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ABSTRACT

A detailed examination of the literature pertaining to subcooled
critical heat flux was conducted, Subcooling, system pressure, mass
flow rate, system geometry and flow stability were determined to be
the important parameters in determining critical heat flux, The effect
of each of these is discussed in detail,

Various schemes for correlating experimental critical heat flux
were subjected to critical examination, Form, content and cémparison
with experimental data were the bases for evaluation, The correlation
of Griffith was found to compare most closely with the experimental
data over a broad range of variables., A linearized correlating equation
was developed for the MIT low pressure (30 to 90 psia) data, including
.that determined as part of this study.

Critical heat flux was determined experimenially for pressyres
from 30 to 90 psia, mass flow rates of 3.69 x 10° to L, 76x1
lbm/ft2-hr and diameters of 0,047 to 0.2L2 inches over the subcooled
region, The experimental data obtained is in general agreement with
that of other investigations, This low pressure data, when combined
with the results of previous investigations, provides a fairly complete
picture of subcooled critical heat flux for tubes up to 0,25 inch
diameter., A graphical interpclation scheme is presented by which it
is possible to obtain predictions of critical heat flux which are
generally superior to that of the mathematical correlations,

Thesgis Supervisor: Arthur E, Bergles
Assistant Professor of Mechanical Engineering
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I. INTRODUCTION

In the continuing search for devices of higher energy flux density,
more and more emphasis is being placed upon boiling as a means of
increasing heat transfer rates with moderate temperature differences.
Current developments in high energy electromagnsﬁs, high performance
electron tubes and rocket motors require very high heat fluxes in
cooling applications., Although heat fluxes well in excess of One
Million Btu per square foot per hour can be obtained, heat fluxes
camnot be increased without limit. For a given set of flow conditions,
there is a limiting Critical Heat Flux (CHF), at which the transition
from nucleate to film boiling occurs, At this point, the wall temperature
increases dramatically, usually resulting in catastrophic thermo-mechanical
failure of the heat transfer surface. One also finds references in the
literature to this as "burnout", and "the beiling crisis",

Often, the most desirable mode of boiling for heat transfer
’applications is that of surface, or subcooled boiling, where the average
or bulk fluid temperature remains below that of saturation, In this
case, vapor formed at the surface condenses when it comes in contact
with the cooler main stream, The Pressurized Water Reactor uses water
at high pressure (2000 psi) as coolant and moderator. The high pressure
allows sufficient coolant temperatures for further heat transfer and
power generation, while maintaining bulk temperatures below saturation,
The maintenance of subcooling is important in reducing void fraction
and retaining continuity of the moderator. The electromagnets and
electron tubes are generally cooled by low pfessure systems where the
expense and complications of high system pressures can be avoided,
Utilization of subcocled boiling eliminates the complexities of twow

phase flow, as well as the mechanical complication of condensing
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equipment; however, the CHF problem is still present in subcooled

boiling,

Over the past sef'_reral years, mmerous studies have been concerned
with this CHF problem, A great deal of experimental data is available,
under various conditions of flow., Investigators have usually selected
certain parameters and investigated the effect of varying these within
certain limits, The majority of the previous experimentation has
been conducted with uniform heat flux and round tubes, This investigation
has been limited to this region.

The first phase of this investigation consisted of a search of the
literature to determine the flow conditions which had been investigated.
Techniques, generally in the form of correlating equations, have been
proposed for predicting CHF, by almost everyone who has conducted
investigation in this field. One _.phase of this study has been concerned
with a critical examination of the techniques and their form and

‘agreement with available experimental data.

Another phase of this investigation consisted of compleiion of
some previous experimental work. Experiments were condﬁcted at
selected tube diameters, at low pressures and various flow rates,

Data thus obtained, when combined with that in the literature, provides
a picture of CHF, for tubes of small diameter and flow rates of interest,
over the_complete range of pressures, from 30 psia to just below critical

pressure,




I1. PROCEDURE

This was a two part study; a survey of the current literature
and correlating equations and experimental determination of Critiecal
Heat Flux (CHF) under certain conditions,

First, citations of all of the current literature concerned with
Subcooled Critical Heat Flux were obtained, From these, the majority
of the literature was reviewed, and experimental data and proposed
correlating equations were recorded for further investigation. A
large part of the work in this field has been accomplished in Russia,
consequently certain information is available only in the Russian
Journals, untranslated., It was usually possible to extract data and
proposed correlating equations without complete translation of the
particular paper,

A listing of proposed correlating equations was prepared. These
were compared with actual experimental data from various sources,
including the experimental phase of this study, in an attempt to
determine the validity of the correlation schemes,

Experiments were conducted to determine CHF for predetermined
values of the important variables. The dependence of CHF upon
subcooling was determined for three fixed values of mass flow rate,
with constant system pressure, tube length and diameter, This data
completes the low pressure end of the study of Ornatski and Kichigin

(ky 5 and 6), Then, using one of the same flow rates and préssures,

and holding exit subcooling constant, dependence of CHF upon tube diameter,

and upon tube lengthe~diameter ratio was determined, Next, the variation

of CHF with changing entrance forms, with the other variables held

constant, was investigated, Finally, tube diameter was changed to obtain

comparison data, and to determine the maximum CHF available at the



larger diameter with the experimental apparatus.

A1l of the experimental data relating to subcooled critical heat
flux that has been obtained within recent years at MIT was collected,
converted to similar format and placed on machine data cards in
anticipation of future studies,

A detailed description of the experimental apparatus and procedures

employed is contained in Appendix D and E.




III. RESULTS

FACTORS INFLUENCING CRITICAL HEAT FLUX

Although there has been a great deal of research and investigation
in this field, particulary in the last decade, there exists today no
clearly defined, universal, mathematical description of the process
which results in a limiting CHF, Pool Boiling is itself a complex
problem, the additional conditiors of subcooled, forced flow tending
to cloud the picture even more. Attempts at dimensional analysis,
and treatment of the problem from basic equations have, in-the main,
produced little information, usually yielding long, complicated
functicnal relationships and involving simplifying assumptions noct
necessarily borne out by experiment.,

It is generally accepted, however, that subcooling, system
pressure; mass flow rate, flow gecmetry and stability are the major
factors in determining CHF, These variables evidence various degrees
of interdependence, and in discussing the effects of each, this
interdependence must be borne in mind,

Effect gi Subcooliqg

Subcooling is essentially a measure of the amount of pre-heating
required to obtain boiling. This is generally measured as the
difference between outlet bulk temperature, or more precisely enthalpy,
and that at saturated conditions. This is reasonable for uniform
heating, in that failure normally occurs quite near the downstream
end of the heated section, From another viewpoint, subcooling is a
measure of the cooling effect of the main stream. Thus CHF increases
with subccoling. There is a tendency in the literature to treat CHF
as linear with subcooling, This is not the case, but it is in general,

not a gfossly inaccurate approximation. In the region of low values of

9
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subcooling the data shows a distinct non-linearity, as a minimum value of
CHF is reached,

Ef fect of System Pressure

System pressure plays an important role in determining CHF, although
the effect is less dramatic than in Pool Boiling. In a recent DuPont
study, it is stated that a variation of system pressure from 60 psia
to 1000 psia has little significant effect on CHF:z this in tubes ranging
from 0.3 inch to 0,89 inch in diameter., Hcwever, this is not borne
out by the other experimental data (9). A pressure increase from
600 psia to 1000 psia results in a reduction of CHF of as much as 25%.
Further increases in pressure above 1000 psia result in further |
reductions in CHF, At lower pressures there is disagreement over the
effect of pressure, McAdams (32) and Gunther (33) report no effect up
to 163 psia, while Mirshak, et al. (31) show a préssure dependence 6ver
the entire pressure range considered. Bergles (11), reports a 15%
increase in CHF, for an increase in pressure from 20 to 85 psia,

Chirkin and Tukin (24) demonstrate that increasing pressure, in the
low pressure region, increases CHF, Their pressure effect is much
stronger than that of other investigators, however, it is now felt that
most of their data suffered from instability problems which could have
clouded the real picture,

