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SUMMART
Local surface coefficients of heat trensfer, overall pressure drop data

and meen friction factor are presented for heat fluxes up to 3.5:106 Btu/hr £t2
for water flowing in a nickel tube under the following conditions: mess rates
of flow up to 5.6x 106 1b/hr £12 (or inlet velocities up to 30 ft/sec), abso-
lute pressures up to 2000 psia, and 1iquid subcooling between 50 F end 250 F.
The test section dimensions were 0.180 inch I.D. end 9.4 inches long.
JNTRODUCTION

Very little information has been available to predict heat tranafer and
pressurs drop performance for liquids with severe temperature gradients adjacent
to the surface, particularly vhen the surface temperature exceeds the normal
boiling temperstures. Recent works published by Knowles (3), Kreith and Sumer-
field (1) (2), and McAdams et al (4) present date for this type heat transfer
process in the lower pressure ranges, The data presented here for water was
obtained in August, 1950, and represents scme of the initisl date available
for water at pressures up to 2000 psia. Simultaneously, similar date has bocn
gathered at U.C.L.A. This perticuiar type of heat transfer process is encountered
in liquid-cooled rocket motors and in more recent steam power plant equipment.

# jAsst. Prof. Mech. Eng., M. I. 7., Cambridge, Mass.
e mmhr’ Mech. hg., M. I. To’ cllbrldg., Mass.
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AFPARAIUS

The test apparatus is a closed system consisting of a vertical test sec-

tion of pure nickol, & Hayward-Tyler centrifugal pump, a calibrated orifice,

s hest exchanger, a pressure vessel, end an ion exchanger. A layout is given

in Fig. 1. Power is supplied from two 36 KW 12 volt DC Generators driven by

440 volt, 3 phase, AC 600 rpm synchronous motors. The generator outputs are
connected in series and provide a range of 0O-=24 wvolts and 0-3000 amperes. Thermo-
couples are located at the teat water inlet and outlet and along the outer wall
of the test section, readings being taken by means of a Rubicon potentiometer,
Model 2703 and a Rubicon spotlight galvanometer Model 3401-H. A bourdon type
Heise pressure gage 0-2000 psi is located at the inlet to the test section. A
Barton differential pressure gage 0-300 inches of water is connected across inlet
and outlet of the test section to record the pressure drop.

The test section (figure 2) consists of a pure nickel tube (International
Nickel Co. "L® Nickel) of .1805 in, inside dismeter, .2101 in. outside diemeter,
and a length of 9.4 hchu. Threaded bushings of "L" nickel are gold soldered
%o each end of the test section, and maske contact with bronse end mounte, which
support the test section assembly and carry current froem the bussbars.

The test water was circulated by a four-stage centrifugsl pump manufactured
by Hayward-Tyler Compeny, Ltd., of England. The pump impeller and the motor
assembly are both enclosed in a single steinless steel cesing capable of being
operated at e pressure of 4000 psie with a head of 300 ft. of water at 50 gpm.
The heat exchange system which removes heat equal to the electrical energy sup-
plied employes an intermediate fluid, silicone DC-701, between the test and city
cooling water, in order to assure an absence of local boiling of the cooli;;til;r
this pu't of the ecircuit. Flow measurements were made by a calibrated orifice
with e Barton differential breunrc gage having a range of 0-100 inches of water.
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The system pressure is maintained by the vapor pressure in an insulated pressure
vessel heated by chromalox electric heaters.

cal problems it was impractical to measure the tube inner wall temperature directly.
Instead, thiol tempersture was caloculated from measurements of the outer wall tem-
perature, the alectric current, and the geometrical and physical properties of

the nickel tube,

The tube outer wall temperature was measured at seven points above the tube
as shown in fig. 3 from twelve chromel-constantan thermocouples electrically
insulated from the tube wall by a small sheet of 0.,0015 in. thick mica. Around
the tube was a copper shield electrically heated in three sections, each con-
trolled by a variac. The space between the tube and the shield was filled with
Kaolin wool insulation.

The shield temperature was adjusted to the same temperature as the test
section thermocouple. Under such conditions the reading of the outer wall thermo-
couple can be considered to be the temperature of the tube outer wall.

In the surface boiling region the tube wall t.nporﬁtures are fairly uniform;
hence a uniform setting of shield temperatures for any one operating condition
resulted in accurately determined wall temperatures. In the non-boiling reg;lon,
the test section had en axial temperature gradient requiring adjmﬁmta of the
three variacs to cause thoahioldtofonmeluolythotubotuponh&u.

