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I.  INTRODUCTION AND SUMNARY

\Hear.-crnnsfer and friction coefficients have been obtained experizentally for
n-butyl elcchol flowing uprard in an electrically heated-stainleas-steel tube- {epprox:
0+5-ins—ID-and~17:5~inw long) AThe date extend over a heat-flux rénge’ “from 0.2 to
2.6 Beu/aq in. sec in the pressure renge from 30 to 250 psia at velocities from 20 to
40 ft/zec,

The results of the experizents indicate that the heat-trensfer chanctensucs of
the n-butyl alcchol in the surface boiling regize are similar to those” observed with
water, (Cf=Ref=1)~ Vhen the heat-transfer surface tenperature exceeds the boiling
point of the liquid, the heat flux can be increased, and the velocity as well as the
bulk temperature veried, without changing the surface temperature appreciably. The
temperature of the surface-to-liquid interface in_the surface boiling regime is
determined primarily by the pressure ca the liquid.l )}

In the pure forced convection regime, the data agree closely with the results
-obtained from sniline tests (Cf. Ref. 2) In t.hxs regica/ the heat-transfer cosfficient®
can be pn-dxcted by .

Fa o 0,03 Re0-8 Pr0-33 (popp)0et0 . - w

Because the veper pressure curve for n-butyl alechol closely resembles that of
water, and its viscosity ia similar to that of eniline, the results presented in this
report are in agresment with conclusicas draen by the authors as a result of previous

- experizents on heat trensfer to liquids at high heat fluxes (Cf. Refs. 1 and 2).

In & majority of the tests the effect of heat trenmsfer upen the frictional
pressure drop was studied. It was found that the ‘frictional pressure .ss decreases
(for a given flow rate of coolent) with ar increase in heat flux. This decrease
continues until boiling begins adjacent to the heat-transfer surface. After surface
boiling has begun, the pressure loss increases with any increase in heat flux.

No burnouts {such es had bsen encountersd when water was used as the coolent)
occurred in the tests with n-butyl alcohol. However, in several tests at heat fluxes .
above 2 Btu/sq in. sec, the atainless-steel tubular test sections developed almost
invisible loagitudinal cracks. These cracks are believed to have been caused by metal -
fatique (possibly bscause of vibrations induced by the growth end collapse of bubbles
within the test section). An analysis of the pressure fluctuation in the test gection .
has.shown thet vibrations at high heat fluxes occurred at a frequency of about 2500
cyc/sec. The magnitude of the fluctuaticns could not be ascertained because of limita-
tions in the respmse characteristics of the pressure pickup element.

I1. EXPERIMENTAL TECHNIQUE

‘The over-all setup which was used in the experiments has been described in detai..li
in a previcus report (Cf. Bef..1). The test section.consists of a stainlesse-steel tube -
0.528 irch ID. A heavy copper flange is silver-soldered to each end of this tube.

*The nouen\c_la‘thre used ig thu report ia given in Table I
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Heating was accomplished by means of electric current which passed longitudinally
through the walls of the tube, whose heated length was 17.5 inches, The test section
was mountrd in 8 vertical position, and the coolant entered at the lower end of the
tube. By means of thermocouples and thermomsters immersed in the liquid, the bulk -
temperuture of the liquid was measured as it entered the tube and as it left the tube.
The temperature rise of the liquid as it passed through the tube was measured inde~
pendently by a differential thermocouple. The pressure existing in the tube during a
test was determined by means of a Bourdon-type gage. The frictional pressure drop of
the liquad flowing through the test section was measured by means of a differential
manoreter (in eddition to the Bartom mmters described in Bef, 1). The flow rate of the
liquid was determined by a double-crifice flowmeter. The total electric pover conasumed
and the voltage and current were meesured during each test. The tempsrature of the
outer tube wall was determined by means of thermocouples. The tenperature at the inner
wall of an electricslly heated tube of given configuration can be calculated from the
measurem=nts of the voltage drop and of the outer wall temperature. The equations are
_ derived in Reference 1, which alsoc gives a detailed description of this technique.

During tests with n-butyl alcohol, it was found that the thermocoup'e elements
were loosened from the outer surface of the test section (to which they had been butt-
welded) by severe vibration whica was present. This difficulty was eliminated by
bending the ends of the thermocouple elemsnts (wires) and welding this bent-over
portion (about 1/16 in. long) tc the tube wall,

The temperatures recorded by thermocouples of both types (butt-welded and flate
welded) were compared under similer conditions of flow and heat flux, and found to
agree within the accuracy of the recording potentiometer. '

. #n attempt was made to determine the frequency and arplitude of pressure fluctua«
tions which were observed in tests at high heat fluxes. For this analysis, two Wiancke
pressure pickups were installed as shown schematically in Figure 1. Cne of the gages
- measured the liquid pressure in the tube, and the other gage was connected as a
differential pressure meter. The Wiancko systems have'a linear response up te 500
cyc/sec, and the carrier is able to handle frequencies up to 3000 cyc/sec. The pres-
sures were recorded on the tape of a Miller oscillograph. Inaddition, a sound analyzer
was placed in the vicinity of the test section, and the amplitude of the noise level
_ was determined st frequencxes up to 5000 cyc/sec.

The technique used in the reduction of the data has been described in detail in
Reference 1. The n-butyl alcohol did not form a- deposit on the heating surface, and
the messurements of. the wall temperature were reproducible within $10°F uader similar
conditions of flow, heat flux, and pressure. The heat balances between the electrical
power input and the thermal power output agreed within 2 per cent in the majority of
the tests; in no case did the deviation exceed 3 per cent. It is estimated that the
accuracy of the ex‘perlt'nental heat-transfer- coefficients is within 15 per cent.

The friction coefficients under isothermal conditions agreed within 2 per cent
with literature data for smooth tubes (Cf. Refs. 3 and 4). The measurements of
frictional pressure loss with heat transfer were reproducible within 13 per cent for
similar conditions of heat flux, bulk temperature, flow rate, and pressure.