The experimental data does suggest, however, that for fixed geometry,
flow rate and subcooling under conditions of stable flow, there is some
pressure for which CHF attains a maximum value, The pressure at which
this maximum value of CHF occurs is not clearly défined, being dependent
upon mass flow rate, and possibly the other variables as well, It is safe
to say though, that under conditions of reasonable flow rate, this maximum

occurs somewhere between LOO and 600 psia. Unfortunately data in this




region is scarce,

There is a tendency noted in the Russian papers to correlate data
with straight lines whenever at all possible, In discussing the
variation of CHF with diameter, Doroshchuck and Lantsman (9), have done
this, However, a careful investigation of the datu of this study shows
that the variation of CHF with exit subcooling is indeed not linear,
especially at the very high pressures. It is found, that at these high
pressures CHF becomes less dependent upon subcooling as subcooling is
increased. This suggests that at pressures near critical, and with very
high values of subcooling Othat greater than 200 BTU/1b), CHF becomes
somewhat independent of subcooling. Other high pressure data shows
this same general trend (L, 5 and 6), This would, of course, require
further investigation to be throughly substantiated,

Effect of Mass Flow Rate

Generally, in the subcooled region, increasing mass flow rate
results in an increased CHF, This is easily visualized since the
increased flow sweeps the bubbies away from the heat transfer surface
more rapidly, replacing them with relatively cold water. However, the
rate of increase in CHF due to increased flow rate is pressure dependent,
At high pressures, the effect of increased mass flow rate becomes less
pronounced,

Effect of Geometry

The majority of the research and study in this field has been

limited to round tubes and annular fluid passages., The gross effects

of the other variables however, are much the same for any cross section (8),

In general, for given flow rate, pressure and subcooling, CHF is greatest
for a circular tube and successively lower as the geometry becomes more

complex. "Swirl flow" is one exception to this, The ratio of heated




perimeter to total wetted perimeter has been suggested as important in
the case of "swirl flow" (12).

Investigators disagree whether there is a range where diameter has
no effect, Doroshchuck and Lantsman in a recent study (9), conducted
tests for four tube diameters over most of the high pressure range,
(735 psia to 2500 psia), with exit conditions from high subcooling
(Ahg, =200 BTU/1b,) to bulk boiling (Xgxi4*0e2)e This study showed
CHF decreasing consistently with increasing channel diameter, Earlier
investigations show decreasing CHF with decreasing diameter, Both
Chirkin and Tukin (2h) and Kafenhaus and Bocharov (26) report this,
Again, this is now felt to have been in a large part due to flow
instabilities in their systems, DuPont (8), Mirshak (3) and
Zenkevich (14) note no diameter effect. Bergles (I11) notes a strong
inverse dependence of CHF on diameter for small diameter tubes, but
he shows the Zenkevich Predictionv(lh) as a possible asymptote for
diameters greater than 0,3 inchese

With flow rates high enough to eliminate the effects of natural
convection within the passage, channel orientation has little effect
on CHF,

The effect of heat_;ed length has not been completely determined,
In general, the length, or length-d:_lameter ratio, is not important if
the length is long, or L/D is large, The popular ccnception is that
CHF is determined by purely local phenomena, thus as long as the flow
is fully developed and entrance effect;s play no part, the length is
not significant. But the question of how long is long enough has not
been satisfactorily resolved, partly because of the interaction of the

variables, In general, the Russian studies consider an: L/D ratio of

10 to be large enough to eliminate the length effect, This conclusion
12




has not been completly verified, Bergles (11), in a low pressure stpdy,
showed an L/D dependence existing for L/D on the order of LO. Doroshchuck
and Fried (18), present data for tubes of 0,12 inch diameter at 1500 psia
that shows no difference in CHF for L/D of 1, 50 and 100, over a fairly
braod range of exit conditions. DuPont (8) suggests consideration of
the temperature gradient down the heatéd tube, The temperature difference
.is of course dictated by the First Law of Thermodynamics, so what this
gradient really reflects is a length-diameter consideration.

In general, CHF decreases for increasing 1/D, but for high pressures,
the dependence of CHF upon L/D becomes less significant for values of
L/D greater than 30,

Effect of Flow Stability

This refers to pulsations in flow and pressure, resulting from
compressibility effects in the heated sections., If there is an expander
or accumulator upsteam of the heated secticn, there is a distinct
possibility of producing a flow oscillation which will periodically
reduce the flow near the ﬁube outlet and perhaps cause a premature
failure of the heat transfer surface. Bergles (11) points out that there
are two types of instability: flow oscillation due to compressibility
and flow excursion due to system characteristicsy Flow conditions under
which these pulsations dec effect CHF are considered unstable. The result
of unstable flow is a drastic reduction in CHF, with unstable flow
resulting in heat fluxes as low as 20% of the stable value. Stable flow
usually can be insured for subcooled boiling by installing some sort of
throttling device (orifice, valve s etc.) in the system just up-stream of
the heated section., Doroshchuck and Lantsman used a pressure drop of

L70 psi in their high pressure studies (9, 10). Bergles (11) reported a

pressure drop of approximately 185 psi in his low pressure work.
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Further discussions of the stability problem are contained in
Ref, 7, 11 and 28, The stability pfoblem is particulary acute in
syéﬁems cormtaining heat exchangers with parallel tubes from common
inlet and exit headers, where a substantial amount of ccmpressible
volume may exist. In any event, the installation of a pressure reducing
device, and the resultant loss of downétream system pressure, is more
than justified by the increase in CHF,

Effect of Secondary Factors

Several other factors have been investigated to determine how they
effect CHF,

Surface roughness, for reasonably smooth, (commercial quality)
channels has little or no effect (7, 1L),

Dissolved gas in the flow stream, in small amounts, has a negligibly
small effect on CHF (17).

For heat flux unevenly distributed around the heated perimeter,
reak heat flux was found to increase. For heat flux unevenly distributed
along the length cof the heated channel, qualitatively similar results
have been obtained (7). Tests have been conducted under conditions where
the heat flux was ferced into a cosine distribution along the tube and

CHF was shown to be reduced by some 30% (11).




CORRELATING EQUATIONS

General Discussion

Numerocus schemes have been proposed as correlating CHF data, and
by which CHF can supposedly be predicted, The earliest of these are
of a power function fcrm:

(a/8)ep = A+ BC D Ef
where B, D and F are the important variables, cr combinaticns of them,
and ¢, e and g are experimentally determined exponents. Usually
correlations of this type tend to neglet the interaction between
variables; in other cases the exponents themselves are functions of
the controlling parameters. Another broad category includes the
"superposition" correlations, those ccmbining pool beiling data with
forced convection heat transfer information, These correlations are
often long and difficult to use.

Several atterpts have been made at analytical treatment, Zenkevich
(1L) and Ryabov and Berzina (36) with dimensional analysis and Griffith
(13, 17) with 2 theoretical analysis. Other equations were developed
by "brute force" data analysis, using computing machines. DuPont
favors a forms

(a/B)cp = C (1 + Cal) (1 + CpeB) (1 = C34D)
where A, B and D are the influencing variables, (pressure; subccoling,
diameter, velocity,) and C, Cy» C2, etc, are constants,

In general, the correlations are limited to specific ranges of the
variables, departing radically from the experimental data in the excluded
areas, In some cases, one finds correlations developed from a part cf
an experimental study, using certain data and excluding other. This
technique is usually accompanied by a statement to the effect that so

many percent of the experimental results agrees within plus or minus so much,
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In cases such as this, the potential user is obliged to examine the
filtering procedure as closely as he does the correlation itself, -

As a result of this state of affairs, one phase of this stizdy
was concerned with examination of correlating equations. The listing
of correlations is not all inclusive, Several correlations wereexamined
and discarded, generally due to their ma:ked similarity to others,

Of the correlation schemes examined, the following are those
whiéh agreed reasonably well with the experimental data, or illustrate
some point,
Details of Particular Equations

(@/A)op = 0.h27 x 10° x (2.59 + %56)1'31 x (hg - 5) .77 x( Igﬁ) 406

Range of values: (q/A)gy ® Btu/hr-ft2; p = 2000 psia; G = ,2 x 106 =
5.0 x 100 1bm/hr-£t2; Ahggy = O = 130 Btu/Ibm
This correlation is compared with experimental data (figure 9)

for conditions very nearly identical, from three different sources,
In obtaining this data from the various references, a certain variation
was unavoidables two people do not conduct tests at precisely the same
conditions, However, the variation was kept to less than the expected
experimental error. The data from reference 15 was obtained in 195k,
prior to the general acceptance of the need for stability, and may be
of questionable value,

It can be seen that the correlation follows the general trend of the
data, with variations of 15% to 30%.

