
MITLibraries
Document Services

Room 14-0551
77 Massachusetts Avenue
Cambridge, MA 02139
Ph: 617.253.5668 Fax: 617.253.1690
Email: docs@mit.edu
http://libraries.mit.edu/docs

DISCLAIMER OF QUALITY

Due to the condition of the original material, there are unavoidable
flaws in this reproduction. We have made every effort possible to
provide you with the best copy available. If you are dissatisfied with
this product and find it unusable, please contact Document Services as
soon as possible.

Thank you.

Due to the poor quality of the original document, there is
some spotting or background shading in this document.



BURNOUT IN FOICED C INVE( TION

NUCLEATE BOILING OF WAVER

by

John K. Reynolds ..

S.B. (1951) Yale University

Submitted in Partial Fulfillient of' the

Requirements for the Degree of

LASTER OF SOTCTEOE

at the

Massachusetts Institute of Technology

(1956)

Signiture of ,Author
Departm~.ent of Ieohanica inern ? nuary 14, 1957

.Si-na1 ture of Professor
in charge of Res ea rch

A 7-a - Y- .-

Sinatu• • .-re of Depart $ent
Committee on Graduate Students

S/1 /A Xl

yl .~y~~s·-/_--4

i;

% U~b~P ~ ilt8·d~
944M

iB



K7

V

%%h EKT.
4c,

AUG 15 1%7
L.C1R RA



;;3S

485 Blue Hills Parkway
Iil ton, , assachusetts
January 14, 1957

Dr. Leicester F. Hamilton
Secretary of the Faculty
Massachusetts Institute of Technology
Cambridge 39, Massachusetts

Dear Sir:

In partial fulfillment of the requirements
for the degree of Master of Science in Mechanical
ngineering, I hereby submit this thesis entitled,
"Burnout in Forced Convection Nucleate Boiling of
Water".

Sincerely yours,

John M. Reynolds



Burnout in Forced Convection

Nucleate Boiling of Water

by

John M. Reynolds

Submitted to the Department of 'echanical Engineering on

January 14, 1957 in partial fulfillment of the require-

ments for the degree of MIaster of Science in jechanical

Engineering.

ABS TRC T

Burnout heat flux data are presented for water at

500, 1000, and 1500 psia with specific flow rates of

! x 106 and 2 x 106

A dimensional correlation of the data is developed

and extended to include the data of other observers.

The correlation yields the relation

for the prediction of burnout heat flux.

Thesis Supervi sor John A. Clark
Assistant Professor
M_,echanical nEiineerinýg



ACKOWLE•DG ZI•TS

This thesis was carried out under the supervision

of Professor J. A. Clark whose advice and intuition

provided :Le with new approaches to the problem during

some dark moments.

I wish to thank Professor Peter Griffith for the

many hours spent with me in discussing and clarifying the

concepts. involved in the correlation.

Thanks for a wealth of practical advice is due to

2. W. Raymond who designed and developed the burnout

detector used on this project as well as most of the

other equipment used on it, and to J. Lehtinen whose

data are included in this report.

Fred Johnson kept the project running through some

trying times and assisted in taking the data. Thanks

also to Messrs. T. I. Alexander and R. E. Smith who

assisted with the calculations.



TABLE OF CONTENTS

1. Introduction

.2. Procedure

2.1 Description of test apparatus

2.2 Burnout decteetor

3. Results

3.1 Discussion of results

4. Correlationr of the Data

4.1 Ie correlation

4.2 Discussion of the correlation

4.3 Validity of the liquid. film concept

4.4 Limitations of the correlation

4.5 Prediction of peak heat flux

frolm the correlation

Nomenclature

Bibliography

Ap pendix

App endix A

Appendix B

Appendix C

Page

1

2

2

3

6

6

8

8

13

15

16

17

18

19

20

20

21

22



LIST OF ILLSTRATIO7S

Figure No. Title Page

1 Characteristic curve of the
boiling Process 24

2 Burnout Detector achematic 25

3 Correlation of the MIxT Data 26

4 Correlation of the ANL Data
(.,iS"aia) 27

5 Correlation of MT low velocity
data 28

6 Correlation of the A"L Data
(.306" dia) 29

iSawole comoutat tion solution M1a-LI-ole co--n.mouta,'Lio-n scIution 31



1. INTRODUCTION

In recent years the process of nucleate boiling has

been enerSetically investigated as a means of increasing

the effectiveness of healt exchanger coolants. This work

has been in progress aot T since 1949 under the sponsor-

ship of the Atomic Energy Commission and the Office of

Naval Research.