I1I. EXPERIMENTAL. RESULTS

The investigation of heat transfer at high heat” fluxiwas continied afCerFth_e

. completion of the aniline tests (Cf. Ref. 2) with n-butyliilcohol as the coolant. This
alcochol was selected because its viscosity characteristics are similar to those of
‘aniline, whereas its vapor pressure curve resembles that of water (Cf. Ref.. 1). The
n-butyl alechol used in these tests was specially purchased for the héat-transfer tests
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and was 99,5 per cent pure. The results which were obtained from the study of hest
transfer and frictional pressure loss to n-butyl aleohol sre discussed in this sectien.

A, Heat Trensfer With Surface -Boiling

- A summary of the results of the heat-transfer tests with n-butyl alcohol is
presented in Figure 2.¢ The curves shos (foran average fluid bulk tempersture of 95°F)
the temperature potential necessary for the removal of heat fluxes up to 3 Btu/aq in.
sec, at pressures of 50, 100, and 200 psia, and for entrance velocities of about 20,
30, and 40 ft/sec. An inspection of the curves in Figure 2 shows that,when the surface
temperature exceeds the boiling point of the alcchol, (a) substantial increases in
heat flux result in only minor increases in the tetperature of the heat transfer-toe
liquid surface interface, and (b) the temperature of the heat-transfer surface is
insensitive to variations of the coolant velocity in the surface boiling regime.

During one test in the surface boiling regime, the influence of bulk terperature
upon the temperature of the heat-transfer surface was investigated (Cf, Fig. 3). The
n-butyl alcohol was circulated at a constant flow rate and at constant pressure, but
without being passed through the heat exchanger. This procedure resulted in the bulk
temperature of the liquid increasing fram a value of 100°F to a value which was higher
than 200°F. The wall-to-liquid interface temperature was unaffected by this increase
in the bulk temperatvr~ of the liquid and remmined constant at 3856°F, thus proving
that in the surface boiling regime the temperature of the interface between the liguid
and the heat-transfer surface is insensitive to changes in bulk temperature.

In Reference 1, the results of the experiments on heat transfer to water, with

_surface boiling, were correlated by plotting the excess tempsrature against pressure
for constant heat fluxes. The excess temperature was defihed as the temperature

¢ difference between the wall-to-liquid interface and the boiling point at the pressure
of the liquid during the test. The _sults of the tests with n-butyl alcohol are
presented in the same form in Figure 4, where the excess temperature is plotted
‘against pressure for various heat fluxes. During these tests, the flow rate of the
n-butyl alcohol was held constant at 3.85 lb/sec. It can be seen that the excess
temperature required to remove a given heat flux at a constant bulk temperature de-
creases as the pressure increases: A corresponding relationship between excess
texpergture and pressure exists for water; however, the curves for water have a steeper
negative slope than do those for the n-butyl alcohol. A further comparison of the
results obtained from tests using n-butyl alcohol as a coolant with results obtained-
from tests using water as a coolant is presented in Figure 5. In this Figure the
-excess temperatures {from Fig. 4) are plotted ngainst heat flux for constant pressures
(100 and 25 psia); the results obtained in tests with water at corresponding pressures
‘are superimposed on the same graph. An inspection of Figure 5 shows that the ceneral
- ctiends of the curves for the n-butyl alcchol agree with trends of the curves for water.
However, -for the removal of the same heat flux, the n-butyl alcohol requires an excess
temperature which is about 25°F higher than that required when water is used as the
coolant. The test sections used for both liquids were of similar dimensions, and the
Peynolds number (evaluated at the bulk temperature) was about 75,000 for both liquids.
A bulk temperature of about 100°F was used during the tests with both of the liquids.
The qualitative remarks presented next are pertinent to the proper use and

., interpretation of the data on heat transfer with surface boiling. Because the bulk

*The basic dnn. from the tests’are given in Tables II and III with important
calculated results. :
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temperature was nearly constant during the tests, the degree of subcooling of the bulk -~
of the liquid was not the sams in tests at different pressures. Even though the bulk
temperature or degree of aubcaohng has no effect upon the wall temperature in the
fully developed surfece boiling regime, the point of transition from the pure forced
convecticn regime to the surface boiling regime is dependent upon the bulk tenperature
and pressure of the liguid, Thus, at a higher bulk tempersture, the transition will
occur at a lower heat flux, erd vice versa. The heat flux at transition can be
calculated for a given bulk temperature and pressure by the following equations:

. 0.10
(/A erans. = 0.03% %ne"- 80 p.0.33 H£ (Ts - Tg) for n-butyl alcohol  (2)

¥

0.14
(9/8) trans, = 0.027%3:0-50 pr0.33 H2

(Tg = Tp) for water (3)
™ A

Before using the curves applicable only to heat transfer with surface boiling, it is
nece .sary to determine first whether or not the surface tenperature (for the pressure,
flow conditions, and heat flux under consideration) exceeds the boiling temperature
Ts of the coolant,

It has been shown (Cf. Refs. 2 and 5) that the exact poxnv. of transition from
forced convection heat transfer to surface boiling heat transfer is influenced by the
emount of dissolved geses or impurities in the liquid. When s degeased liquid is used
ez the coolent, the surface temperature may exceed the boiling point by as much as
20°F before bublies begin to form. On the other hand, if a large amount of gas is
dissolved in the coolant, bubble formtion may occur at a surface temperature below
the saturation temperature. For this reasom, the curves of Figure 5 are not extended
to excess temparstures of less than 10°F.