Jens & Lottes: (ref: 17)
This correlation was based on data taken at UCLA and Purdue over a

range of pressures from 500 - 3000 psia, The values of K and n were
16 '




determined on the basis of the data such to make all deviations positive,

(0/8)ep = K (G/2000° » (aTg,) +22
UCIA Data correlated to =0%, +23%, D = .26 in.

P K n

500 L8117 .16
1000 626  .275
2000  JLb5 450
Purdue Data correlated to =0%, +60%, D = 143 in,
P K n
1000 o915 4275
2000  5L5 .50

3000 30 L725
The correlation was plotted for data (figure 9) of approximately

6 Jom/hr-£t2, at p = 2000 psia using the

D= ,160 in.y, G = 2,1 x 10
constants and exponents of the Purdue data,
" Ryabov and Berzina: (ref: 36)

1) (Q/A)cr = (Q./A)pb + hOB V°6 ATﬂ‘é'? ks T 033 - 0515 03
33 ,..h'%s A R

(bre pv) g
Range of values: D=2 mm = ,079 in,, AT = 18 = 590 deg F,

sat
1/D = 20, p = 10 = 200 atmospheres = 147 = 2940 psia, G = 3,69 x 10° -

22,2l x 10
2) (Q/A)cr = (Q/A)pb + 257 V'éATsat'67 kg TS t’BBIPl -F )0515

(rtepr) ™ > &7
Range of values: D ® L mm (,158 in,), ATgat = 18 - h30 deg F,

1bm/br-ft2

/D= 10 = 220, V = 3 = 48 ft/see, p = 70 = 210 atm = 1030 = 3090 psia
Both of the above correlating equations were developed from

dimensionless equations, In each case (q/A)pb is the same and is obtained

17




R TR eV R T TR T ATEATR TR A e e s e e e e e e e e e e e

from a plot of pool boiling CHF derived as a function of pressure. The
correlating equations were derived from a dimensionless equation:
1) Kpq = 3710 Kye6 Kgpe67 pr=eb (D = 2mn = L079 in.)
or 2) Kpq = 2370 Ky*® Kupe67 Pr™el (D ® ko @ ,158 in.)

where Kiq = (89/A)qr hg, Py I €0

ks Tgat (P1 = pvde

& =7 1

g¢

r—
g T Tsat Zf’l “Pv
: g

Tt is assumed that (a/A)ep = (0/A)y, + (80/A)cy
The 2 mm (,079 in.) correlation was derived from the data of Ornatski

Kar

and Kichigin (L, 5, & 6) by the usual techmique of letting the data
" determine the coefficients and exponents, Generally the data falls within
% 30¢ of the correlating 1ine, The correlation was also computed for the
2 m‘data taken during the experimental part of this study, In this case
the correlation did not follow the basic trends of the data and was in
error by as much as 100% at some subcoolings.

The eorrelation for D ¥ L4 mm (,158 in,) was computed and plotted for
G = 2.1 x 10° 1bm/hr=ft2, p = 2000 psia and compared with the data for
Doroshchuk and lantsman's (9) 4 mm and 8 mm tubes, The correlation fit
the 8 mm (.316 in.) data very closely , but was 15% = 30% low on the
L mm data. Tt was not plotted on figure 9 to avoid confusion as it
fell generally en top of the correlation of Zenkevich and Subbotin,

18




Zenkevieh: (ref: 1h)

(@/4)or = beg (003 56 }x [e-s + 18 Ahsat] x 107

Range of valuesz p = 1i - 165 psia, Ahggt = 20 = 282 Btu/lbm,

G = 22 x 10° = 9,96 x 10° 1bm/hr=ft2, D = ,16 = .50 in,

This correlation is linear with subcooling as commonly noted for
Russian analyses. Specific instructions as to the temperature to
evaluate viscosity at are lacking. Using the fluid saturation temp-
erature yields an equation linear in subeooling, while using fluid bulk
temperature prodiuces a slight curvature in the resulting plot, This
correlation is plotted in figure 8 for both conditions and it can be seen
that the equation does not really reflect the experimental results.
Zenkevich and Subbotin: (ref: 1)

(a/A)cr = 397 ot OTgqy 33 ('g/"fg)-l’a Btu/hr-ft?

Range of values: ATgat = 18 = 180 deg F, D= Ly = 12 sm = ,158 = ,472 in,

p= 1)40' -~ 210 atmospheres = 2060 - 3090 psia.

This correlation was plotted for G = 2,1 x 106 1bm/hr=-£ft2 for 2000
psia and 2500 psia and compared with the data of Doroshchuck and Lantsman
(9) for tubes of b mm (¢158 in.) and 8 mm (.316 in.)e At 2000 psia the
correlation does an almost remarkable job of predicting CHF for D = Omm,
At 2500 psia the correlation is very close to the experimental 8 mm data
although approximately 20% low at low subccolings, The correlation
does not fit the L mm (,158 in.) data as well, with differences of 15% =
30% at both pressures, Figure 9 shows the correlation at 2000 psia for

thé L mm diameter,




Gambill: (ref: 30)

(Q/A)cr =K hfg PV (“go a (g_-fv)) % 1. P%0923 AT
¥ 7 e

+ Kt (k/D) Re™ Pr” (ty = %)B0
where K = ,12 = (17, K', my & n depend on the non-boiling turbulent

flow correlation used.
Range of values: V = ,05 = 174 ft/sec, p = L.2 = 3000 psia,
ATg,4 = 0 = 506 deg Fy 2 = 1 = 57,000 g's

This correlation is of the superposition form where a subcooled
pool bailing burnout term is added to a non~boiling forced convection
term, typically the well known McAdams correlation for turbulent flow,

Gambil). leaves some latitude for the evaluation of the constant
coeffiecients and exponents, Evaluation of the wall temperature (t)
in the forced convection term is done by an auxiliary plot of ATg,4
vSe Tgat/Terit based on Bernath's correlation of wall temperature at
burnout (16)s This is explained in detail in the section on Bernath's
correlation, The correlation was plotted under different conditions-
with the following results:

1) D= ,242 in., G = 3.69 x 10° 1bm/ft2nr, p = 90 psia (figure 8)

The correlation fell about 35% lower than the experimental data.

2) D= ,079 ine, G = 3.69 x 105 1bm/mr=£t2, 7.38 x 10° 1bm/mr-£2,

& 1&076 X 106

lbm/hr-ft2, p = 50 psia (figure L): The correlation
fell as much as 100% lower than the experimental data,

3) D= ,180 in., p = 2000 psia, G = 2,1 x 106 Ibm/hr-ft2 (figure 9)
The correlation is conservative (low), but does not show the trends

of the data completely, and is in error by as much as 25%,
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Bernath: (ref: 16)
(Q/A)cr = by (tu - t"b)bo

where: by, = 5710 + L8 V D-°

= (9/5) [57 1n(p) - Sk(p) - v] deg F
p+15 L

Range of values: Round tubes, p = 500 - 3000 psia, V = L,5 =

6 Btu/hr-rt2-deg F

N

and: tw)bo =3

54 ft/sec, where D is measured in feet, and p in psia,
This correlation is based on a limiting heat transfer coefficient
and a correlation of wall temperatures at burnout. The correlation
was plotted (figure 9) for G = 2,1 x 10° 1bm/hr-ft2 at 2000 psia, and
D = ,180 in, for comparison with experimental data, The correlation is
slightly conservative predicting this data withir approximately 5%.
Bettis: (ref: 17)
(a/A),. = 200 x 0.28 (ny /103 )25 ( 1 + /207 )2 e~+0012L/D By /i g42
Range of values: G = 0.2 x 10° - 8.0 x 10® lbm/hr-t2, p = 1850 -

2150 psia,Ahg,y = O - 180 Btu/lbm, L/D = 21 - 365,
This correlation is compared with experimental data on figure 9.

It can be seen that it follows the general trend of experimental data,
with variations of 15% to LO%.