The boiling heat transfer process is characterized

by the curve shown in fig I. Upon the initiation of

boiling, the heat flux increases rapidly with increasing

tem2eratdre difference between the wall and fluid. This is

the region·aof nucleate boiling. Eventually, a maximum

value of heat flux is attained which can only be exceeded

by increasing the temperature difference by a factor of

the order of one hundred. This rise in wall temperature

will, in :ost -practical apparatus, result in rupture of

the wall. The maximuum. nucleate boiling heat flux is

called the "burnout" heat flux and is readily seen as an

important design consideration in equipment utilizing a

boiling liquid as the coolant.

The PIresent experimental program was undertaken to

provide data on burnout heat flux in water systems at

moderately high pressures, 500 to 2000 psia, and flow

rates, 0.5 to 5.0 x 106 lb/• -ft2.



2. PROCEDURE

2:1 De::Siption othe. test paratus

All data were taken on a 9-inch length of "A" nickel

* tubing, .1805 inches in internal diameter and .2105 inches in

external diameter. The tube was vertical and the flow upward.

El:ectrieal heating of the test section was accomplished by

passing current through the tube wall. The source of electrical

power was two 3000 a"pr 12 volt.DC generators in series.ywhich

could be effectively controlled from zero to maximum output.

The system consists of a closed loop with a stainless

steel De Laval Hayward-ýTyler circulating pump. Pressure was

maintained on the system by a pressure vesbel in which water

was evaporated by electrical heating. The pressure vessel

was also used to degass the water before each run.

Distilled water was used in all runs and an ion exchanger

was used to maintain the impurity level bbelow 1 ppm NaG1.

The test section instrumentation consisted of inlet

and outlet pressure and voltage taps and nine chromel-

constantan thermocouples on the tube outer wall. The wall

thermocouples were insulated from the tube by .0015 in.m ica.

The temperature difference across the tube wall was computed

by the method of ref 1. Inlet and outlet fluid temperatures

were measured 6 inches upstream and 4 inches downstream of

the test section.

The tube was surrounded by four thermal shields, each



enclosing the tube for one-quarter of its length. The

shields are individually variable resistance heaters wound

on alnuinum tubing. The shield temperatures were aajusted

to the average temperature of the'portion of the test section

under each.

A detailed discussion of orifice and thermocouple

calibration, tube size and resistance determination, and

current and voltage measurement is given in ref 1. The

details of the test stand apparatus and operation are

described in ref 2.

2.2 Burnout Detector

The require-ents of the burnout program necessitated

the use o:f a device to prevent failure of the test section

at the burnout point. This device, or burnout detector,

must be one which can identif~ the burnout condition and

take uction to prevet•n filure, but must also allow the

experimentor to attain niburnout heat flux. In principle,

the detector relies on the fact that burnout occurs at

the test section exit and is characterized by a large

temerAture rise. Actually, the detector compares the

electrical resistance of the fInal 1/16`" of the test

section wIth that of the remaining tube length. These

two resistances constitute two legs of a gpheatstone

bridge circuit, the other two lews consisting of fixed

and variable resistors of suitable ratings as shown in



4.

fig 2. At bu. out the resistanoe of the fi nal ength

of the test see&tio insreases rp idly ip reloatien to

the remtinder eausing an unbalance in the bridge circuit.

The net voltage at the reference poin.t in the

bridge cireuit provides the input signal to a four stage

DO awplifier, The output of the amplifier fires a

triggering circuit which discharges a 7000 volt o./~

capacitor thgrou a spark gap in the circuit breeker..

The time which the burnout detector needs to

"decide" when a bona fide burnout has occurred is rela-

tively lone, about 6 millisee. At peak ppessure and heat

Aflux, this Interal- is virtually all the time available

before the test section allowable overtemperature of 50P F

is reached, Consequently, an instantaneous circuit

breaker is required to act on the signal from the amplifier.