In previous teats with water, the heat flux that could be removed by forced
convection with surface boiling was limited by burnouts of the tube. It is believed
that these burnouts were caused by flow instabilities due to growth and collapse of
vapor bubbles. No burnouts (such as had been encountered when water was used as the
coolant) occurred in the tests with n-butyl alcohol. However, during several tests at
heat fluxes above 2 Btu/sq in. sec, the stainless-stsel tubular test section developed
almost invisible lengitudinel cracks. These cracks sre believed to have been caused by
metal fatigue, possibly because of vibrations induced by the growth and collapse of
bubbles within the test section. A detailed discussion of che appearance of these
cracks is pr d in the appendix )

During the test st high heat fluxes, a loud whining noise was heard. It was
believed possible that pressure fluctuations in the heater tubs were the source of
this noise. In order to analyze these fluctuations, the Wiancko pressure pickups
(shown schematically in Fig. 1) were installed and the pressure fluctustions picked
up by the Wiancko gages were recorded on the tape of a Miller oscillograph. An
analysis of these records has shown that vibrations at high heat flux occurred at s .
frequency of about 2500 cyc/sec. The megnitude of the pressure fluctuations could not
be ascertained because of limitations in the response characteristic of the pressure
pickup element, Audibly, the highest nbise level existed at about 2 Btu/sq in. sec and
decreased with changes in heat flux in either direction. The noise level was _measured
at various frequencies by a noife primer which was located about 3 feet from'the. test .
section. The results obtained with the noise pr T were qualitatively in agreement -
with the pressure measurements and audible observations:
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B. Heat Transfer by Forced Convection Without Surface Boiling

The heat-transfer data for the tests in which the liquid-to-surface temperature
remained below the boiling pomt of the alecohol are shomn in F;gure 6 and Table III,
The data which were obtained in the pure forced convection regun~ are plotted in
Figure 6 as the dimensionless modulus Nu/(Re0-80 Pr0.33) v the ratio of viscosity at
the bulk temperature to viscosity at the tenperature of the heat-transfer surface. This
type- of pr tation was ch b e, at the high heat fluxes used in the experie
ments, a steep temperature gradient exists adJacent. to the heat-transfer surface. This
temperature gradient causes a sharp decrease in the viscosity of the liquid near the
uall, compared with the viscosity of the bulk of the liquid, and it iz lnowm from
previous investigetions (Cf. Refs: 6, 7, and 8) that the variation in viscosity has
considerable influsnce on the heat-tranafer process. The experimental dau for the
n-butyl alcohol may be correlaced by Equau.un (1)

Nu = 0.034 Re0-80 pp0.33 '(#F/“')o,»xo

The dats for water and eniline previously obtained (Cf. Refs. 1 and 2)-are also
shown in Figure 6. It can be seen that the results from the tests with n-butyl alcohol
agree closely with those obtained from earlier tests with aniline as the coolant.
However, heat-transfer cosfficients- for both these ligquida ere from 15 to 25 per cent
higher than would be predscted from the conventional Sieder and Tnte equauoa (CS.
Ref, 6), which is .

No = 0.027 Re%-80 p,a.J: (y?/y')o.u- . SR P

Fquutxon (4) was found to be in good agreement with results obtained when waber was
used as the coolant. ’
The correlatica of the fc:rced ceavection data for R-butyl alechol and mulme was
:subject to .uncertainties because no precise data for the physical properties of these
liquids were avaiiable for the full ranges of temperature ‘and pressure covered in the
experiments. In particular, there exists considerable uncertainty regarding the thermal
conductivity of these liquids. Therefore, in reducing the data for the aniline and
n-butyl alcohol, the thermal conductivities K were assumed to be independent of
temperature. The values used are as folloms:

For aniline, K = 0.1 Btu/sq ft hr °F/ft (Cf. Ref. 9) .
For n-butyl alcochol, K = 0.095 Brw/sq ft hr °F/ft (Cf. vol 5, p. 228, of Ref. 10)

Values for the vapor pressure, specific heat, dersity, and ¥iscosity of the n-butyl
alcohol were taken from Reference 10 (Cf., respectively, p. 219 of vol 3, p. 108 of
-vol 5, pp. .27 to 33 of vol 3, and p. 215 of vol 7)., The temperature range covered in
the experiments exceeded the range for which date on the viscosicy of the alcchol were:
-available. The viscasity at higher temperatures was calculdted by a technique described
by Othmer (Cf.-Raf. 11). The physical properties which were act.inlly used in the’
reduction of data are plotted as a function of tesperature in Figures 7, 8, 9, anle. .
When more reliable data for the physical properties of eniline and n-bucy.l alcohol’
became avaxlable, the results of the heat-transfer tests can be re-evalusted. A single
'coeff.u:xenr. in Fquaums (1) and (4) may then correlate the results for all liquids.
It is interésting to.noté (Cf. Fig,'?) that the maximum. heat flux that .can be
removed by pure forced convection with liquid: n-butyl alcohol at a velocll:y of;. 24(
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tt/sec is about 1,15 Btu/sq in. sec. (More rhan twice this heat flux has becn removed
with surfsce boiling.) At this heat flux the surface tenperature reaches the critical
temperature. In general, the thermal conductivity of a fluid in the gaseous state 1s
very much smaller (about one-tenth) then the conductivity of the same fluid in the .
liquid state. Therefore, at the same mass flow rate of fluid, less heat can -be removed
at the same temperature potential when the coolant is a fluid in the gas=ous state.

Rydragen mzy be an exception because its thermal conductivity in the gaseous state
is higher than the conducuvxty of most liquids (Cf. p, 391 of Ref. 12), At this
time no information is available regarding the variation of physical properties of such
fluids st or near the critical point. Therefore it is not safe to extrapolate the
curves of Figure 2 to temperatures and pressures higher than critical, However, it is

believed that the forced convection equation (Eg. 1) may be applied at pressures and

terperatures above critical when correct values for the physical proper:ies are used
in the dimensionless moduli,

At the outset of the experiments, itwas hoped that the expsrimental Nusselt modu.u
could be compared with those calculated from a semitheoretical analogy between heat
transfer and momentum transfer by Boslter, Martinelli, and Jonassen (Cf. Ref. 13).
These investigutors arrived at a semitheoretical equation for the calculation of the
Nusselt modulus at a severe-temperature. gradient. The equation (based on experimental
data) assumes that the thickness of the lamin'ur.boundary layer decreases under high.
thermal gradients, and relates this variatien in thickn of the lemi léyer to the
Reynolds number and the ratio of the viscosity at the bulk temperature tothe viscosity
at the edge of the laminar boundary lnyer. This camparison has bee postiponed because
it was believed that the possible error in the Nusselt modulus (due to the uncertainty
in the value of the thermal conductivity) would be of such a magnitude that no
positive conclusion could be drawn..Also, it is believed that, in order tc obtain
data for such a comparison, atest section of higher aapact ratio (L/D) should be used
so that entrance and exit effects could be elxmruted