Griffith: (ref: 13, 17)

(afhe, = £(p/Fy ) (F)p, (By - B)| g (P2 ‘&)
A

(F) =1 = (Feyp x 207 ) = 0,2l Ky + 0.5 x 1073 (Rey, Ky )2

Ro s T P 5 e 10 (T -y ),

F Tlfg

and, f( p/Pc) is presented graphically in the reference,

Range of values: p = 14,7 - 3000 psia, V = 0 = 110 ft/sec,
A Toat = O - 280 deg F,
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The correlation was plotted and compared with data at two pressures:
" 90 péia (figure 8) and 2000 psia (figure $). At 90 psia the correlation
is outstanding and does an excellent job of predicting the data, At
2000 psia the correlation is higher than the data, yet only by 5%.
Mirshak, et al: (ref: 13) |
(a/K)er = 180,000 ( 1 + 40131 p )( 1 # 400508 ATgq¢)(1 + 40365 V)

Range of values: p = 25 - 85 pgia, V=5 = 15 ft/sec, D = ,21 =

oli6 ine, where AT ., is measured in deg F", and (gq/A)gp in Btu/hr-£t2,

This correlation was compared with experimental data for ,2h2 in,
diameter tubes at 90 psia (figure 8) and ,305 in, diameter tubes at 30
psia (26)s In both cases the correlation curve was conservative (lower
than actual data).
DuPont: (ref: 8)

(a/B) ¢y = 5955000 (1 + JOLV)(1 + ,0055 ATsap)(1 + 40055 ATg,)

Range of values: V = 8.5 = LO ft/sec, AT, = LO - 120 deg F,

D= o3 = (88 in,, p = 60 = 1000 psia, ATgeg = Subcocling Gradient =

(Texit = Tinlet) per 2 foot length of tube,

DuPont's correlation is similar to the one developed earlier by
Mirshak, et al (13); a combination of linear factors of velocity and
subcooling, In the DuPont tests a two foot length of tube was used,
Subcooling Gradient (ATscg) s the temperature difference through the
tube, was the last factor used to correlate experimental data, using
the form of a previous correlation for anmilar geometry.

Doroshchuck and Iantsman:(ref: 9)
(a/B)er = (a/B)g * AlP) [(.316/13)-33 - 1] Btu/hr-£t2
where : (a/R), is determined from a plot of (a/8)cp vs. Ah ., for

8 mm (,316 in.) tubes for the pressure in question,
Range of values: D = ,117 ine = ¢316 in.y p = 50 = 170 atm = 738 =
2500 psia. A(p) is a tabulated function of pressure,




p - atm psia A(p) = Btu/hr-ft2

50 738 2.55 x 106
80 1140 2.1 x 106
100 1470 2.31 x 10°
WO 2060 2,13 x 10°
170 2500 1.99 x 10°

Based on the 8 mm (,316 in,) data of Doroshchuck and Lantsman, the
correlation predicts critical heat flux for the other diameters with a
maximum deviation of 30%, for fixed values of the other variables., With
other experimental data ‘the variation is slightly greater,

MIT Small Diameter:

(a/A),, = 1.738 x 106 (L8 + 01 Ahgat )(G/Go)*3> (n/no)"'ss(l.ég)"'l2

where:z G, = 106 1bm/hr=ft2

Dy = 0.0 in,
Range of variables: D = 405 = o305 ine, p = 30 = 90 psia, G = 2 x 100 =
15 x 106 Ym/hr-ft?, 1/D = 5 = 60, Ahg,, = 0 - 150 Btu/Ibm
This equation was developed by the authors for the low pressure

data from MIT and fits the majority of the data to & 25%,




RESULTS OF EXPERIMENTAL STUDY

Scope of Experimental Study

As mentioned, there is a great deal of experimental data available
in the literature, Although each investigator has attempted to be
somewhat systematic in his own method of attack, there are very few
cases where data from cne investigation can be compared with that from
another. Generally there are substantial differences in the variables,
aﬁd lacking a good correlating equation, comparison, except in a very
general way, is impossible., The experimental phase of this study was
conceived with this situation in mind. Ornatski and Kichigin (L, 5
and 6) have conducted tests with tubes of two millimeter diameter, and
four mass flow rates, over a range of pressures from 147 psia to 2840
psia., Part of the present study was to complete the low pressure end of
the 2 mm map, Also, using the same size tube and flow rate, other
parameters were varied, The results of this investigation, when combined
with the data from Ornatski and Kichigin, present a fairly complete
picture of CHF for tubes of two millimeter diameter.

Experiments were conducted to yield the following sets of datas

a, CHF at various subcooling for three mass flow
rates (G = 3.69 x 10%, 7.37 x 105, 1L.76 x 106
1bm/hr-ft2 - identical to those used by Ornatski
and Kichigin) with D = 2m (.079 in.) for exit
pressures of 30 psia and 90 psia,

be CHF at various tube diameters, with diameters
varying from 0,047 in. to 0,242 in., with mass
flow rate held constant at 3.69 x 10° lom/hr-ft2,

and at constant exit subcooling of 35 Btu/lbm.
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Ce

€e

i, With L/D held constant at a value
of L0,
ij, With L held constant at a value
of 3.15 inches
CHF for various L/D, for the same mass flow
rate and exit subcooling as in part b. above
with D = 0,079 in. L/D from 3.5 to 60,
CHF at various subcoolings for the same
mass flow rate, with L/D of LO and
D = 0,242 in, This data was obtained in
order to present a comparison with the
corresponding D = 0,079 data, and as
substantiation of the CHF verses diameter
data,
CHF, for the same flow rate, exit subcoolirg
and L/D, D = 0.094 in, with changing entrance -
conditions, In addition to the calming
length form used in the majority of the
study, four entrance forms were investigated,
In all cases, the entrance was placed
immediately up-stream of the heated length.
Entrance forms imestigated were:
i. Sharp Edge Entrance,
ii. lLS-degree Chamfer,
iii, Rounded Entrance, radius of
entrance equal to 2 diameters,

ive Reentrant, length of reentrant

section equal to 10 diameters,
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fo Maximum Heat Flux, An investigation
of the system capabilities, using
0.242 in, I.D, tubing, with 1/D of
7.75 and the maximum available flow
rate and exit subcooling, to determine
the maximum obtainable CHF at this
diameter,

Results

A total of 117 CHF data points were obtained in the experimental
phase of this study, Of these, twelve were obtained using the Beryllium
Copper tubing, A detailed déseription of the problems encountered
with this tubing is contained in Appendix D,

Figures 3 and L show the CHF data obtained with D = 0,079 in.,
for the three mass flow rates, These figures show the same general
‘dependence of CHF on mass flow and subcooling as the majority of the
other experimental data. This low pressure CHF data does show the
minimum CHF in the subcooled region mofe clearly than does the data at
higher pressures. It can be seen that a minimum CHF is encountered at
approximately 30 Btu/lbm subcooling, and that the subcooling for
minimum CHF increases for increasing mass flow rate, CHF becomes
nearly independent of subcooling at the lowest flow rate, at 30 psia,

The dependence of CHF upon tube diameter is shown in figure 5,
Investigations were conducted with L/D held constant and with L held
constant, The ercssing of the two curves merely shows the diameter at
which the selected values of L and L/D coincide., The data obtained
with L held constant shows a greatei' CHF for the larger diameters,

reaching a maximum increment of approximately 15% at the 0.2L2 in,

diameter tube., The value of CHF can be seen to become less dependent
26




upon diameter for the larger tubes. Limits of the apparatus precluded
investigation of diameters larger than 0,242 in., at the flow rate
selected for this study,

The comparison between CHF data at D = 0,079 in. and that at
D = 0,2L2 in. can be seen in figure 4, This data provides an evaluation
cf the validity of the curve of CHF verses diameter (figure 5) which
was determined for a particular value of exit subcooling, It can be
seen that proportional difference in CHF between the two diameters
is nearly constant over the range of exit subcoolings considered.