Rapid circuit interruption-is accomplished by using

the/O.At capacitor discharge to fire an explosive cap-r

which is contained in a hollow copper tube. The test

seCtion surrent flows continually through the copper tube

which is one-half inch in outer diameter, 3 1/32" long,

and has an .047" wall. The copper tube. is restrained

by a mechanical device which insures clean circuit inter-

ruption when the cap is fired and low voltage drop through

the tube and its connections during the run. Details of

* duPont Xr98-N blasting cap., #6 strength, RDX loaded
for 3000 F temperature stability.



-the breaker construction as well as a cr1 ete discussion

of the detector Circuitry will be subject of a project

report to be issued shortly.

The burnout detector has been an effective instrument

for the study of the burnout phenomenon abd is well suited

to the characteristics of the process. DurinE a run, the

test section current is increased quite slowly. Therefore,

any bridse unbalance due to varying tube temperature can

be readily compensated by manual adjustment of the

variable resistors. At hibg heat flux, in the nei*hborhood

of burnout, the test section is normally almost isothermal,

so that, while the magnitude of the test section resistance

may vary, the resistances of the two portions of the tube

remlain in a relatively constant ratic to each other. This

makes manual adjustment unneccessary near the burnout

point.

Almost without exception, the burnout detector has

successfully prevented failure of the test section and

permitted. the actual attainment of the burnout condition

in the test section. The fact that the detector is not

firing prematurely is periodically checked by allowing

a test section to fail while observing the time between

the discharge ofthe capacitor and the appearance of

steam or other evidence of failure. These two events occur

simultaneously,



BuMno data were taken at 500, 100., and 1500ooPflW

system preasurP and at water inlet velocities -f ••and 10

feet per seco.nd. These data are presented in Appendix A.

Another, previ•u•sly unpublished, set of data taken in the

same range by John Lehtinen on the MIT apparatus is pre-

sented in Appendix B.

3.1 Discussion o..f results

Th e apipa.rattus used in this work has been employed

for a number of years in studying the nucleate boiling

process,, and its IMitatians are well known. The

following errors are inherent in the measurement and

Scomputation schemes:

a. Heat flux is known to • 3%
Sb. Flow rate is known to k2%

c. Inlet and outlet fluid temperatures and

test section-wall temperatures are known to 20 F.

These quantities are interrelated in three measures of

heat rejection. Heat rejection may be determined from:

a. The difference in inlet and outlet fluid

enthalpy as measured by the corresponding temperatures

and obtained from a table of properties (ref 3) multiplied

by the flow rate.

db. The product of current and test section

S voltage drop.

5-"
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.... ummation of hesat releo•se in the nine wall

sections based on the tube resistivity at ea.ch of the nine

wall temperatures and current.

These three e, omputaons yield the.* 3% hept flux

variation.

Burnout data is recorded pn a 16-point Brown recorder

since it is impossible to achieve steady state at the

burnout point. A complete set of data extends 16 seconds

before burnout occurs so that some temperature readings

must be estim.ted to * 30 F. Current and voltage readings

are printed three times during each recorder cycle, so

that errors in those readings are not increased.

i -



4. CO•RE'LTION OF THE DATA

4.1 The Correlation

In an effort to evaluate the data taken at IT in

relation to other data, a burnout correlation was under-

taken. The objectives of this correlation were to unify

the •lIT data, to bring outside data into agreement, and to

do it in terms of easily measurable quantities.. In short,

to determine a reliable enrineering correlation.

The logical starting point for such a correlation

is the fluid properties at the point at which burnout

occurs, i.e.atestse tio exit. It Was found that the simple

propertie s such as bulk qu ality, density, flow rate,

pressure,, and heat flux do not exhibit any obvious rela-

tionship' among themeselves over a su-tficiently wimde range

of condi zions to be of significant use. Qualitatively,

however, one can deduce from these properties the fact

that increasing exit bulk quality reflects a decreasing

maximum heat flux at constant pressure.