C. Frictional Pressure Dx'op Wxth Heat Transfer

The results of previous experiments have shown that the frictional pressure loss
(for & given flow rate of liquid) decreases when heat is transferred to the liquid.
Dats have been reported for frictiem coefficients with heat transfer by forced convec-
tion without surface boiling (Cf. Refs. 1, 6, and 11). In the surface boiling reginme,
on the other hand, the frictional pressure drop with heat transfer has not been
stulied extensively, and the test results which have been obtained do not even agree
qualitatively. In order to clear up these uncertsinties, the frictienal pressure drop
of A-butyl alcohol flowing in the stainless-steel heater tub: was measured under
isothermal and heat-transfer conditions.

The data on frictional pressure loss in isothermal flow are tabulated (Cf:
Table IV) and plotted as Cp vs Re (Cf. Fig. 11). The accuracy of the pressure-drop
measurements was checked by comparing the results with published data on fricticn
coefficients in smooth tubes.(Cf. Refs. 3 and 4). The expenmental friction coeffi-~
cients agreed with the accepted values within 2 per cent.

The influence of hest transfer upon the frictional pressure loss was observed in °

. several series of tests, During each’ séries the heat flux waa intreased stepwise frcm
0 to 2.6 Btu/sq in, sec, while the-flow rat.e .and liquid pressure were held constant
The heat-flux range spanned ‘the pure fdrced convection regime and extended well into

~’_‘the-reglm of surface boxlmg. The effect of heat transfer'upon the fricticnal pres-
‘Bure drop is illustrated in Fxgure 12. In this’ Figure the frictional pressure loss is
plotted.against heat flux for.a constant mass flow rate of 3.85 lb/sec at four-
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different pressures (30, 59, 100, and 200 psia). From an inspection of these curves it
can be seen that the frictional pressure loss initially decreases {for a given flow
rate of coolant) with an increase in heat flux, This decrease continues until boiling
begins adjacent to the heat-transfer surface. After surface boiling has begun, the
pressure loss increases with any increase in heat flux.

For given conditions of flow, heat flux, and bulk temperature, the liquid pressure
has no influence on the frictional pressure drop in the pure forced convection regime.
However, in the surface boiling regime the frictional pressure loss (at the same heat
flux, bulk temperature, and flow rate) increases with a decresse in pressure. This
result appears reasonable since (at the same flow rate, bulk temperature, and heat
‘flux) boiling is more vigorous at lower pressure. It shovld be noted that, even at the
lowest pressure and highest heat flux used during the iests, the frictional pressure
loss did not exceed the iscthermal value at the same liquid flow rate.

‘the discussion thus far in this section applies also to the phenomens which were

observed at lower coolant flow rates, The curves of Figures 13 and 14 show the results
of tests on the effect of heat flux upon the fncucral pressure drop at mass flow
rates of 3 and 2.2 lb/sec, respectively.
B The results shown in Figures 12, 13, and 14 do not agree with measurements of the
préssure loss in flov of conlant water through an annular test section under conditions
of heat transfer with surface boiling (Cf. Refs. 14 and 15). In Reference 14 mention
is made of increases in pressure loss under conditions of heat transfer with surface
boiling as high as sixteen times the maximum value of the isothermal pressure loss at
" the same flow rate. Knowles (Cf. Ref. 15) reported negative pressure losses® in flow
of water through an annulus at high heat fluxes with surface boiling. The reason for
the discrepancy between the results obtained at this Laboratory and those reported by
other mvcsugat.ors is not known.

In the reginme of forced convection heat transfer without surface beiling, the
friction coefficient is dependent upon the Reynolds number, the wall temperature, and
the Prandt] number

Gy = & (Re, Ty, Pr) . (5)

Since the temperature of the liquid adjacent to the wall is above the temperature of
the bulk of the liquid, the viscosity adjacent to the wall is less than in the center
of the tube. Thus with heat transfer the tractive forces along the wall are decreased;
consequently the value of the friction coefficient is lower than it would be under
isothermal flow conditions at the so~e bulk Reynolds number. This fact is shown in
Figure 15 where the ratio of isothe.mal to heat-transfer friction coefficients is
plotted as a function of the ratio of viscosity at bulk temperature to viscosity at
the wall temperature. The results of previous tests with water (Cf. Ref. 1) are also
plotted on the same graph. An inspection of the curves shows that an increase in heat
flux (which corrésponds to a higher viscosity ratio) results in a decrease of the
friction coefficient.

The results of previous work (Cf. Refs. 1, 6, and 16) have indicated that the
friction coefficient with heat transfer can be related to the isothermal friction

*In some cases Knowles observed outlet pressures which were higher.than ‘the inlet
pressures. .
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-coe{ficient at the sapa bulk Heynolds number by

C’iso . b 0.14 . ©
Cryr M1 .
This relationship was found to be a satisfactory approximation up to viscosity ratios
of about 3, regardless of the Reynolds number. However, st higher heat fluxes the
ratio of the friction coefficients is larger than would be predicted by Equation (6).
Furthermore, at the same viscosity ratio the ratio of the friction coefficients is
larger for lower Peynolds numbers,

© Attempts t. srrelete theae experimental results by means of theoretical con-
siderations have not been successful. Work in this direction should be continued
because any attempta to find an analogy between heat transfer and mementum transfer
must use a correct value of the friction coefficient as a stepping stone.

The results of the tests described have been applied to calculations of the
frictional pressure loss in annular cooling channels of a rocket motor. Since only one
side is heated during firing, the decrease in friction drop due to heat transfer
should be only halfthe value chserved in a circular-flor conduit with unifarm heating.
Based upon this assumpt.on, the frictional pressure drop was calculated (from the
experimental data presented in Fig, 15) for several rocket motor tests. The experi-
rental and calculated frictional pressure drops were in agreement.’