Investigation of the effect of changing length-diameter ratio
upon CHF (figure 7) shows that CHF increases for decreasing L/D,
This data shows considerable scatter at the low values of L/D,
The test section construction procedure, discussed in detail in
Appendix C, was such that very small fillets of sclder remained at
‘each end ot the hegted length.s In these small sections, this limited
the accuracy of determining heated length., Tt can be seen that CHF
approaches a minimum value as L/D is increased, and that CHF is
essentially independent of L/D for values of L/D greater than LO,
Tﬁis is in agreement with the results of Bergles (1, 11), It should
be noted that the value of CHF for L/D of 10 (the generally reported
minimum length in the Russian papers) is some 15% greater than the
minimum value, |

Results of the investigation of Entrance Effect are not plotted,
Holding all flow variablesconstant and changing only the form of the

entrance to the heated length yielded the following datas




Entrance Form Heat Flux

Sharp Eige 3.65 x 105 Btu/rt2hr
15° Chamfer | 3.86 x 10® Btu/ft2hr
Rounded 3.82 x 105 Btu/rt2nr
Reentrant 3.55 x 10° Btu/rt2hr
20=D Calming Length 3.82 x 10° Btu/rt2hr

The value for the sharp edge is a mean of two test values, the others are
single tests, The 20=D Calming Length was the standard form used for
the remainder of the experimental study, the value listed is the result
of several tests at the same conditions. Complete data for these tests
are listed under runs no, 33 through no, 37 in the listing of data,
Appendix C,

In the study of maximum heat flux, subcoolings on the order of
200 Btu/lby and flow -rates on the order of 5 x 100 1bm/ft2hr were
obtained with a test section pressure of 85 psia, These conditions lead
to a CHF of almost 6 x 10° Btu/ft2hr. Exact data on these tests are
contained in the listing of data, Appendix C, runs through numbers
29, 30 and 31,
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IV, CONCLUSIONS AND RECOMMENDATIONS

Discussion of Experimental Results

The data obtained in the experimental phase of this study s hows
the same general dependance of CHF upon the other variables as has
been reported in similar studies, This data is perhaps a little more
well ordered than that normally reported. This, of course, is
heartening to the investigators, and is believed to be the result of
careful experimenmtal procedures and constant cognizance of the flow
stability problem. It is felt that instrument and reading accuracies
would combine to insure an experimental accuracy of five per-cent or
better,

The curves of CHF verses exit subcocling terminate at the maximum
subcooling obtained. This maximum is dependent upon the test section
inlet temperature ax;xd pressure, The curves show the maximum subcooling
available consistent with the capacity of the installed heat exchanger
and the temperature of the city cooling water (minimum inlet temperature
= 47° F), The additional 15 or so Btu/1bm of subcooling which could have
been obtained by the installation of a complex test section pre=cooler
did not seem to justify the additional complication,

The curves of CHF verses exit subcooliné show a minimum value of
CHF, Signii‘ying a change of flow regime. This minimum occurs in the
subcooled region mainly\because of the manner of determining conditions
at the point of CHF., Fluid conditiors were determined using standard
thermodynamic vari.ablés-, which are valid for equalibrium states, but
which do not indicate the physical conditions with inherently none
equilibrium subcooled, forced flow boiling, What is needed is a better
means of describing the physical state, one which would include some -

allowance for the non-equilibrium conditions as they actually exist,
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The use of a void-fraction variable has been suggested for this purpose
(35), but this is very difficuit to evaluate and is dependent upon much
the same variables as CHF, The use of subcooling, as determined by

a difference in enthalpy or temperature, is convenient, but must be
accompanied by a realization of its inherent inability to describe

the actual physical phenomena,

At the very high values of exit subcooling, the curve of CHF
seems to become less steep, That is to say that the rate of change of
CHF with subcooling decreases with increasing subcooling, This is a very
slight effect, not at all pronounced at low system pressures. The
high pressure data of Doroshchuck and Lantsman (10) and Ornatski and
Kichigin (5, 6) shows this effect more clearly., A possible explanation
for this lies in analysis of the effect of subccoling upoﬁ the overall
boiling mechanism. It appears that once high values of subcooling
are reached, and a large recondensation potential is established,
further increases in subcooling have less effect,

The increase of CHF with decreasing tube diameter is evident in
figure 5, It has been suggested that void-fraction increases with
decreasing diameter. This is due to the manner in which void-fracticn
is defined, rather than some physical effect, The increase in CHF
is a direct result of the requirement for continuity of mass flow. The
size of a vapor bubble is dependent mainly upon pressure, In small tubes,
the bubble occupies a proportionately larger part of the cross section,
requiring that the liquid phase assume a higher velocity to maintain
continuity, It has been repeatedly shown, and can be easily explained,
that CHF increases with increasing velocity; thus the increase in CHF
with decreasing diameter.

The comparison of CHF with length-diameter ratio (figure 7),
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shows a leveling off at a value of L/D of approximately LO. This is
a reasonable minimum value that can be employed in experimental work,
where one is attempting to insure that the effects of the different
variables are separated,

An interesting effect of changing L/D can be seen in the plot of
CHF verses diameter (figure 5) The curve for constant tube length
reflects the effect of simultaneously changing diameter and length-
diameter ratio, At the larger diameter, the data for constant tube
length reflects a substantial decrease in L/D, thus the greater CHF.
Unfortunately, the limits of the apparatus were such that larger
diameters could not be investigated at the mass flow rate selected for
this study. Tt is altogether possible that the curve for constant
length would show an increase in CHF for larger diameters; i.e., for even
greater reductions in L/D,

Comparison of CHF data for two tube diameters (figure 6), shous
ﬁhat diameter is one of the more important variables. Within the
experimental accuracy of this study, one can conclude that the variation
of CHF with diameter is nearly independent of subcooling, at least in the
low pressure region, This requires investigation at higher system
pressure, where the effect of pressure becomes more pfonounced, and
where higher levels of subcooling are available,

The data from the entrance effect study shows that entrance geometry is
unimportant in determining CHF, Here, as throughout this problem, there
is a high degree of interaction between the variables. The investigation
of changing entrance form in this study was done with a large length-
diameter ratio to minimize the L/D effect., As a result, variations in
flow due to the change in entrahce form were likély damped out at the

point of tube failure, Decreasing the heated length would have introduced
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the complication of the L/Dvefi‘ect. It is safe to conclude that changing
entrance form has no effect for high values of L/D. The somewhat lower

CHF for the reemtrant form may reflect flow instability due to compressibility
in the non-flow space around the reentrant section, but is more likely due

to experimental scatter.

The maximum heat flux data is of interest only for future investigations
using the particular apparatus employed in this study. This data has no
value in analysis of the overall CHF problem because of the limitations
imposed upon pressure and mass flow rate by the apparatus. Tests were
conducted to determine the maximum CHF that could be obtained with working

size tube diameter (0.2L42 in.) and this apparatus,
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DISCUSSION AND EVALUATION CF CORREIATING EQUATIONS

The following comments on the various correiatibns and predicting
schemes are based upon close examination and comparison with experimental
data. The effect of the controlling parameters that are alluded to are
described in detail in the section in Factors Influencing Critical

Heat Flux (Chapter III),
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Bell: (refs 21)

The use of this correlation is restricted to pressures of 2000 psia,

There is no restriction on the tube diameter, but from other results,

it has been shown CHF has a strong inverse dependence on diameters
therefore, this correlation féh-ould be considered useful for large
diameters (0.25 in. or larger) only. Although the accuracy is 15% to

30% in the case illustrated (figure 9), the correlation is relatively
sinﬁple and easy to apply, and is generally conservative in its prediction,

Jens & Lottes: (refs 17)

This correlation is of a power function form, and would indicate
zero CHF at zero subccoling unless a realistic lower limit was
established, Since the correlation was designed to have no negative
deviation, it is one of the most conservative considered;  Tts main
virtue is its ease of application,

Ryabov and Berzina: (refs 36)

The 2 mm correlation is adequate for the data at pressures above
147 psia, Tt is not consistent with experiment for the lower pressure
data (30 or 90 psia). There is a minimum subcooling, approximately
18 Btu/lbm below which the correlation fails due to the mathematical
form,

The correlation for D ® Lmm is adequate for larger tubes,
(approximately J3in.), but for smaller tubes it suffers from lack of
consideration of a diameter effect. Ryabov and Berzina considered the
diameter effect in the derivatiocn of this ccrrelation by changing the
leading coefficient, but they intimated that the diameter effect is
negligible for larger diameters, This correlation could be improved

by substituting a function of diameter for the leading constant,

3L




Zenkevich: (refs 1h)

Evaluation of viscosity in this correlation at fluid bulk temperature
produces a curve somewhat like the experimental data and is recommended
if this correlation is to be used.