A mock-up of the test section assembly (fig. 2) was tested with condensing
steam in the test section to determine the effect of shield temperature varis-
tion on tube thermocouple reading. It was found that when the difference between
steam tcnpontm and shield temperature was 10°F, the difference between steam
temperature and tube thermocouple temperature was between 1/2 and 1°F as recorded
by the various thermocouples along the length. These differences varied epproxi-
metely linearly with each other.
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The imner wall temperature was calculated from a Taylor Series solution
of the temperature distribution for heat conduction in an electrically heated
tube with an adiabatic outer wall. Mmmmmhaﬂmwmntpn-
posed by Xreith and Summerfield (1) iss

—p oM fAx2, AX Iy +rmb¢++ﬂ$¢.+ﬂ
bt k.ﬁ{ T T [Covaxa) ++r“ W
_ sz I*Rn

For acouracy within 0.5% the third term may be neglected, the working

equation then becoming:

t~-t, -—-——{ 3—;-.;.

(1a)

This relation includes anmoe for variation of electrical resistivity
end thermal conductivity with temperature and for electrical resistivity with
radius,

by The power dissipated in eny portion of
the test section is dependent upon the resistance, which, being a function of

temperature, varies from point topo:l.nta:l.fng the tube. The heat flux density
then varies along the test section length and must be calculated to obtaim acou-
rate results. For a small element of length dx,

_g_ 3,412 I? 6 dx |
A S TD & wGa . e 1o I" 5, (2)

for the tube of 0,1805 in. I.D. and 0.2101 in. 0.D.

The electric current was determined from the measured voltage drop across
& 0,00001667 ctm G. E. msnganin shunt calibrated by the National Buresm of
Stendards. The shunt was in series with the test section and its voltage drop

w3 measured by a Rubicon potentiometer.
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The voltage drop across the test section wes measured by a potentiometer
and a voltage divider network es illustrated in fig., 4. The resistors were
Genersl Radio Company resistors calibrated at the M.I.T. Electricel Instruments
Laboratory. The potential taps were made of nickel held in place by stainless
steel spring clips. The voltage drop across the test section is then

= R +Re+
E“ =E, _L_TQE,—& (3)
Test Water Bulk Temperature. The method of determining the fluid tempera-

ture at any stetion along the tube consisted of integrating q/A from the inlet
to the station in question and caloulating the fluid tempersture rise from the .
inlet. Negleoting axial heat flow and neglecting the effect of vepor bubbles
on the otrocﬁnamiﬁohut'otthontor,memrgwmhouluin

L‘:;T « &5 f (Z )4" (8)

rormuotmphiul:l.nmum,lphtulhmhng.Smaudo. In
general it was sufficiently acourate to mske the sctual calculation by a step-
viuintegntimbohnnmhnluﬁmnm(n-l) in the form

' 9
T ‘GH) “’fa N=(n-) ( /q> n=Gn-1) (5)

Data from this apparetus affords severel checks on itself. The average
(a/a) calculated from the power messurement should be equal to the average (%/A)
88 calculated from equation (2). Also the sum of the water temperature rises
between stations should equal T, =Ty, .

Flov Meagurement. The pressure drop across the orifice was measured with
Barton Differential Pressure Gages with 0-100% BaD scale, Its accuracy cali-
brated at atmospheric pressure against a water column wes within 1% of full secale
reading, The orifice coefficient calibrated by direct weighing at eight Reynolds
mnkrsforprumdropmdhgs!rm’]ﬂto%'ﬂfhdamt—mn—mm
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deviation of 0.5% for the high flow range orifice and 0.9% for the low range
orifice. The accuracy of the flow measurement should be within 1 per cent.

| Pressure drop ecross the test
section is measured by means of a Barton Differential Pressure Gege, 0-300 inches

of water, connected at the pressure taps as shown inm Fig, 2. The pressure drop,
4 py, across the heated section was determined from corrected gage mﬁ:l.ng by
subtracting Atho pressure drops in the unheato_d sections et either end of the
tube as deternined from isothermal friction factors. The temperature of the
vater in the verticel test section is considersbly higher than the temperature
of the ambient water in the gage lead-in tubing, necessitating a correction fac-
tor to determine the actual pressure drop due to friction and mcmentum change.
The equation roiating these pressure drop values is as follows:

,4pf;m =ap, + L, (% =7) (6)
Because of the addition of heat to the fluid its density changed in passing

through the test section. This resulting momentum change must be subtracted
from AR to obtain the pressure drop associated with frietion alone. Then

AF = AFpm — TG %) i

A friction factor based on the friction pressure drop mey be defined by the

—— : 62 (2
AP = *% 25.0,-[ %x | (®)

. and vhen based on the pressure drop including both frictional and momentum

effects 2 L
- _ G j d x
- T 4-&,”1 29,D; %~ ¥ %

In each case the actual variation of density along the tube length was used in
evaluating the integral.
Accuracy of Results. The tube thickness varied % 0.0003 in. Equation (2)

i
kol
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wit-h the value of m introduced shows the first and major term of the series

to be approxinmately inversely proportional to the square of the tube d:l..amoter.
For the high heat flux tests the value of T, = T _was about 60°F; then the maxi-
mm ervor of T attributable to tube thickness variation was 0.4°F and decreases
as the heat flux is lowered.

The thermal conductivity data was obtained from the International Nickel
Company and the electrical resistivity was determined experimentally to an esti-
mated accuracy of £ 0.5%.

It 1s oxpocwd that the inner-wall temperature has been determined within
a % 3 degree F error. . )

JON_EXCHANGER

During early test runs black iron oxide was found to be depositing in the
test section causing as much as a 50°F inecrease in tube wall temperature in
two hours of operation at a fixed set of conditions. The source of iren ions
was probably the Hayward-Tyler pump which, contrary to expectations, had a con-
siderable amount of ordinary irom in contact with the test water. It was sug-
gested that the deposit was formed because of the electrical potential gradiemt
along the test water in the tube and the ions (hence electrical conductivity) of
the test water. A mono=bed ion exchanger ::omsisting of Rohn and Haas Resin MB=l
"Amberlite" in a stainless steel jacket equipped with suitable filters was added
to the eircuit as shown in figure 1. It is not as yet known whether this ion-
exchanger actually -moved the objections.lt.:e ions or simply acted as a high grade
filter, but subsequent to its installation all difficultar with deposition of
8gale on the heat transfer surface ceased.

The system was filled with freshly distilled water (0.70 ppn as NaCl and
approxim‘hl«y 15 ml air/ I) by means of an aspirater located at +he top of the
Hayward-Tyler pump. As soon as it was certain that fhe vpper thrust bmr’irg on
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the Hayward=Tyler pump was immersed in water, the pump was gstarted and water

was cireoulated through the test loop. Degassing was accomplished by eirculating
the test circuit water through the heated pressure vessel vented to the atmosphere
for a period of 1/2 to 3/4 of an hour. This period was found to be of sufficient
length to reduce the oxygen content to approximately 1.5 ml air/l, as determined
by the Winkler Technique. Subsequent to degassing, the system was sealed by
closing the degassing vent valve and test water was circulated through the test
section at high velocity. The bulk temperature of the water was increased by
applying power to the test section and the system pressure was increased to the
desired level by heating the water in the closed pressure vessel. The system
oressure could be controlled to £ 2 psl by the chreslox strip heaters regulated
by a variac. The inlet bulk temperature was controlled and maintained at the
desired level by regulating the flow of silicone fluld through the intermediate
heat exchanger. OCooling water flow through the ion-exchanger heat exchanger and
the oity water heat exchanger was fixed at 1ts maximm rate at the begimning of
the run and not thereafter adjusted. The water at the discharge of the ion-

exchanger was consistently at approximately 0.1l ppm NaCl.

Looal values of the heat transfer coefficient at stations 2 through 6 (Pig. 3)
were evaluated by assuming a linear variation of fluid temperature with distance
along the tube. The tube wall temperature varied along the tube in thé non=boiling
muns; so g/A was not uniform because the wall electrical resistivity varies with
temperature. Nevertheless the assumption of linear fluid temperature resulted in
at most a 3% error in the resulting local héa.t transfer coefficient for runs
involving high rates of heat transfer at lower veloc:lt:les;

The presults of these runs are shown in Table I and figure 6. The local value
of § i= shown plotted against the local NW. It is noted that there exists a

separate curve for the points along the tube for each run and the points near the
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end of the tube are correlated by the equation
2

h_ C’ /3 _ GD" -,
&) = 009 ( (o

which is below the Colburn correlation line by about 17%. The values of the heat
transfer coefficient at the points toward the inlet end of the tube are higher
then the correlation line which is drawn for the points near the outlet end of
the tube. Th.ts.istobeoxpectedbeoansoofthehaﬂdupoftmthema.lbmmdm
layer. The tube has an L/d of 52. For most cases an L/d of approximately 50

is found to be necessary to form a fully developed thermal boundary layer; hence,
the trend of the data seems to be reasonable.