IV, CONCLUSIONS

Experimental data have been obtained on heat transfer frav a stainless-steel tube
to n-butyl alcchol in the heat-flux range from 0.2 to 2.6 Btu/sq in. sec over a pres-
sure range from 30 to 250 psia for velocities from 20 to 40 ft/sec. The results of
these tests (summarized in Fig. 1) permit the determination of the surface temperature
necessary for the removal of a given heat flux in the forced convection and boiling
regimes. :

The temperature of the heat-transfer surface (when it exceeds the boiling
tezperature of the liquid) is insensitive to changes in velocity, heat flux, and bulk
tesperature. In the surface boiling regime the pressure of the liquid determines the
surface temperature,

The excess temperature required for the removal of a given heat flux decreases
with increase in pressure for the range of varmbles covered, The maximum exceas
terperature was less than 85°F during all tests.

In the pure forced convection regime the results for n-butyl alcchol are cor-
related within 15 per cent by the following equation:

R = 0,034 Re0- 80 pr0.33 ‘(h/,,')o.xo

Ne burnouts of the heater tube were encountered in the teats with n-butyl alcohol.
Howsver, at high heat fluxes the stainless-steel tube failed because of almost in-
visible eracks. It is believed that these cracks were caused by fatigue of the metal.
Severe vibrations at a frequency. of about 2500 cyc/sec were found to exist in tests at
heat. fluxes above 2 Btu/sq in. sec.

: The frictional pressure loss decreases (fot a given flow rate of coolant hqu:ld)
with an increase in heat flux. Afrer surface boxhng has begun, the pressure loss
increases thh any increase -in heat flux. Even in the surface boiling regime the..
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pressure loss with heat transfer was less than the isothermal pressure loss for the
same mass flow rate. The friction coefficient for nonboiling heat-transfer conditions
can be approximated from isothermal data by evaluating the friction coefficient at a
Raynolds number based on a temperature equal to or slightly below the temperature of
the heat-transfer surface. It would be desirable to predict the heat-transfer frictiom
coefficient fromtheoretical considerations; work along this line should be encouraged.

-Pege 9
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TABLE I
- NOMENCLATURE

area (aq in.). :
friction cosfficient [AH + (D/L) + (2 &/?)].
specific hest (Beu/lb °F),
diemster (in.),
gravitationa] constant (ft/sec?).
begt-tranafer cosfficient (Btu/sq in. sec °F).
frictionl hesd loss (ft of liquid). “
therm] coodustivity (Btu/sq ft hr °F/ft).
- length (in.).
Nusselt number (RD/K) - 43,200.
prezsure (pria). ’
frictiomal pressure loss [(in. He) - (in. liquid)] .
Prande] mumber (cyt/K) * 3600 g ’
heat flux (Btu/sec).
Reynolds nusber (2Do/ug). -
teaperatare (°F).
AT outlet~inlet temperature (°F).
v velocity (ft/sec).
w flow rate {1b/sec).
u  viscosity (1b sec/sq ft).
p density (lb/cu ft).

o> ,
P PR FrexBon o)

entrance.
bulk of fluid.
heat trensfer.

isothersnl
saturatica.
wall,

e

F
BT

in  inlet.
20

s

¥

X  excess above saturation temperature.
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"TABLE II

" HEAT-TRANSFER AND FRICTIONAL PRESSURE-LOSS DATA FOR
TESTS IN SURFACE BOILING REGIME

Test w Tin AT g/A p Ty | T | &P

No. Flectrical*| Therml®*® ’

1 3.8 93 -- 1.50° .- 68 | 371 | 35

2 3.65. | 78 | 22,5 1.8 ~ 1.59 200 | 451 | 26

3 3.85 80 | 16.4 1.17 1.15 S0 | 348 | 31

4 | 3.85 86 | 23.5 1.66 1.68 50 [ 351 | 34

‘5 3.86 |- 75 | 23.4 1.63 1.68 . [200 [ 450 | 25

6 3.85 8 - 2.17 -- 200 | 460 | 35

7 3.84 89 | 29.7 2.17 2.13 250 | 482 | 38

8 3.83 | 103 | 29.8 2,23 2.22 - 205 | 470 | 43

9 | 3.8 91 | 23.1 1.66 1:67 250 | 470 | 26

10 3.84 | 98 | 23.1 1.69 1.69 197 | 448 | 24

11 | 3.83 | 103 [ 23:5 1.66 1.74 150 1 432 | 33 -

12 | 3.84 90 | 23.0 1.67 1.66 254 | 416 | 29

13 3.8 85 | 23.7 1.72 L.73 102 | 407 | 42

4 3.83 99 .1 24.1 1.74 nn 50 | 370 | S§3

.15 3.83 | 101 | 24.1 1.74 L7 29 | 340 | 56 | _

16 " 3.84 92 | 35.3 2.52 2.58 285 | 48 | 42

17 3.84 96 | 34.9 2.59 2.57 [ 200 | 473 | 48

18 3.85 .1 81 | 22.2 1.60 . 1.58 199 | 457 | 33 | 5.83
19 3.85 | 8 | 30.2 2.17 2.19 200 | 465 | 41 | 6.55
20 4.3.84 92 | 335 2.52 2.45 200 | 472 | 48 | 7.26
21 3.85 87 [ 16.. 1.16 1.14 100 | 385 | 22 6.92
22 3.85 87 | 24.0 1.69 1.72 % | 405 | 41 | 7.20
23 3.85 85 | 311 2,23 2.24 99 | 418 | 55 | 7.9
24 3.85 8 | 11.2 T 0.® 0.79 50 | 319 2 | 17.52
25 1 3.84 81 | 16.7 1.19 1.20 50 | 352 | 35 | 7.59
26 3.85 87 | 24.3 1.72 1.74 50 | 366 | 49 | 8.35
27 3.84 89 | 3L.0 2.29 2.28 S0 | 383 | 66 | 9.36
28 3.8 79 | 11.2 0.8 0.78 30 | 310 { 25 | 7.68
29 3.85 85 | 16.5 1.17 1.17 30 § 327 | 42 | 8.35
30 2.22 -| 90 | 14.7 0.62 0.62 50 | 318 1| 2.83