The absence of a tube diameter factor limits the usefulness of this
correlation, The lower limit of 0.16 in. is too small to exclude all
diameter effect., It is recommended that the use of this correlation
be limited to tubes of 0,25 in. in diameter or larger, where the
dependence of CHF upon diameter is quite small,

Zenkevich. & Subbotin: (refs 1h)

This correlation, like so many others, neglects the effect of tube
diameter., The lower limit of 0,16 in, is too small to neglect this
effect entirely. For the larger diameter (.316 in.) data; this
correlation is excellent., The lcwer limitation on subcooling is sound,
due to the mathematical form of the equation, The upper limit has
no physical validity and seems to be evidence of caution., In spite
of the diameter consideration, the mathematical expression is
convenient, and the results for larger tubes are quite good,

Cambills (refs 30)

The curve foi' wall temperature is suspect, and available data of
wall superheat at burnout does not bear out the graph presemted. There
is too much latitude in choice of constants and exponents to be used
in the correlation., Presumably, if the data is reascnably well ordered,
the fit of the correlation can be improved by adjusting the values of
K, XK'y my and n, There are no easily applied guidelinés for the
édjuétment of these constants included in the presentation. This
correlations does include a diameter term, but it is only in the forced

convecticn part, and then to only the (m ~ 1) power, where m is one of
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Gambill's "variable” constants, generally on the order of 0.8, This is
one of the few correlations which ineludes small tube diameters, yet
clearly the correlated effect of diameter is less than that observed in
the data of Bergles (1), Doroshchuck and Lantsman (9), and figure L,
The correlation is no better than that of Mirshak (13) at low pressures
and is considerably clumsier to handle. At high pressures (figure 9)
this correlation is no better or worse than many others,

Bernath: (ref: 16)

For a given pressure, tube diameter and flow rate, this correlation
is linear with subcooling. This is a fairly good first approximation
and typical of many correlations. This correlation is rather difficult
to apply, requiring auxiliary calculations to determine heat transfer
coefficients and wall temperatures. Of the seven high pressure
correlations plotted on figure 9, this is one of the best, predicting
CHF within 5% for the selected conditions,

Bettiss (ref: 17)

The use of this correlation is restricted to pressures near
2000 psia, There is no restriction on a minimum diameter; therefore,
the correlation will yield low predicted values of CHF for diameters
less than ,25 in,

Griffiths: (ref:‘EQL 17)

This correlation was ogiginally Qetermineq’for several fluids
including water and it is applicable throughout. the subcooled boiling
region and into nét steam generation. Generally, over a wide range
of variables, th;s correlation is the most consistently accurate one
available, Tts disadvantage lies in its extremely cumbersome and
unwieldy form., Computation can be simplified somewhat by using the

curves presented in WAPD-188 (17) for several of the recurring variable groups,
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Mirshak, ot al: (refs 13)
The form of the correlation is linear with subcooling and it
exhibits the approximate tendency of the experimental data. Within
the range of diameters for which the correlation is defined, the
dependence of CHF on diameter is reglected. The following general
coments are appropriate%
1) The correlation gives a conservative indication
of CHF, but errs by 25% - 50%
2) There is no consideration of the variation of
CHF with diameter
3) The correlation is safe s quick and easy to apply

DuPont: (refs 8)

Th:u.s correlation was designed for correlating DuPont's data for
tubes of a specific length, How to evaluate Subcooling Gradient for

_ Other tube lengths is unresolved. Subcooling gradient is not an
independent variable in the equation, being tied to Heat Flux by the
First Law of Thermodynamiecs, Diameter; 'and flow rate. No diameter
effect is noted between 0.30 - 0,88 in. This is a reasonable
approximation. Variation in pressure between 60 -1000 psia is
considerable and should be taken into account, Since the equation
was derived from a small sample of data and for tubes of only one
length, its use is not rec ommended,

Doroshchuck & Lantsman: (refs 9)

This is one of the few studies which has been devoted exclusively
to the diameter effect problem, The general trend is correct, but
comparing this correlating equation with experimental data - even that
from the paper in which this correlation is presented, shows an error of

up to 304, Part ef the difficulty is due to the interaction of the variables,
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Comparing this scheme with other experimental data, notably that
of Ornmatski and Kichigin (L, 5, 6,) and Bergles (1, 11,) also showed
the correlation to exceed a 308 error. It was found that a form of
A {(1)/1)6)1'2 - J] fit the Ornatski and Kichigin data (k, 5 and 6)
quite well, but this failed in ccmparison with data from other studies,

It is not recommended that this correlation be used to predict
CHF3; however, it will serve tc apply a diameter consideration to other
correlations, within rather broad limits,

MIT Small Diameter

This equation was developed not so much as a prediction of CHF, but
to provide a fairly concise mathematical expression for the low pressure
MIT data. No pressure term is included as the variation of CHF with
pressure is neither well ordered nor of large magnitude. The change
in CHF with pressure over this range is much less than the error of
_ this equation due to the assumption of CHF as a linear function of
subcooling, CHF is, in fact, not linear with subcoocling, this form
has been assumed merely for convenieﬁce. It is recommended that the
use of this equation be limited to determination of general levels,

and that the actual data be used in any attempts at accurate prediction of

CHF,




ST TRAITET A

APPENDIX A
SMALL DIAMETER CRITICAL HEAT FLUX MAP, RECOMMENIED

PROCEDURE FOR USE

Figures 3, L, 10, 11 and 12 provide a graphical presentation of
CHF for pressures from 30 psia to 2840 psia over a range of mass flow
rates and exit subcoolings for tubes of two mm diameter. These curves
in conjunction with the data of CHF dependence upon tube diameter
provide a means of graphically determining CHF for tubes up to one=
fourth inch diameter, flow rates from 2 x 10° 1b,/£t2 hr. to 22 Iby/ft2 nr,
at any pressure and exit subcocling. A procedure of linear and graphical
interpolation is recommended for predicting CHF for any reasonable
small diameter application. In cases where linear interpolation is
recommended , auxiliary curves, have shown this technique to be
satisfactory, The accuracy of this graphical prediction technique
- will exceed that of the few correlating equations applicable to small
tubes, and in the majority of the cases tested, was within 15% of the
experimental data considered, '
The following procedure is recommended for predicting CHF:
l. Select desired system pressure, mass flow
rate, tube diameter and length,
2, locate the plots for pressures bracketing
the desired pressure,
3. At the selected exit subcooling, read
CHF for the three or four mass flow rates
presented, for each pressure,
L. Prepare interpolation curves with coordinates

of CHF and Mass Flow Rate, and determine CHF

corresponding to the desired flow rate at each pressure,
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5. Using the two values thus obtained, Knear
interpolation between the pressures under
consideration will give a value of CHF for
the desired pressure, flow rate and
subcooling, for a diameter of two mm,

6. Refer to figure 5, and using the curve for
constant L/D, determine the value of CHF
for the diameter in question., The ratio
of this last value, to that at two mm
(a value of CHF of 4,15 x 10® Btu/£t2 hr,
at 2 mm diameter will provide satisfactory
results) multiplied by the previously
determined value of CHF, will yield a
predicted value of CHF at the desired

conditions of pressure, flow rate, subcooling

and tube diameter,

7. In cases where the desired L/D is less than
20, the same sort of ratio correction should
be performed, using figure 7. For values of
1/D of 20 or greater, the error in CHF will
be too small to warrant consideration,

For a rough, quick estimate of CHF, visual interpolation for mass
flow rate on the plot for pressure nearest the desired pressure can be
easily accomplished, The diameter correction should be included in this
abbreviated procedure.v This same sort of approach is useful in

estimating the effect of gross change in the important variables,
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Figure (10) - Dependence of Critical Heat Flux on Subcooli
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APPENDIX D
APPARATUS