There is, of course, the possibility that a film of contamination on' the
heat transfer surface would result in too high a temperature difference and thus
reduce the j value. However, this effect is discounted as being negligible since
it would have to account for an interface temperature error of from 20°F to 4LO°F
to bring the correlation in line with the Colburn correlation. Doubtless the
film exists since examination of used tubes showed a slight discoloring of the
heat transfer surface. It was extremely thin, however, reflecting incident light
as blue suggesting its thickness as the order of the wave length of that ecolor
light: Also, inspection of Fig. 8 shows that if the true At is as much as 10°F
below that reported then boiling would occur at temperatures less than saturationm,
vhich is improbable.

Energy balances comparing enthalpy change of liqu:l.d with the electrical
energy were all within ¥ 2 %, most of them being within % 0.5%. Isothermal runs
with the liquid temperatures above 400°F showed the inlet and outlet liquid
thermocouple to agree within : 1°F of the tube wall temperatures.

The values of the fluid properties were obtained from data taken from
W 1lman (8).
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Heat Trangfer in Foreed Convection with Surface Boiling

Again local values of q/A as a function of temperature difference are studied.
In these boiling runs the tube temperature, and hence q/A, is very nearly uniform
along the tube. The temperature of the fluid is assumed to vary linearly ;d.th
distance along the tube. This assumption is not strictly wvalid for conditions
othighheatﬂ.lnorheattmsfertoaliquj.dwithlowsubooolingwhere the per=
centage of volume occup:l;ed by vapor becomes significant. Since the effect of these
vapor bubbles on bulk temperature changes could not be determined from the measure-
nents taken it was assumad the fluid behaved as a liquid and as a check om the
assumption the lomgitudinal variation in bulk enthalpy and thus bulk temperature
was determined by a numerical mﬁmum of q/A with length. The results agreed
within 2°F of the assumed linear variation.

Figure 7 illustrates the type of informetion obteined from a set of rums,
Five data points are obtained for a run, each at nearly the same q/A valu- but
8 different value of liquid subcooling. Similar curves for other conditions are
shown in figures 13 through 17 from the date in Tables I and II.

The curves of figure 7 tornriouuulmotlubooonngmbobrougbt
together to fall on & single line by plotting q/A vs. (t, - toat,)s the wall
superheat, as shown in figure 8, Here data in the region of surface boiling
(Table II) are plotted for various values of fludd velocities and pressures. The
points plotted here are the aversge values of the five points along the tube for
sach run, The value of q/A along the tube did not vary significantly but the
value of (t, -t .) varied within £ 20F from the mean value plotted. It is
observed that at these high pressures the amount of wall superheat is very :=all,
generally less than 10°F at 2000 psia and less than 15°F at 1500 psia. At lower
velues of pressure near atmospheric Kreith end Summerfield (1) found values of
wall superheat to be around 60°F. Errors in the smeller wvelues of wall superheat
are magnified on the log-log type of plot in figure 8. The uncerteinties of * 2
or 3°F in wall temperature values have greater emphasis here. These discrepancies
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vwhen referred to the value of “w = f.b) are very small, however.

The general trend of the curves of figure 8 shows the ssme effect reported
by previous investigators (1), (2), (3), and (4) in the lower pressure renge, e.g.,
at the higher heat transfer rates the effect of fluid velocity decreases and the
agitation of the fluid by the bubbles gove:ris the rate of heat tnn_cfer and at
the higher pressures less well superheat exists at a given rate of heat Wur.

Local values of pressure drop could not be obtained beecause such measure-
ments would interfere with the heat w.r measurements; hence, overall values
of pressure drop were obtained and ere tabulated in Table I1I, and friction fac-
tors are shown in figure 9 as a function of bulk Reynolds number at the erithme-
tic mean value of inlet and outlet fluid temperatures. The .f.r and rf’m values
ere shown compared with the isothermal values found in figure 51 of MecAdams (5).

In figure 10 the ratio of isothermal friction factor to the friotion factor
vith hest transfer is plotted as a functiom of (M, /I‘) at the arithmetic meen
velue of inlet and outlet fluid temperatures. The ratio involving fr’. is seen
_ to correlate with the generally accepted line having a slope of 0.14, but the

retio involving ff is correlated with a line having a slope of 0.60 for these data.