«g/A = (kilowsets)/(1.054 * Ayp)s

/A= (c, v AT) /(Agp).
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TABLE XX (Cont'd)
I .
Test v Tin AT q/A [ T' Tj AP

No. Electrical*| Thermal®®
kil 2.22 91 10.7 0.4 0.45 30 290 5 2.9
2 2.22 90 14.5 0.64 0.63 30 2% 11 3.20
33 2.0 | % 11.6 0.63 0.65 30 294 9 4.72
34 3.00 90 11.5 0.64 0.63 30 296 -] 5.0
35 2,22 87 26.7 .12 1.13 19 433 9 2.38
36 2,22 -90 18.2 0.74 0.77 100 | .370 6 2.62
37 2.22 89 27.2 1.15 1.16 100 392 28 2.95 .
38 2.22 36 18.8 0.78 0. 50 328 11 3.10
39 2,22 90 27.2 1.15 1.18 50 349 2 3.5¢
40 2,22 88 19.0 0.7 0.80 0 300 15 3.51

T4 2.22 8 28.4 1.19 1.19 30 323 38 3.94
42 3.00 89 20.2 .14 1.14 200 434 9 3.96
43 3.00 88 20.0 1.13 1.16 100 376 2 4.64
44 3.00 90 14.0 0.78 0.78 S0 320 3 5.01
45 3.00 86 20.7 1.17 1.18 S50 350 3 5.51
46 3.00 89 14.0 0.78 0.7 . 30 29 14 5.60
47 3.00 | 88 20.9 1.18 1,19 30 R4 39 6.12
48 3.00 90 29.3 1.66. 1.64 200 456 31 4.3
£ 3.60 92 29.4 1.68 1.70 100 403 » 5.13
50 3.00 98 30.1 L78 . 1.70 50 372 55 5.66
51 2.27 95 | 39.1 1.69 1.70 100 410 46 3.36
52 2.23 102 39.6 1.73 1.74 50 3n 60 4.16
53 3.2 91 14.0 o™ 0.8 30 211 3 5.40
54 3.84 99 2.2 1.67 1.63 100 404 40 7.9
55 3.84 92 - 1.79 - 100 408 | 44 7.7%
56 3.84 94 - 1.19 - 100 389 | 25 6.98
57 3.84 97 - 1.2 - 100 ”~2 48 7.64
58 3.84 93 - 1.22 -- 100 384 | 20 7.00
2 3.84 99 -- 1.70 - - 100 409 45 7.90
60 3.00 95 - 2,20 - 200 470 45 4.88

Page 12
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" TABLE II {Cout'd)

Test » T AT P T, T, AP

No. b Electrical* | Thermal*® ' x

61 3.00 90 | 39.0 2.23 2.24 100 | 420 | 56 | 5.78
62 2,22 93 | sl.1 2.20 2.20 200 | 473 | 48 | 3.27
63 2.22 94 | 51.4 2.23 2.24 100 } 417 | S3 | 3.95
64 3.00 95 | 39.3 2.26 2.28 S0 | 384 | 67 | 6.82
65 3.82 | 103 | 34.2 2.54 2.56 200 - - | 1.56
66 3.84 ® | 16.3 1.17 1.16 200 - - | 6.62
67 3.84 90 | 22.6 1.64 1.63 200 - - | 6.4
68 3.84 8 | 231 1.6% 1.66 100 - - | 7.8
69 3.8 98 | 24.0 1.69 1.75 50 - -- | 885
70 3.84 99 | 30.6 2.27 2.271 S0 -- - | %2
ra 3.8 | 101 | 35.2 2.63 2.62 50 | 398 | 81 |10.50
ke 3.84 90 | 35.1 2,60 2.57 100 | 429 | 65 | 8.84
3 2.22 B | 59.4 2,57 2.% 200 | 417 | 52 | 3.65