Experimentation was conducted on existing apparatus which had
been constructed for a previous study (1), and which had been used
for several other boiling and CHF investigations, Only minor
modification was neressary for this investigation. The apparatus
is shown schematically in figure 1. The fluid loop consists of a
closed main circulation loop, with a by-pass parallel test section
line., Al1l components are of corrosion resistant materials, The
system contains a main circulating pump, accumulator, the test section
line with flowmeter, preheater, test section with instrumentation,
main loop by-pass line and heat exchanger with city water cooling,
Auxiliary to this are a fill pump, supply tank, degassing tank and a
continuously operating demineralizer, Power is supplied to the test
section by a pair of a.c. motor - d.c. generator sets,

The main supply pump is a two-stage turbine type pump, driven by
a 3 hp induction motor., The pump is capable of delivering 3.6 gallons
per minute at 260 psi. A bladder type accumulator located at the
exit side of the pump serves to damp out pressure fluctuations. Plug
valves at each end of the by-pass line provide control for the test
section pressure, Test section flow rate is determined by a Fisher
Porter flowmeter amd controlled with a Hoke needle valve. This needle
valve also provides the 150 psi up-stream pressure drop necessary to
insure flow stability,

The motor-generator sets consist of LLO v., 3 phase synchrcnous
motors and 36 kilowatt. d.c, generators, comected in series, Each

gererator is nominally rated at 12 volt and 3000 amps, A total power

of approximately 6Q kilowatt is available at the test section.




Instrumentation is available for monitoring pressure levels,
temperatures, test section flow rate and test section current and voltage.
Test section exit pressures are read on Bourdon type pressure gauges
with specified accuracy of 0.5 psi or better. The gauges are calibrated
periodically with a dead weight tester., Test section flow rate is
determined with the Flowrater Meters; the range of flow rate is varied
by changing tubes and floats, Meters are calibrated in place and
calibration curves are available., Test section power is obtained from
the test section voltage and current. Voltage across the test section
is read directly with a Weston variable scale, calibrated d.c, voltmeter,
Current is read across a National Bureau of Standards shunt, with a
specified calibration of 60,17 amps/mv.

All temperatures are determined by thermocouples manufactured
from 30-gauge, duplex, Copper-Constantan thermocouple wire, Test
‘section inlet and exit temperatures are measured on thermocouples
inserted into the flcw with Conax fittings. Output voltages of the
thermocouples and current shunt are displayed upon a Minneapolis-
Horneywell Brown, O - 26 mv., single channel recorder.

A much more detailed description of the apparatus is contained in
ref, 1; however, certain modifications have been made., The more important
of these includes

ae The braided copper flexible power comnection
and the rigid up-stream jumper from the
test panel to test section bus connection
were replaced during this study by Mackworth
Reese Flexible Dry Jumpers., This requires
that the test section be supported. Support

is porvided by a laboratory support and clamp,
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with electrical insulation,

The braided copper power supply cables have
been replaced with Mackworth Reese, water
cooled cables, These cables are cooled by
city water tapped off of the heat exchanger
coolant supply line, discharged to a drain,
The preheater has been modified by the
addition of fhree 5 kilowatt immersion heaters,
with separate controls. These heaters are in
series with the original 6 kilowatt variable
control heater and provide any desired
preheating from 0 to 21 kilowatt, with
steady state operation,

The steam heater in the supply tank has
been removed as ip was found that
sufficient heating and degassing could be
obtained from the degas tank heaters alone.
The thermocouple selection switch now
consists of two Leeds and Northrup, 12
position selector switches, in series,
Thermocouple wires are connected through
screw type terminal boards, thus reducing
set-up time, This modification was made

in order tc increase the number of
thermocouples which could be patched

to the recorder, Resistance tests showed

no appreciable change in resistance as a

result of the added switch, In this study,
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only the primary switch was used.

f. When using the very short test sections,
or those of type "A" Nickel, the test
section resistance was so low as tc
mke the motore-generator control
highly erratic., To alleviate this
problem, a series resistance was
fabricated. This resistance consisted
of a 10 inch length of 0.242 inch type
304 stzinless steel tubing, with bus
connections, placed electrically in
series with the test section and cooled
by city water., This added resistance
caused an additional voltage drop of
appraximately 5 volts across the power
supply, which improved the m.-g. set
control considerably, Power to the test
section was determined by reading voltage
drop across the test section only, and by
reading current through the series
combination,

g In the tests where very high power
applications were required to reach CHF,
the test section exit bus comnection was
found to heat up excessively, causing
smoking and in one case a small fire, not
to mention great inconvenience when changing
test sections, In view of this, a bus

connection coolanmt scheme was devised., A




i-inch copper nipple and two elbows were
silver brazed tc the brass bus connection,
City water, from the power lead cooling
system, was diverted through this nipple,
drawing heat from the bus connection, Heat
balance checks when operating, comparing
power input to fluid temperature rise through
the test section showed that this cooling
device had no effect on the test data, No
further overheating problems were enccuntered
once this cooler was installed, and it was
used whenever there was a requirement for

high power input,

Test Section

‘ Because each test destroyed the test section, construction was kept

as simple as possible. A test section was constructed by facing a 3/L inch
brass pipe cap and drilling a hole in the center of it, A section of

the test tubing was silver soldered intc this hole, At the other end

of the desired heated length, a 5/16 inch brass bushing, about 5/8 inch
long, drilled to the 0.D of the tubing was silver soldered to the

tubing. Heated length was measured from fillet to fillet. A calming
length cf approximately 20 diameters extended beyond the up-stream

bushing,

Sections were installed in the apparatus by threading the pipe cap,
the down-stream end, to the down-stream plenum chamber which comtained the
exit pressure tap and exit thermocouple, The up-stream end was installed
by inserting the calming length into a Conax fitting sealed with a

neoprene washer, Brass bus connections were installed on the bushing and

6l




LR ehl B S o AT B T £ P TRy *Pt/ g " SN NP CTNY o _EAL SN JURL SR 0T SURAI SO0 SR SR
PRSI e e TS LR e s e ...’,,,n,}-.,‘..,.-m-“‘..f.-,,vmgs R S TR R gt

pipe cap completing the electrical circuit.

In the study of maximum CHF it was necessary to machine the outside
diameter of the 0.242 in. stainless steel tubing, in order to obtain
adequate impendance matching, Tube wall thickness used is noted in the
listing of Data (Appendix C, runs #29, 30 and 31),

Beryllium-Copper Tubing

At the begining of the experimentation, tubing of 2% alloy, Be-Cu
was ordered, with inside diameter of 0,079 inches (2 mm). Tt was felt
that this tubing would be easier to work with than the type 30l stainless
steel which had been used in previous studies, Several test sectionc
were made up and tests were run, Unfortunately, conéiderable difficulty
was encountered using the Be=Cu tubing, Some of the more important
prgblems are discussed below,

About the only fabrication advantage that the Be-Cu tubing had was
‘that it could be cut into desired lengths easily., Unfcrtunately, the
alloy was not stable at temperatures in excess of 1100 degress F,

If test sections were constructed by silver soldering, the tubing near
the soldered connections underwent a phase change and this was accompanied
by a change in electrical resistance of almost 40%, Since this change

in resistance occured only in the region where heét was applied for
soldering, the local change in resistance caused an uneven axial
distribution of heat flux, Data obtained by measuring total test

section voltage drop and current did not indicate the actual CHF,

Test sections were constructed using soft solder, but the high
exit femperatures encountered during operation caused the soft solder
to puddlé Jjust before reaching CHF, No leaks developed, but this was

felt to be less than satisfactory, Higher temperature (90-10) soft

solder was tried, with no better results.
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The lower resistance Be-Cu tubing caused m.g. set control problems,
The series resistance previously mentioned alleviated this problem, but
tended to complicate the procedure.

CHF data was obtained using this Be-Cu tubing. Subsequent comparison
with similar data obtained with type 30L stainless steel tubing showed
-that the Be=Cu data was inconsistent, for either the soft soldered or
silver soldered sectionse.

A corrosion check was made with the Be-Cu tubing, After one hour
at a heat flux of about one-third of CHF, the inside of the tube showed
distinct blackening, using degassed and demineralized water,

In view of the various difficulties, it was concluded that the
Be-Cu tubing was unsatisfactory for experiments of this type, and thick
wall, type 30L4 stainless steel tubing, with inside diameter of 0.079
inches (2 mm) was obtained.

