10'' Btu/hr-ft* 

0.611 

0.642 

0.622 

0. 6M 

301 

tn^ 

1' ) 

1 I 

l . ) 3 

2 .08 

5. 03 

•.. 0<» 

5 oa 

5.06 

0.431 

1.04 

I.OS 

1.05 

1.05 

5».6» 

IF* 

IF* 

IF* 

11 .4* 

0.638 

0.909 

0.924 

0.924 

1.05 

0.939 . 

1.44 

0.581 

0.562 

.>) I) 

•)0I 

JOC 

-)U' 

1.1 

6.2 

t ' i 

9 5 

l . C J 

i . IO 

1.74 

1.69 

3 1 . 7 * 

3 2 . 7 * 

2 . 9 5 * 

7 . 4 * 

0.798 

0.810 

0.722 

0.770 

=,iict 

600 

i. 4 

S.2 

0.028 

0.799 

4 5 . 1 5 * 

4 6 . 9 * 

0. 495 

0.492 

0. 4TT 

Remarks 

Burnout Indicated by exoesaivs wall temp 

Previous run reproduced 

Hsat flux applied in increments of 10, 000 Btu/hr-ft^ 
•very 2 mln, ccqnmenclng well balow ^ . Q, and 
iBcr«aaiB| until burnout occurred 

Heat tUtu appU«d la laeramenta of 10.000 Btu/hr-ft' 
•very mia, eommanotac wall below t g , Q, and 
inor«aaiaf uMU buraeut ocourred 

8am« aa above 

Indleatad by wall tamp exeuralaii 

testability ooctirrsd iodlcatlnf incipient burnout 

PravloM tamtattOitf r*produo«<l 

ntta d m ttU** l» Incramanu of S. 000 ttu/hr-ft^ 
•vary 2 mla, oowimanclni at f « 0.620 x 10". until 
iaataMUty waa notadat 4 • 0.411 X 10°. Flux was 
iacraaaed until wall tatnp excursioa occurred at 
V o . •>•<"»»•* 
Previoua run reproduced with different teat sectlun 
aod operating crew 

Bttmeul iadloated by exoeaalve wall temp 

teatabiUty fivat noted at 4 • 0. 528 x lO** Btu/hr-ft' 
at a • 1. 03 X 106 and quaUty - 1 1 . 6 * . Heat flux 
waa Increased'until burnout oecurre<i at 
4^ Q • 0. 581 Btu/hr-fl'. 

Uaat flax appUad in iacrementa of 20. 000 Btu/hr-ff^ 
every mln. ooaunaocing at ^ • 0. 350 x 10" Btu/hr-ft2. 
InatabUtty observed at 4 • 0. 436 x 10^ Btu/br-ft', 
O > 0. 957 and qaality • 7*. Heat flux was increased 
until btwnout occurred. 

BoriMiut indicated by exccaatve wall temp 

Previoua runs reproduced 

Inalability occurred Indicating incipient burnout 

Heat flux applied in Increments of 20. 000 Btu/hr-ft' 
every min, commencing at a flux well below burnout. 
InatabUity noted at 4 • 5.708 x 10^ Btu/hr-ft', 
a • 1. 69 and quality • 3. 7*. Heat flux waa increased 
UBtU barnout occurred. 

loGipleat burnout 

Heat flux applied in incrementa of IO, 000 Btu/hr-ft^ 
every mln. commencing at ^ • 0.802 x 10° Btu/hr-ft'. 
teoli^ant burnout was tndioateu at ^ Q • 0. 482 x I0*> 
by iMIablUty in waU tamp. 

Beat flux applied in increments of 20, 000 Btu/hr-ft' 
•very min, commencing at 4 • 0. 315 x 10°. Incipient 
burnout waa indicated by severe instability in wall temp. 

599 0.7 1.5 2 9 . 7 * 0.668 Burnout indicated by excessive wall temp 

o.vo 20 
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Table 8. Effect of Power Pulse on Burnout in Z i rca loy-2 Hot-Rolled Channels 
Inclined 45" , Elxit P r e s s u r e 2000 psia* 

(Channel flow dimensions: 0. 050 in. by 1 in. Length: 12-1/16 in . ) 

Inlet 
Temp 

• F 

301 

300 

300 

Inlet 
Vel 
fps 

5.0 

5 .0 

5 .0 

Mass Velocity 
106 Ib/hr-f t^ 

1.04 

1.04 

1.04 

Heat Flux 
10^ Btu/hr-f t^ 

Initiation 
of Pulse 

0.692 

0.692 

0.692 

Terminat ion 
of Pulse** 

0.853 

0.858 

1.31 

Duration of 
Trans ien t 

sec 

1.5 

1.5 

2. 5-3 

Expected 
Steady-State 
Burnout Flux 

106 Btu/hr- f t^ 

0.900 

0.900 

0.900 

* Ebtit subcoollng not known because, due to the nonequilibrium condition of the 
loop, the exit v ^ t e r conditions were difficult to e s t i m a t e . 

•* No burnout occur red in any of the t e s t s . 
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