In studying the effects of the various properties on

heat flux, it was found that the average exit flow velocity

(assuming no slip between phases).correlated the !IT data

extremely well over the range of pressures studied. Un-

fortunately, the relatively simple expressions involved in

that correlatio-n proved inadequate when applied to data

taken elsewhere, and it was discarded. Another parameter
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was sought in the areaof bu bble mechanics, Th theoretical

li miting siz .of bubbles has .bee ext~~iiv-ely disaussed in

the itrature and recently y P. G ffith in referee 4.

ogn 8eptally, the resuls of these analyses reveal that

there is a predictable maxims bble size attainable in

nue!gate boil-ng why t he average temperature of the stream

is below the saturation temperature at the pressure under

consideration. From a mechanistie viewpoint, the bubble

is considered to reach its maximum size when there is zero

net heat tranf er across its surface. That is, the bubble

will not grow beyond the point at which the heat rejection

to the suboooled stream equals the heat absorbtion from

the superheated region near the wall. This reasoning

cannot be used to determine bubble size in a stream at

saturated temperature, but the concept of a limiting

bubble diameter ean be applied if a suitable criterion is

devised..

Consider a two-phase flow having a vapor core and a

liquid film on the tube walls. According to data taken by

Marshatierre (ref 5), it can be reliably assumed that no

slip exists between the phases for sufficiently high flow

velocities. Assuming that one can predict it, the thickness

of the lio•id filt on the wall constitutes an acc*table

measure of maximum bubble diameter. In this report, the

film thickness is described as that consisting of all

;" · ' ' ' ' :'- ' '
- ': --. i
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the liquid in the exit plane evaluated at average outlet

quality. While it is quite certain that this ia not

actually the flow condition, this approximatio is suffi-

ciently accurate for correlation purposes if a constant

fraction of the film heieht so computed is realized in

each case. This film thickness (referred to asS here-

after) showed significant promise as a correlating factor.

At this point a dimensional analysis was erformed

with the assumed relation of the form

where C" heat flux

= cross sectional dimension

- liquid film thickness

V. exit velocity

r exit specific weight

saturated liquid specific weight

r0 surface tension

The choice of outlet density in this functional

relationship was somewhat arbitrary since it is already

implicit in the exit velocity term. It was felt, however,

that some means of distinnuishing between exit velocities

for high flow rate-low quality systems as opposed to low

flow rate-hiEh-quality systems was necessary. Since 4
was needed if the film concept was sini--icant, r was

used as the distin-guishing factor rather than G, the
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:Surface tension was fl to b&imporat since ... it is

reflected in two iiportant areas,

SSurf ace tension plays a significant role in

the determinaton of wall superheat, "~•. (:: .

b. Surfrace tens1oni can be expected to be an

important factor in determining the character of their

liquid films: on the.wall. It would have an effect on

the stability of such a film and, for vertical tubes,

would determine the amount of eliquid thrown off the wall

to the stream by the action of' the bubbles.

The result of the dimensional analysis is:

Qualitatively, the first term on the right-hand

side appears reasonable. Increasing surface tension

indicates increased wall superheat and increased integrity

of the liquid filni, both of which would be expected to

increa• se heat flux. Increasing velocity would be expected

to have a. similar effeet. The appearance of all terms

to the first power is, however, somewhat startling. It

will be be seen below that this dimensionless group is

in fact erroneous in the relationship of the quantities

within it to each other. It does, however, appear to

include all the 4nigicteant quantities.

When this functionall relationship was tried with

(.1)



the two right-hand 6oups invo.lved as a preduat to hefirst pwer, a satitf••try correlaio ws 1t

dt ata t eonstant specific flow rate, G, over a range of

prAssures. It was n ecegsary to multiply the right hand

term by 5 to make the correlation applieable to all

flow rates.

This add.ed flow parameter apparently .reflects the

changing heat capacity per unit time of the system rather

than a flow phenomenon, sinee R ynolds Number was tried

unsuecessfully as a correlatin factor.

Finally, an additional factor of 0.5 was required

to bring the Argonne National Laboratory data on a .306"

diameter test section a4d the Westinghouse data on a 2"

x 0,97" reetangular test section in line with the well

astablished eurve for .13" diameter tubes.

The final correlation is

for the units as shown in the nomenclature, i.e. all

quantities in consistent feet-hoor-pound units except

q" (Btu/hr-ft).