Data of Table IV is plotted in figures 11 and 12 and show the effect of heat
flux on the pressure drop quantities for friction slone and for friction plus
momentum change. When surface boiling begins the pressure drop begins to rise
slightly as q/A is increased. A velocity effect and an effect of 1iquid subcooling
or absolute pressure is observed. It appears that the effect of liquid subcooling
is more pronounced than the effect of absolute pressure.

Since five locsl values of heat transfer coefficients were obtained for each
value of overall pressure drop there is much less pressure drop data available.
Cenerally one particular renge of liquid subcooling values w- i .umhtod with
particular values of absolute pressure and velocity. At 2000 peie and 20 ft/sec
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most of the date were taken with a mean subcooling 6!‘ around 160U9F; however, two
runs vere msde at a liquid subcooling of around 237°F. The curves drawn through
points indicate that the offect on pressure drop of liquid subeooling is probably
more importent then the effect of absolute pressure in ranges of these tests.
More test data is needed to explore more fully this effect.
Summary of Resulls

1. For fully developed flow the non-boiling heat transfer data at 1500 psia and
2000 psia is correlated by the equation

L. \V3 D,
() = oo (55

2, With surface boiling the heat transfer data plotted against (t" -

g -0

)

“t)l
wall superheat, shows a principal effect due to absolute pressure and a secondary

effect due to fluid veloeity. At high q/A values the wall superheat becomes
nearly independent of fluid velocity and decreases as pressure increases.

3, For non-boiling heat transfer the friction factors maey be correlated by

£ % 0.14

'wrf ™ -

r— 0.60
-

fe w

4o With surface boiling the pressure drop increases with increasing heat flux
and decreasing subcooling and decreasing pressure.
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Homencls ture
E Heat transfer area, sq feet
¢ Specific heat, Btu/1b °oF
D,  Inner diameter of test section, fest
E Test section voltege, volts
¢ Mass velocity, lb/hr f£18
h Surface coefficient of heat transfer, Btu/hr ft2op
1 Test section current, amperes
k Thermal conductivity of fluid, Btu/hr £t oF
k !hemlmmtiuwotmbeunutt Btu/hrtt'!'

Lp Test section heated length, ft
D,G

RRe,t "}t.'

P Pressure, psia
AP;  Pressure drop reading across test mtion, in. H 0
APf'- Pressure drop due to friction and momentum chango, in. B 0
AP,  Pressure drop due to friction alone

q/A  Heat flux dmity, Btu/hr £t2

Wy oy) = 3 [ m), + (q/u(,,_l,]
ff Defined by eq. (8)

£, - Doﬁ.ned by eq. ‘}9)
3 = ‘P“
r Outer radius of test section, feet

r, Inner radius of test section, feet

R Resistance, ohms

To  Test vater bulk temperature, oF
Tin Test vater inlet bulk temperature, °F
T Rl i bulk temperature, OF
t Test section outer wall temperature, °F
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&
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Teat scction inner wall temperature, °F

Saturation temperature, °F

Wall t-ponturo minus saturetion temperature, tv't'ut’ oF

Flow velocity, feet/sec

Flow rete, 1b/hr

= (ro.ri)

Distance between thermocouple stations, 1.4 inches

Temperature coefficient of electrical resistivity, oF~L

Temperature coefficient of thermal conductivity, oF~t

Mean density of fluid in test section, 1b,/ou £t

Density of liquid in lead lines to pressure gage, lbr/cn ft

Electrical resistivity at t’o' ohnm feet 5

Electrical resistivity at temperature L éx- (t-tw)dr

Mass density of fluid at fluid temperature, 1b /ou ft
Tty

Viscosity at film temperature, 3 s 1b/hr £t
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Table I Heat Transfer Data Without Surface Boiling

ta AP Wu, Re, % 1_ _

437 152 «82 1.84
.w 1,7
'82 ; 107
‘82 106'

«80 1.6

«85 1.6
.785 1.&
.78 1- 6.
79 1.6

0765 15
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1.4
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4T
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£19
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1.3
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E SEEEE BEERE RBEIE
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1.5

SERS

2
3
4
5
6
2
3
4
)
6
2
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4
5
6
2
3
4
5
6
2
3
4
5
6
2
3
4
5
6
2
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Table I Heat Transfer Dete Without Surface Boilin:
3