3g/A = (kilowatts}/(1.654 * Apg)e

**a/A = (c, # AT)/(Agy).
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T 39nd

HEAT TRANSFER AND FRICTION DATA FOR TESTS WITHOUT SURFACE_BOILING
Test Tin| OT | v q/A Ty| T, h | Re Na topp | M\ AP [ Cp [Gp
No. " Electrical | Thermal "F x 1;-3 u_" (ﬂ,&mp,-o.%) r c 150
‘ - F
. x 10-2 HT
1(385]8 |11.5}43.1 0.82 2981 92 3.741 74.1 | 991 7.33 4.14
2 13.85)85 {11.4]40.9 0.80 0.77 | 303} 88 |3.59|66.1 [ 952 | 8.10 4.30
3 [3.84]87 |16.841.0 1.19 1.16 }1393| 95 3.881 73.1 {1028 |11.81 4.39
-4 1384190 |11.2 {41.0 0.79 0.77 | 3011 93 [3.71 .4 1983 | 7.97 4.25
5 13.84|97 |1L.3|40.8] 0.79 0.79 |314]| 87 |3.48]65.8 | 922 | 8.66 4.17
6 13.8318 [17.041.2 1.21 1.21 |420{100 3.7 71.6 | 998 |12.70 4,21
7 13.84|97 '} 6.2 ]4L.2 0.44 0.46 | 225|100 3.66[77.6 | 9 | 4.00 4.02
8 13.84192 | 471411 0.33 0.33 1189} 98 |3.63( 75.7 | 962 | 2.97 4.03
*9 [2.79193 | 6.6 [29.9 0.34 0.33 |224| 98 |2.59]55.0 | 686 | 4.10 3.71
10 12,79 (93 | 9.1]29.9 0.46 0.46 |265{100 [2.77{56.4 | 737 | 5.37 3.94
79194 |14.9 | 30.0 0.78 0.79 13751104 [2.91{59.4 | 769 | 9.50 4.10 ’
.85 86 [11.1]41.1 0.80 0.80 (320194 |3.54{72.31938( 7.3 4.03 7.4510.0119 | 1.67
.85 187 [16.5 ) 41.2 1.18 1.16 [405) 98 . | 3.78] 75.9 [1002 |12.13 4.20 6.28 (0.0100 | 1.96
.85 (88 |11.1(41.1 0.79 0.79 [320| 96 )3.47[74.0 1920 | 7.06 3.91 7.58 10.0121 1.63
84192 3.1 [41.0 0.22 0.21 1163} 94.5(3.07( 12.2 | 814 | 2.35 3.51 10.78 10.0173 | 1.15
.84 [ 89 4.8 | 41.0 0.34 0.34 1192] 92.5/3.39/70.6 | 899 | 3.28 3.91 10.02 [0.0161§ 1.24
.8419 | 6.8 41.0 0.48 0.47 1228} 93.83.52] 71.9 | 933 | 4.45 4.02 9.22 10.0149] 1.34
8494 [ 3.0 41.1 0.21 0.21 1164| 96 |13.09/73.9 | 819 | 2.27 3.48 10,84 |0.0174{ 1.14
.84 188 | 4.8 |41.0 0.34 0.33 {191] 91.2]3.35]| 49.6 | 888 | 3.31 3.90 10.11 10.0162 | 1.23
3.84 |91 | 6.641.1 0.47 0.46 1226 94.8]3.53| 12.2 | 936 | 4.34 4.03 9.28 10,0149 1.34
84189 3.1141.0 0.22 0.22 | 157 91.5]3.27|69.8 | 867 | 2.25 3.80 10.88 10.0175] 1.15
8496 | 4.7 [41.1 0. 33 0.33 119%)99 |3.50)76.6 | 928 3.12 .87 10.01 | 0.0160 | 1.22
. 84 { 92 6.6 [41.1 0.47 0.47 1228] 96.8] 3.60| 74.5 | 954 | 4.30 4.04 9.24 §0.0148{ 1.33
64|90 3.0 ) 41.0 0.21 0.21 |158] 91.813.24| 10.0 | 859 | 2.25 3.76 10.84 [0.0175 | 1.14
84191 | 4.7(4L.0 0.33 0.33 1191] 93.5{ 3,40 71.6 | 901 | 3.22 3.689 10.06 10.0161 | 1.24
84193 | 6.4 411 0.46 - 0.46 1225] 97.5]3.59] 75.4 | 952 | 4.12 4.00 9.30 {0.0149]1.32
.22 192 5.3 2.7 0.22 0.22 [191] 97 |2.28] 43.2 | 604 | 3.05 3.95 3.69 10.0177} 1.26
2292 7.9123.8 0.33 0.33 1245195 [2.19) 42.2-| 580 | §.01 3.85 3.22 10.0154 1.47
22190 110,7|23.8 0.44 0.45 12901 96 [2.33]| 42.8 | 618 | 6.67 4.07 2,83 10.0136 | 1.65
22190 {14.4]23.8 0.60 0.62 | 3501100 | 2.48]| 44.9 | 657 | 9.09 414 2.40 10.0115] 1.96

§6-y ‘o 1doddy ssaiBoig
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TABLE III (CONT'D}

¢r 98vg

JTest| w Ty | AT| v q/A Ty Tr h Rep N | pp iy Ns \| AP C’HT Cp.
No. Elcatrical | Thermal -3 7y [\ReH80p0.33) uia
x 10 by o c
x 10 HT
31 | 2.22] 89| 5.1]23.7] - 0.21 0.21 | 190 | 93 | 2.21| 4L3 | 586) 3.18 3.93 .72i0.0179 | 1.27
32 12:22| 91| 7.4 {23.8 0.31 0.31 | 250 | 97 | 2.36| 43.3 | 626 4.32 4. 10 3.35[0.0161 | 1.40
.33 12.22{°87 {10.6 |23.8 0.43 0.45 1298 | 96 | 2.24] 42.8 | 594} 7.00 3.90 2.82 10,0136 | 1.65
~34°12.22) 93 (14.2 |23.8 0.59 0.60 | 354 {102 | 2.38] 46.0 | 631]9.07 4.00 2.4810.019 | 1.86
T35 12,221 921 5.1 (23.7 0.21 0.21 1190 95 | 2.23| 42.2 571} 3.11 3.7 3.7210.0179 | 1.26
¥ (2.2 89| 7.5 [23.7 0.31 0.31 ] 238( 90 | 2.12] 39.9 562 5.00 3.83 3.3210.0160 | 1.43
37 | 2.22{ 94 110.5 |23.8 0.44 0.47 1294 98 | 2.42| 43.8 640 6,72 4.16 2.88(0.0138§ 1.62
3B 12.22] 9] 5.1123.7 0.21 0.21 | 191 90 [ 2.12) 9.9 | 562} 3.33 3.83 3.700.0178 § 1.29
39 [2.22] 90| 7.8 |23.7 0.3 0.33 [ 242 | 92 | 2.19] 40.6 | 580§ 5.08 3.92 - 3.2510.0156 | 1.46
40 [.3.84.| 89 | 8.7 [41.0 0.62 0.63 { 261 92" | 3.72| 70.3 | 98| 5.74 4.30 8.50 [ 0.0136 | 1.47
Al 13,85 8| 9.1 |41.0 0.64 0.64 1 265{ 90 | 3.68| 69.1 | 975} 6.04 4.29 8.36]0.0134 ; 1.50
42 {3.84| 88! 8.9{41.0 0.63 |- 0.63]264} 90 | 3.62| 69.1 | 960] 6.00 4.22 8.4910,0136 | 1.48
43 13841951 8.7|411 0.62 0.63 | 261} 98 | 3.86| 75.7 |1023| 5.3 4.29 8.52 10,0136 | 1.45
44 | 3.85| 86 | 3.2 |40.9 0.21 0,21 [ 149 8 | 3.40] 64.8 | 901f 2.19 4.10 10.8810.0075 | 1.17
45 [ 3.84) 88| 4.7141.0 0.33, 0.37 1188 | 88 | 3.69| 66.9 | 978] 3.32 4.32 9.9810.0161 | 1.2§
46°13.84( 92 | 6.6 [41.0 0.47 0.47 | 221 92 | 3.61| 70.2 | 957] 4.25 4.18 9.2510.0149 | 1.34
47 [3.85( 87 | 9.1 [41.0 0.64 0.63 [ 264 | 89 | 3.60] 67.6 | 954]6.13 4.24 8.3410.0134 | 1.51
"48 [ 2.89| 95 3.130.9 0.21 0.21 { 172 | 95 | 2.75] 54.8 7291 2.55 3.81 6.0510.0171 | 1.24
49 [2.89] 92} 6.3]30.9 0.34 0.33 1213 92 | 2.72( 52,9 | T21] 3.98 3.95 5.51(0.0156 | 1.37
50.12.89 | 93 8.5[30.9 0.45 0.46 | 257195 | 2.82 58.9 | 747|5.43 4.01 4.9610.0140 | 1.52
- 51 2.9 | 94115 |30.9 0.62 0.62 | 310 92 2,83 52.9 | 750( 7.89 4.11 4.4010.0125 | 1.71
52 {3.00f ©2| 3.8 32.0 0.21 0.21 1 170§ 91 | 2.72] 3.9 | 21| 2.65 3.687 6.7 )0.0177 | 1.20
53 | 3.01| 87| 6.2 |32.0 0.34 0.34 | 211} 89 | 2.76| 52.7 | 732{ 4.07 3.98 6,09 1 0.0161] 1.33
54 13.00| 88 | 8.2}32.0 0.45 0.46 1 253] 90 | 2.81f 53.9 745] 5.56 3.9 5.4810.0145 | 1.47
©55 3.00 92 {110 [32.1 0.62 0.62 | 3051 96 | 2.98| 57.8 | 90} 7.30 4.09 4.8510.0130 | 1.61
56 1'3.00{ 91 }10.9 |32.1 0.61 0.61 1 302) 94 | 2.96| ~.4 | 785] 7.35 4.11 4.89(0.0129 | 1.64
57 12,22 | 94 (17.6 {23.9 0.75 0.76 | 410 1108 | 2.52| 49.9 | 66810.91 4.07 2.25[0,0106 | 2.05
58 | 3.00] 89 113.6 | 3.2 0.76 0.78 | 353|100 | 3.08| 60.7 | 816]9.20 4.12 4.4010.0114 | 1.81