The quantity )is computed as follows. For both

circular and rectangular test sections,

in the notation of ref 3.[ where y is
For rectangular test sections the characteristic channel

dimension is taken as the hydraulic diameter.,

.. t ..



3.

Equation (3) may be written

1'I

for circular test sections.

4.2 Discussion of the correlation

The correlation is shown in fig 3 for the vIT data

which is summarized in appendices A and B. Figure 4

presents the correlation of the Argonne National Laboratory.

data (ref 6) which was taken at 2000 psia on a .18" diameter

tube and some Westinghouse data (ref 7) taken at 2000 psia

on a 2" x .097".rectangular test section. Finally, the

correlation is extended (fis 5) considerably to include

some low flow rate data taken at tEIT by J. A. Clark (ref 8).

The dimensional correlation presented above appears to

have considerable merit because of the range of variables

covered with a reasonable scatter of the points. The range

of variables covered by the data in the main body of the

correlation, above /RD=-OJ is as follows:

a. heat flux, .2 x 106 to 2.8 x 106 Btu/Hr-ft 2

b. specific flow rate, .17 x 106 to 3.6 x 106 lb/Hr-ft 2

c. pressure, 500 to 2000 psia

d. exit bulk quality, .006 to .60 (successfully)

e. tube L/D 50 to 76

The low /R data extend these ranges as follows

f. heat flux to .05 x 106 Btu/Hr-ft 2



*6•.low rate.. x 1 6 t 2

h. peasur to n00 p sia

1. :it ?~.1.ulk q• W to .93

Thefac~t that the correlation extends throuh these

ranges indicates a•ontiuity of one mechanism of burnout,

here e areos sible exceptions, however. As shown in

figure 7, the large tube AN data scatters •onsi erably

and completely breaks away at qualities above 65%. Study

of the 2000 psia Westinghouse data qualitatively confirms

this trend at high quality. The reason for thisddeparture

is not known. While it appears to be a physical phenomenon,

it may prove to be amplified scatter as discussed below.

One question which arises immediately on examination

of the correlation is with regard to the opredic-tion of

decreasina g burnout heat flux with increasing flow rate at

constant quality. For example, the correlation predicts

a value of 700 x 10-1 for the quantity at •t 1 .0,

Srequiring that heat flux at constant pressure be inversely

proportional to tthe equare root of flw rate. While this

relationship is aesurate over the range covered by the

1M.I.T. data, there exiat, significant qtthtities of data

showing an Increase Of heat. flux with flow rate. The

dividing line betwepn these opposite relationships has

not been determined. Comparative data is difficult to

obtain in this area since heat flux is so sensitive to

exit quality that it must be more than approximately



/S."

0 constant for a vald comparison to be made. Vrom the

Scess of the e orreation, it is obvious that the ijVerse,

relationship generally apPlies when large change of the

parameters occurs In general, large increases in flow

rate yield lower heat flux if quality remains constant,

but there are "runs" of data over small ranges of flow

rate (less than 20' variation) showing the opposite effect.

While the answer to this problem is not now known, it is

hoped that the correlation will satisfactorily tie the

major ef9ects together permitting a study of this "secondary"

effect which is necessary before a complete understanding

of the burnout process can be obtained.

4.3 Va-ii_ of the licuid film concept

This paper shows that a correlation based on a

somewhat nebulous model involving a liquid film in two-

phase flow with at least a constant slipi rtwi between

phases ies applicable over a range from .8 to .0001.

The rnobability of such a simple concept being valid over

such a wide rang•e appears slight and consideration has been

Jiven to dropping the nomenclature in favor of a "function

of quality." The fact that a logical application of the

film parameter to rectangular channels is not successful

lends some weight to this consideration. However, the

lack of conclusive evidence coupled with a dearth of other

physical explanations for the particular combination of
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proe .r.?sulte in rt ntIn oft- i thicn

n0oation. TIn shr•t r, there aears to• he no other explana

tion f :ts s••as xept tat it is reasenably a~ erate

over a wi4e ta•ne.

.4 4 Limiatations f. the correlation

The ~orrelation presented in this paper is restricted

to the prediction of burnout in wat-er systems with vertical

test sectIons and upf low. In addition, it is specifically

directed to•C•d•bur outs.With net exit bulk qualities.