Pin Vin G |
" ™ ‘out AP b,

psia 3 sPeBo oF oF e -
H
m?ft’ 30
2000 20.0 1083 409 467 52.9 315
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3
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321

1.66
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Run Ho.
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Table I Heat Transfer Lete Without cusriace Bodiing (coliee)
0 AP

Vin G
fopsBe %@
10 590

10 544,
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10.0 548
10.0 552
30.0 1727
30.0 1711

&

“in
o
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n
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314

tﬂut

oy
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"H O
2
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N
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16l
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18¢
198

295
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157
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177
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169
172
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403
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409
412

o AN k
59.9 132
61.3 1.3%5
63.8 1.31
06,1 1.25
113 S TL5
lig 5690
122 JOB%
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84.1 2945
85.3 + 940
66;5 ) v‘:)“" v .
86.8 «930
87.1 2935
34.8 «355
97.9 +830C
100 " «B30
102 820
104 e 5
227 1.
228 1,06
230 1.04
232 1.04
234, 104
232 3
242 .9G4
244, 2 99
245 2990
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1ABLE 11
H iSFZ, TA WITii SURFACE BOILING
G 1
Run No. Station 1b 2 P Vin tw . Tx At subcool q/a s Tx
1b/sec.ft” psia ft/sec. 9F of oF oF Btu’hr.ft avg.

22 B 1585 2000 30.1  641.5 445 5.7 191 2.4 x 100 6.5
3 &2.5 457 6.7 179 294 )f. 10 6
4 wls 4& 707 167 20‘1 X 106
6 642.5 493 6.7 3 S 2.40 x 10

21=3 2 1561 2000 29.9 64 448 5.2 188 2.57 x 102 6.6
3 642 461 6.2 175 2.58 x 10,
4 &.3.5 ¢73.5 7‘7 152.5 2.59 b 4 10‘6
5 642 486 6.2 150 2.58 x 10¢
6 643.5 499 77 137 2.59 x 10

P2 3 1548 2000 30.0 &40 476.5 4.2 159.5 2.04 x 1066 5 445
JQ &2 486»5 6a2 }49.5 ‘20055 X 106

4 5 m A96e5 5'2 139.5 20054 X 1.06

6 642 506.5 6.2 129.5 2.055 x 10

22-3 2 1553 2000 30,0 642 4L68.5 6.2 167.5 244 x 102 7.8
3 643 480 G 4 156 .44 x 10,
4 645 492 9.2 144 ekt x 10,
5 644 504 8.2 132 2044 x 10
6 644, 516 8.2 120 2044 x 10

22-4 2 1553 2000 30.0 64 473 8.2 163 2.89 x 105 9.8
3 645 487 9.2 149 2,90 x 106
4 647 501  1l.2 135 2,90 x 10
5 646 515 10.2 121 2.90 x 10,
6 646 529 10.2 107 2.90 x 10

22-5 2 1553 2000 30.0 646 4T.5 10.2 164.5 2.895 x 102 10.8 |
3 646 485.5 10.2 150.5 2.895 x 10
4 648 499.5 12.2 136.5 2.91 x m'i'6
5 646 513.5 10.2 122.5 2.895 x 12
IS 647 527.5 11.2 108.5 2,91 x 10

22-6 2 1548 2000 30.0 647 LT3 11,2 163 3.15 % 102 11.4 |l
3 647 489  11.2 147 3.15 x 10, |
4 649 505  13.2 - 13 3.16 x 10,
5 647 520 11.2 116 3.15 x 10,
6 646 534  10.2 102 3.15 x 10

227 2 1548 2000 30,0  &46.5 4T 10,7 165 Jed2 x mf’f 10.1°
3 'Mﬁos ‘Bé‘sﬁ 1-007 1-4905 3012 x 1‘.’15 I
& 546.5  500.5 10.7 134.5 o012 x W0,
5 645.5 516.5 9.7 119.5 3:12 x 1’3;
- B844.5 < 531.5 B.7 104.5 3,11 % 30