Wr
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TABLE IV

DATA FOR PRESSURE DROP IN ISOTHERMAL FLOW

Test Manomster » v Re® . Cp
No. Reading (in. Hg)
Left Right
10 7.50 6.05 3.84 40.66 54,970 0.0222
2 4.95 4.0 3.07 . .51 43,950 0.0229
3 2.84 2.25 2.23 23.61 31,920 0.0247
4 1.90 1.50 1.78 19.59 25,600 0.0255
H 2.80 2.25 2.23 23.61 31,920 0,0245
6 -4.25 3.45 2.85 30.18 40, 800 0.0229
1 4.90 3.95 3.07 32.51 43,950 0.0226
8 7.25 5.98 3.8¢ 40.66 54,970 0,0216
gees 7.1 5.95 3.84 40.66 54,970 0,0213
10 4.62 3.9 3.07 2.51 43,950 -0.0218
11 2.63 2.3 2.22 23.51 31,790 0.0241
12 1.75 1.6 1.78 18.85 25,485 0.0255
13 4.15 3.52 2.85 30.18 40, 800 0.0228
14 2.65 2.30 2.22 23.51 31,790 0.0242
15 1.75 1.6 1.78 18.85 25,485 0.0255
16 4.72 4.0 3.07 32.51 43,950 0.0223
17 7.1 5.95 3.84 40.66 54,970 0.0213

*Buik temperature for all tests was 73°F.

**Tests 1 through 8 wore made Jamnary 28, 1949.

es+Tests 9 through 17 were l.mda February 3, 1949, with a different tube of

simi
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APPENDIX®

Several lengths of stainless-steel tubing which had cracked during heat-transfer
tests were examined for possible causes of the failure. No obvious fault of the
material was indicated as a cause of the failure.

The cracks in the wall of the stainless-steel tube (0.020-in. wall, 0.625 in. ID)
were located in a longitudinal direction and were from 1/4 to 3/4 inch in length. The
photomicrographs show & view of the cross section through a cruck, unetched, at a
magnification of 200 (Cf. Fig. A-1) and a longitudinal view at the same magnification
after annealing and etching (Cf. Fig. A-2). Microhardness tests on polished surfsces
showed hardness values corresponding to Bockwell C 35 to 40. The hardness of hard~drawn
tubing falls within this range.

The literature cites instances of similar failures caused by applied stresses
combined with high residual streases end also of stress corrosion failures and fatigue
failures. In the case of the stainless-stesl tubes there is no evidence of stress
corrosion failure. It is probeble that the failure was caused by fatigue or an applied
stress in addition to a high residual stress. Since this tube had a thin wall and was
not annealed, high residual stresses from fabrication were unquestionably present. A
high applied thermal stress could have been-the result of cocling the inside wall of
-the heated tube. A. fatigue failure could have been caused by cyclic stresses at a
high frequency.

The microstructure shows inclusions elongated in the direction of drawing. These
inclusions are not unusually severe for this type of tubing, but lower the strengt:b
and ductility in the huop stress direction.

The most obvious remedy would be to anneal the tubing, thereby removing most of
the residual stresses and incressing the ductility of the metal. This treatment would
allow the tube to take up some of the thermal stresses without cracking.

sLavrence j. Hull of this Laboratory bgl'pedvin ‘t_he preparation of the appen'd}x.
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Figure A-1.  LUnetched Cross Section Through Crack of Stainless-Steel Tube

Figure A-2. :.Cro~ss Section Through Crack of _S‘Lainless-Stee'l Tube After
r.\nne\aling and Etching - - i
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