The correlation is also untried for tube diameters outside

the range .18" to .306" and the D range from 50 to 76.

In addction to the above limitations of the data

correlated, the form of the parameters involved have the

haracteri st -ieof greatly amplifying experimental errors

in certain rages. These parameters are, to a certain

extent, self compensating. For example, a positive error

in exit qVality produces a negative error in the ordinate

and a negative error in the abeissa tending to bring the

point back on the curve. The degree of self compensation

is a functianitf pressure and quality as shown in fig 8.

In general, increasing quality and deereasing pressure

increase plotting errors. The relations shown in fig 8

represent the equations

dr rr,%d

· r· ri· z
('7)

-
; i

i ·: ·

I
i ·

16.
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Er•r•: rin the diret measurements., of heat flux and f.lw

rate are reflected in qulity &,as a f ne: ion of inlet

Shere4W Zis the enthaly rise in the test section

and 4b iw the differenee between sat uated liquid enthalp

(4 of ref 3) and fluid inlet enthalpy. This relation

indicates that very large errors in qgality are possible

at low qualities although the direct measurements are

quite accurate. This explains the deviation of the highest

points of the CIT 1500 psia data which have qualitib~ of

.06 and .,006.

4.5 Prediction of peak heat flux from the correlation

Unfortunately, heat flux is implicit in '/R and Yae

w~• .~so that it cannot be read directly from the curve for

a given pressure and flow rate. A trial and error

computation is required. However,. experience with the

correlation indicates that three trials are sufficient

for an accurate graphical solution. Convergence on the

predicted. value is rapid and the value itself clearly

defined. A graphical interpolation for one solution is

Siven in fiSure 9.

-I .

i



5. NOME .. TURE

- heat flux,

- ro ss sectional aiPnasion,

- ,oe-half channel heisit,

-- pee ific wei t,

- spesific volume,

- surface t.ension,

- thickness of liquid film,

Z - mass qtality

- volume quality

- test section heated length

subscriots

o -test secti.on outlet

Lt -est Sec tion inlet

f - saturated liqid

S - saturated vapor

fg - difference of property values at

satu"rated liquid and. saturated vapor.,
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2PENDIX A

M.I.T. iurnout Data

Inlet
Temp. (

372
356
395
380
394
308
314
249
249
476
474
409
485
463
509
461
357
336
318
259
323
253
232
279
312
347
530
509
495
464
320
352
375
382
400
454
516
495
506
434
438
388

Pressure
F) (psia)

516
565
555
585
545
545
545
545
535
1005
1005
1065
1035
1025
1015
1015
1015
1040
1065
999
1015
1010
1035
981
1020
1025
1520
1515
1525
1525
1510
1485
1505.
1505
1510
1515

1510
1550

1525
1525

Flow Rate
(lb/hr-ft2)10-6

1.97
1,10
2.00
1.94
0.99
2.04
1.02
2.12
1.04
1.77
1.64
1.88
1.84
1.85
0.89
0.95
1.00
1.01
1.02
1.04
1.02
2.13
2.13
2.08

2.02
1.76
1.76
1.79
1.88
1.02
0.986
0.99
0.964
0.954
0.938
0.86
0.881
0.882
1.89
1.89
1.94

Heat Fl7x
(Btu/hr-ftc)100-

2.22
2.05
2.11
2.07
1.98
2.54
2.09
2.80
2.30
1.53
1.53
1.97
1.47
1.60
1.32
1.49
1.84
1.79
1.83
2.08
1.81
2.56
2.81
2.55
2.39
2.18
1.25
1.37
1.45
1.60
1.67
1.52
1.61
1.47
1.45

1.14
1.21
1.15
1.59
1.69
1.97

Exit
Quality

.15

.33

.17

.14

.42

.09
.31
.03
.30
.145
.155
.072
.138
.123
.41
.35
.24
.19
.16
.14
.18

subc.
It

.11

.08

.06

.006

.019

.06

.12

.10

.13
.20
.29
.27
.24

subc.
"I



21.