The stainless steel tubing could be silver soldered satisfactorily
and the data obtained from it showed considerably more consistency,

The data presented as the result of this investigation was obtained using
type 304 stainless steel, except where noted to be Be-Cu (runs #2 through

#13), and except for the D = 0,180 inch tubing which was type "A" Nickel,




APPENIIX E,
PROCEDURE

Once the test section was installed and determined to be free of
leaks, the test loop and degas tank were filled with distilled water,
Petecocks and air bleed spigots are located at various points throughout
the apparatus, and air was bled from the system, both under the static
head of the degas tank, and with the pump circulating water through
the loop. Disolved air and other gas was then removed from the test
water by electrically heating the degassing tank, As mentioned in
ref, 1 and 2, about one half hour of degassing was necessary tc insure
satisfactory air removal,

Once the degassing procedure was completed, and the water in the
loop cooled by the heat exchanger, the desired test section flow rate
and pressure were established,

' Since it was desired to present data on CHF at a particular exit
subcooling, it was necessary to determine and establish a desired test
section exit temperature. This was complicated by the fact that exit
temperature is dependent upon the inlet temperature, which could be
controlled by the preheater, and upon the heat flux in the test section,
In order to obtain the desired exit temperature and pressure at the
point of CHF, it was necessary to increase the power to the test section
very slowly, and tc continually adjust the test section pressure and

the preheater controlling the inlet temperature, In some case, the

21 kilowattsof preheat available was not sufficient, in which case the
flow of ccoling water to the heat exchanger was reduced, This procedure
was difficult in that the exit temperature showed a long (about 20 minutes)
response time to adjustments in the flow cf city water cooling the flow

through the heat exchanger,
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Often the process of obtaining the desired éxit subcooling was a

very delicate one, This was particulary true when the curve of CHF
versus subcooling was approximately parallel to the curve of heat flux
versus subcooling as determined by the First Law of Thermcdynamics,.

In the large majority of the test rumns, it was possible tc obtain
the desired value of exit subcocling within 5% at the point of CHF,-

In those few cases where exit subcocling varied more than 5% from the

desired value, an auxiliary plot cf CHF versus subcooling was made, to
determine the appropriate value, or to determire that the variation of
CHF with subcooling was not significant in the range of subcooling in

question,

For the purpcse of this study, CHF was defined as the heat flux at
tube failure., While the heat flux thus determined may exceed that at
the departure from nucleate boiling (DNB), heat flux so defined should
‘coincide closely with the heat flux at the point of transition from
nucleate to film boiling, No burnout protecticn device was used in
this study, as it was felt that less time and materials were involved
in the fabrication of a new test section for each run than in the
construction cf such a device., Furthermore, there can be no doubt
that a genuine maximum heat flux has been established when the tube
ruptures,

A1l experiments were conducted with the test section in the
horizontal position, System water was degassed only periedically,

Care was taken to insure that no air was trapped in the system when
replacing sections and extensive air bleeding was done before commencing
a2 new run, The inside surface of the test section was given a thorough
cleaning with acetone prior to installation., No additives were

introduced into the water.
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In almost all cases, the tube ruptured within three diameters

of the exit comection. Thus conditions in the exit plenum chamber were
considered to be representative of those at thespoint of failure. 4
recent study by Lopina (3) has shown that the pressure within the plenum
is virtually identical with that at the down-stream end of the heated
section throughout the subcooled region. The test section and plenum

were wrapped with fiberglass insulation to greater than the critical radius
to minimize heat loss,

Because the recorder used presents only one channel, it was
necessary to estimate certain quantities at the point of CHF; however,
near failure, very small increments of power were applied, and all
quantities were checked frequently. Data not obtained right at failure
could be readily inferred from that recorded just prior to feaching

_CHF. A11 changes in conditions were made very gradually during a run,
and once the procedure was well established, it was possible to obtain

a set of data, e.g. one data point, in approximately forty-five minutes.
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APPTNDIX F - SAMPLE DATA SHEET

0.6"9® in. P _S50 psia Run #

D 48

L 3.8 1, 1p 40 pate 2/25

¢ 3.69 x 106 1bm/rt2 pyr = w = 126.8 1o0/pyr

= 74 % on Flowrater FP'VZ"ZT‘G" |°/Bo

Flow %4 Tip mv . Tout v,  p psig E v I mv Variac %

70 |Baz 29| 15 |wes|esz| o
~ ~ |304| - | 750|006 ~
v - 3.42 - | 800 966 | ~
v v 3.72 - 840 | 992 -
v v 1420 | 76 | 9051060 | ~
v - 442 | 73 | 936 |[109%0 | ~
At Fallure
v | 046 | 5.54 | 75 loss 1208 ~—

Heat Balance

_S83°F 260°F &9.7 psia

WAl = |28, 8x92 = 12300
E-I(60.17)(3.41) = £.O85=8582-6017x34|=12150
oK
h sat &290.38
CHF = E-1(60.17)(3.41) h bulk 228.¢
DL/ 44 -
hgay 17 BW/10
cHF = 1O0SS52.88:(60.17)(3.41) - 4.82 BtW/p2 oo

Obtain Temperature from Thermocouple Conversion Chart

h sat = h at p h bulk = h at Ty,¢
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APPENDIX G
DEVEIOPMENT OF THE MIT SMAIL DIAMETER CORRELATION

This equation was developed by the authors for the low pressure
MIT data and fits the majority of it to ¥ 25%,

(@/A)gp = 1738 x 106 (L8 + 401 Ahgyy) (G/G,)e3S (D/Do)‘-55(1rf§_n)"12

The correlation was developed in the following manners The 30
and 90 psia plots (figures 3 & L) for 2 mm data (o079 in.) were linear=
ized to determine the slope and the intercept of the part of the equation
dependent on subcoolonge The flow rate dependence was determined by
plotting on log-log paper, cross-plots of the 2 mm data at constant
subcoclingse Also plotted were cross-plots of Bergles!'(1l) and
Wessel's (26) data for constant subcoolings. A mean value of the slopes
was used to determine the exponent of the flow rate term, The same
technique ué.s used for diameter and 1/D dependence, using the data of
figures 5 and 7, and the data of Bergles (11), The leading constant
was determined by the zero subcooling intercepts and the values of
the constants G, and D, No pressure term is included as the variation
of CHF with pressure over this range is neither well ordered nor of
large magnitude,

The cerrelation was plotted over the MIT data and small adjustments
were made in the constants and exponents to get a better all around fit
and balance out the positive and negative deviations,

A further refinement of the correlation would be to make the
heat flux a weak 2nd or 3rd order dependence on subcooling, eliminating
the linear approximation, A minimum could be introduced at about

Ahgat = 20 to 30 Btu/lbm,




APPENDIX B = NCMENCIATURE

a « Acceleration in g's

A - Heat Transfer Area, f£t°

c - Specific Heat, Btu/lbm=deg F

D - Tube Diameter, inches |

g - Acceleration of gravity, £t/sec?

g, = 32.2 lbg-Tt/Ibmesec?

h - feat Transfer Coefficient, Btu/hr-ftP-deg F
h = Enthalpy, Btu/lbm

J - Mcchanical Equivalent of Heat, 778 ft-lbg/Btu
k ' Themmal Conductivity, Btu/hreft-deg F

L « Tube length, inches

) - = Pressure, psia

"Pr « Prandtl Number

/A = Heat Flux, Btu/hr-£2

t - Temperature, deg F

T - Temperature, dégrees Rankine
ATgay = (Tsat = Tb)s deg F, Subcocling

- Specific Volume, £t°/ltm

4

« Velocity, ft/sec

- Viscosity, ft°/hr

- Viscositys lbm/hr-ft

- Density, lom/ft3

= Surface Tension, lbf/ft

by = (hgat = Mp)s Btu/1bm, Subcooling

>°\“0\$:<,<:
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Subscripts

bo = At the point of burnout or critical heat flux
cr = At the point of burnout or eritical heat flux
b « Bulk or mixed mean conditions
crit = Critical
fg ~ Saturated Condition = Vapor Condition
= Vapor Properties
1 ~ Iiquid Properties
rb = Pool Boiling
s - Saturated Conditions
sat - Saturabed Conditions
v = Vapor Properties
W - W21l
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