.ﬂ' i
:
i

PABLE 11
: HEAT TRANCFER DATA WITH SURFACE BOILING
|
1| Run No. Station gb P Vin tw T Tx - 41’, subecool q/A 2
g : Tl pi? Pole ft/sec. °OF L 4 of of Btu ‘br.ft°
23-2 5 1562 2000 30,0  640.5 481 47 155 1.86 x 102
6 &0»5 489:5 407 Mﬁos 1086 X 10
§ 253 5 15 2000 30.0 61 483 5.2 153 1.86 x 105
_ 6 639 491-5 302 UJ&-S 1¢86 X 10
B G 1618 2000 30.0  643.5 428 7.7 208 2.53 x 103
5 643.5 440.5 7.7 195.5 2453 x 10,
6 64z2.5 453 6.7 183 2,53 x10
33”'12 2 1610 2@ mco &-2 u6¢5 6-2 Y 21995 2075 X 102
3 6‘305 m 7«7 206 2076 X 106
4 m w=5 8.2 19205 2¢76 X 106
5 643 457 7.2 179 2.76 x 106
6 &lo5 47095 5.7 16505 2075 x 10
33.13 2 1602 2000 29.7  644.5 423 8.7 213- 3.00 x 10§
3 mo5 438 8.7 198 3000 X 106
4 641055 1053 8-7 183 3.00 X 106
4 5 &3-5 4& e 4 1& 3000 X 106
] 6 642.5 483 6.7 153 2.99 x 10
B 23-6 3 1043 2000 20.0 639 465 3.2 in 1.57 x 102
o 4 642 476 6.2 160 1,58 x 10,
) 5 643 487 . 7.2 149 1.58 x 10,
1 5. 642 499 | 6.2 137 1.58 x 10
B 235 6 1049 2000 20,0  639.5 478 3.7 158 1.37 x 16°
1§ 30-3 2 1051 2000 20.1  642.5 454 6.7 182 1.78 x 105
: 3 643.5 467 pe 169 1.78 x 10,
4 6bho5 479 8.7 157 1.7 x 16,
5 &Lu5 ‘92 807 J-M 1.:79 X 106
6 waﬁ 505 707 131 1.»78 s | ¢ [
30=4 2 1052 2000 20,1 643 46U oy 176 2.03 x 1c;
4 645 489 9.2 147 2.03 x 10,
5 g 645 504 9.2 132 2,03 x 10,
6. ey 644, 519 8.2 117 2,03 'x 10
W5 2 1059 2600 20.1  AW4.5 450 8.7 186 2,21 x 105
3 y 645 466 9.2 170 2,20 x 10
4 646.5 482 10.7 154 2,23 x 10,
5 646 498  10.2 138 2,23 x 10,
6 645 5S4 9.2 122 2.23 x 10




TABLE 11
HEAT TRANEFER DATA WITH SURFACE BOILING

Run No. Station o, p Vi w T 1  Atsuwbcod ¢/ ,
1b /”c'“z psia fit/sec. OF of op of Btu’nr.ft* avg.
30-6 2 1059 2000 20,1 643 445 7ol 191 208X 102 7.8
3 644 459 8.2 177 2402 x 10
A 644 LT 8.2 16z .03 x 10,
B 6l4 488 8.2 148 2.03 x 10,
6 643 503 7.2 133 <.03 x 10
31-5 4 1063 2000 20.3 643 468 7.2 168 154 x 100 7.2
5 643 4D T2 157 1.54 x 10,
6' w 489 702 147 1054 X 10
326 2 1060 2000 20.3  642.5 452 6.7 184 1.7 x 105 7.9
3 64.3:5 4& 7.7 172 10710 X 105
i 644.5 477 8.7 159 1.7 x 10
5 644.5 489 8.7 147 1.7 x 10,
6 643.5 502 1.7 134 1.74 x 10
317 2 1057 2000 20.1  643.5 440 7.7 196 1.91 x 105 8.3
3 644-5 4“ 867 182 1.92 X 106
& ¢ 644:»5 4& 807 1& 1-92 x 106
5 644.5 482 8.7 154 1,92 x 10,
6 663w5 495 707 m 1991 x 10
Rae 2 1057 2000 20.1  644.5 204.5 8.7 196 2,09 x 100 8.9
| 3 645.5 190.5 9.7 181 2.11 x 10,
4 4 645.5 175.5 9.7 166 2,11 x 10,
; - 8 644.5 159.5 8.7 151 2,09 x 10,
‘ 6‘ &3:5 116.395 1.7 136 2,07 x 10
319 3 1130 2000 20.2 645 380 9.2 256 234 x 10 9.95 |
l. 647 397 il.2 239 2034 X 10t .
5 646 413 10,2 213 2:34 x 10
6 645 430 9.2 206 2.34 x 10
N-10 2 1118 2000 201 643.5 365 7.7 27 2.53 x 105 8,9
3 &505 38‘; 907 252 2054 X lOﬁ
4 646.5 403 10,7 234 2454 x 10,
5 64405 421 .7 216 2.54 x 10,
6 643.5 439 7.7 197 2.53 x 10
34=3 5 544 2000 10.0  639.5 434 3.7 200 1,08 x 105 47
6 6‘1!5 4'50 507 .185 1.08 x 10 ' |
| ed 2 560 2000 10.0 642  413.5 6.2 222,5 129 x 10, (4.8) |
. 638  431.5 2.2 204.5 1.28 x 10, (5.4)
5 6‘1 467:5 5«2 1&85 1029 » & J{(_
6 &las 435«5 5 7 150:5 l."g x 20 :