M.I.T. Burnout Data
taken by J. Lehtinen

Inlet
Te'Q. (°F)

420
436
424
421
343
538
544
396
502
497
499
542
509
465
452
461
462
427
410

400
414
291
298
264

Iressure
(psia)

10o55
993
1015
1053
985
9835

975
1009
1010
1010
1020
1020

527
535
555
575
535

565

535

540

Flow R te Heat Wl1x
(1b/hr-f )t 10O (tu/hr-ft) L0 -

0.964
0.961
1.91
1.91
0.965
0.866

0.895
0.886
0. 8890.886

1.70

0.936
0.939
1.8
1.86
0.971
0.936
0.962
2.01
1.93
1.02

2.10

1.51
1.62
1.80
1.82
1.82
1.41
1.29
1.39
1.43
1.51
1.52
1.67

1.52
1.82
-.87

1.90
2. 00

2.01
2.14
2.12
2. 19
2.59
2.86

Exit
Quali ty

.25

.29

.062

.053
.20
.46
.44
.38
.41
.43
.44
.20
.21
.47,
.47
.23
.24
.45
.42
.39
.16
.18
.30
.057
. 036



AGON7E 'T.TIKNAL L3ORATOiRY

Burnout 0Data, .18" Tube

2000 psla, L/D - 64.5

Inlet
Teinm. (o?)

625
6!3636

595
633
5856
590
627
614
635
608
013
619
587
622
623616

611
512
597
598
581
624

624

Flow Rate
(13b/hr-f t1 )10 - 15

3.50
3.56
3.44
2.57
2.94
3.30

3.850
36-30

3.58
3.47
2.54
2.51
3.00
3.58
2.71
2.68
2,74
2.88
2.94
2.90
3.05
3.10
3.22
2.04
1.89

Heat Tlux
(Etu/hr-f t 2 ) 10 - 6

0.850
1.00
0.745
0.995
0.682
1. i5
1.15
0.820
1.00
0.742
0.863
0.845
0.820
1.14
0.746
0.735
0.805
0.799
0. 850
0.3 840
0.990
1.00
1.15
0.658-
0. 6 60
0.660

Exi t
Quali ty

.094

.074

.121

.077

.118
.028
.016
. 095
.077
.115
.091
.104
.090
.014
.101
.104
.091
.071
.072
. 075
.048
. 049
.019
.136
.102
.151

S2.
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29TTDIX C (con t ' d)

G027~ NATIONAL L3B0R" u;IR

Burnout Data .306" Tube

2000 psia, L/D : 76

inlet
Temp. (0-F)

600
631
609
628
633
515
632
584
629
525
525
633

504
513
599
618
507
523
580
465
627

7low R te
(1b/hr-- t )10o-

0.186
0.188
0.157
0.210
0.241
0.1833
0.304
0.314
0.353
0.230
0.246
0.435
0.268
0.226
0.241
0.398
0.505
0.618
0.725
0.441
0.534
0.550

Heat Flux ,
(Btu/hr-f t 2 ) 10-

0.,176
0.169
0.198
0.196
0.215
0.258
0.245
0.276
0.278
0.328
0.327
0.318
0.350
0.357
0.356
0.356
0.346
0.587
0.600
0.393
0.595
0.346

Exi t
,uali ty

.495

.574

.676

.580

.580

. 840

.515

.407

.491

.619

.560

.470

.525

.570

.620
.459
.384
.262
.218
.403
.380



,Ot 07

21k

h

r

i

o
\r

r

I')

U4.

'5



4.J

1%

4'

*

Ke

IJ



2 3 4 5 7 801 2 3 4 5 6 7 89 A,$···" ·i :: . : ..."• :, :il ' "•;' "![: •J••"• iiiii"': : 1 'l: I:' "
::;· .... . i. "

I: : -I'

* , , 1 f " i.

· ·. : :.: : ... '.
..

: · · · · · · ·

, t:. · : : 
,' '•.fii

I 7[

, , --1 1 -i:L! ' ' ' ( : '

... ..... ! I-i IL.
. . . ... .

..... .. __-. 
- -- I.-

" 9I
:!2'~' " (1

* 1 .. -~~:--rf-I -t--t-+t- -; -1 _

"1 I - _ _ j " I
4. . .

.... i;

: 
l 

, 
I · I·- I -j

t I ii Ii-:-j 1± i j7 Ir "_I i " i

16 7' ' 3 6---
.. , , i ,. ,· I

,'~- ,r . 2._z

901
a.i

) s

oil

i 78 N 1

6 7 891
ohe1

II

IT.3.

8 OL.2 3 4 " ( 7 81 3 4 5 0 7



I2 .

. j /.o

Mip

, i iff



: i

, ---- --- T---T-1 .-, __________I I i -
-........... . .... .. : . .i - - -- -- i- i - _-

-'... / ..

,, _ z i i "i

- • -. . . ... .. -..

o '•

"*

I · i· I,~..~...i._ ;,........L~-.-·· .- ·(..r ..-...... -LI
. .- t : . . . I .-.--
9 -7 .j ,: -:,

._... 16

S. ... .... .. ... ..
---- F-·-~~-- ·· ·--··· -· -r--b-·- ·

. w I!.... ..... .. ..... '
i~~ • i ii i:i jii llI~ri~-i :iiiifi5 :- i :• i• . .ii~ itiIiiiii:·lii ,:iiiiifiiti

....... ......... P,

:m w:.I:'"
. .. ... ! ~ .... .... ... .. .. ..

. ~ ~ ~ .... .. .. .... .... . ..
:• :: ::.

77~ ·1: I :

,l i i , , i i

P...

l,•~~ ~ ', I•

A oi1 1.5 2 2.5 3 4 5 6 1 8 9 11 I.j 2 2.5 1 4 5 li 7 9

JMR11"WC

• ll

i I ·- ·- · · (-- "I' I · · I I- I ( I I· I r I I I 1 L_ 1 i I I I I ' '

---1---lt·lt·~~:::::~r::rll~t:l~t~-:t-~ : : : : : :I·: -: 1:- -·I: --·I I I :~~I I II . i i Ii - "



• i

A. T . I .;0

.. ... T -,-t
, - _ {s 4 t

__ , , 7
.....

-... .-- --.. ...- 1

-... -- -
. . . .

• .... .. • • .• ,• • • ...

901S)

4;

16

3

50'
'I

8

4;

07 7L1i -_
--

/46-

10t
,0_ 3 64 0 ' O L

789
I 0 

0 to : n .1 r\ (1 ~ not
! ! 3 4 5 6

0 7 . 3 4 5

I ml?O/#f/<;



30.

...._~ i _~_~~_~~ ........_..... ....:"-~.:.-"-; • _ -I.-y.. •• ... ..... ... . ........· ~~-Ir-- ·;---·-- ·--- }-~ .... .... .{ i , !r-_:: ... ... ....
............. ...... ... . .. . . .... ..·- ··.·-r----- •, i ~-- •;`;---- " i . ". . . . •....

.-. i./··e- F-·---·-* - 1---1- ur^~`_- y'~'"~ .- ~
1/$ Ag dd

,-.^ll~r- - ---; ---------·-.----.- - -.i-----l·--~-

r ·- I

--.- -. __ I- ·)----

t :i: r : i -- r-

Irl - . .t i i- iii :iZd iji i: :j i:i- I- j . I ~.-i.-l;l- 
I:

c· i i ; ·i 1· ·
:Ij ii j

i :r -:::_ :1
~_iLI.~,-l;-lrl,,._-1--l~C1111.~---~--^

; i I: i-:..-i
:t 1~---·: - . - : : : li::_:_ - 1_1__~_~.~ i Zi- 1' I r 1 -1·; ·!

-::: : : : ./ ii· i'
YI--~Y-IY.IQ^·L : 1:I i - i

i
i j: I 1 i· 1

·--- I 1 : I~

I.. _
:i-::

· :::::'_-::·i-i_

il-

:; Iif: ; .- ;:::::
;-----~-71~~--:1~'^--;I

;

·-:·:;1
: · i - I I '.

i _.-.; -:1111-::1.,,,.-. --IIIII--~LL~-~I~. I-I·1^I~-1- .---ec--^ I-' ·-;i--·i·-·:·- ii _.: i __; .- _. i

I IL-:i 

'·:i ;

· V

JIj--i-j -:: ...- :: ::: :
c?.1 /0::1-



/92

"3

*81

',7
, 7 , ,/ Z,

i/A/FL'ap

3j.

~E ~:(~L rs~~/J