==
=
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TABLE I1
HEAT TRANSFER DATA WITH SUPFACE BOILING
G
Run No. Station 1b 2 p Vin tw T Tx 4t subcool ., ™™ |
lb/sec.ft” psia ft/sec. OF oF oF oF Btu’hr.ft*  svg,
T 2 541 2000 10.0 = 641.5 415 5.7 221 1.46 x 102 7.1
3 643 436 7.2 200 1.47 x 10,
4 64do5 457 8.7 179 1.47 x 10.
5 643.5 478 %9 158 1.47 x 10,
6 642 499 6.2 137 1.46 x 10
346 P 545 2000 10.0  642.5 407 6.7 229 36l % 102 7.5
3 643.5 430 5.9 206 1.62 x 10,
4 645 453 9.2 183 1.62 x 10,
5 643.5 476 7.7 “160 1.62 x 10,
6 642 499 6.2 137 1.61 x 10
34=7 2 550 2000 9.8 643 346 7.2 290 . 1.82 x 100 7.8
3 644 37 8.2 262 1.82 x 10,
4 645 402 9.2 234 1.82 x 10/
5 643.5 428 7.7 212 1.82 x 107
6 642.5 454 6.7 182 1.81 x 10
326 2 1552 - 1500 29.9 604  451.5 7.8 1445  1.82 x 10,  11.5
3 607  460.5 10.8 135.5 1.84 x 10, (12.4)]
llv 610 469-5 1308 12705 la85 X 106 |
5 609 478.5 12.8 118.5 1.84 x 10,
6 @05 48705 1203 108.5 1.84 x 10
Ry 2 1552 1500 29.9  608.5 445.5 12.8 150.5  2.09 x 105 12.5 |
3 610 456  13.8 140 2,10 x 10, I
‘ 611 4“05 1‘08 12905 2.11 x 106
5 609.5 477 13.3 119 2,10 x 10¢
6 m 487-5 12e8 10805 2010 8110 |
32-8 2 1618 1500 30.0  600.5 406 4.3 190 2.25 x 105 10,7
3 607  417.5 10.8 178.5  2.28 x 10, (1:.3)
4 609.5 429 13:.3 167 2,29 x mﬁ Il
5 m “0;5 1208 15535 2029 X 10(,
6 608.5 452  12.3 144 2.29 x 10
32-9 2 1610 1500 29.8 607  41%.5 10.8 182.5  2.40 x mz 1.6
3 609.5 425.5 13.3 170.5 2,42 x 10, |
&' '610 63735 1308 15905 204:' X li'tl
5 509 449.5 12, 146.5 242 x 15(:
6 608.5 461.5 12.3 134.5 .41 x 10
- 32-10 2 1610 1500 9.8 BlL 4145 138 1815  2.56 x 30, dasl
g 610.5 %427.5 14.3 69,5 2,59 x 10,
4 610.5 440.5 1443 155.5 = 2459 x M
5 6)0s5 453.5 Lded 12,5 259 X i
& L1 2,58 x 1t

L‘—lﬁui ‘-':)F. r"-’us
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TABLE II

HEAT TRANSFER DATA WITil SURFACE BOILING

G
Run No. Station 1b 2 P Vin tw ‘Z‘ Tx At subcool a7k s Tx
1b/seec.ft* psia ft/sec. ©°F oF oF of Btu 'nr.ft~ avg.
§ 32-11 2 - 1593 1500 29.7 611  4l4.5 148 .5 2B % 102 4.5 |
- 3 611 428 14.8 168 2.75 x 10¢
4 e FC 14.8 154 2.75 x 10¢
5 610e5 4!56 14.3 140 2.75 X 106
s 609.5 469.5 13.3 126.5 2.74 x 10
33=4 2 1051 1500 20.1 606  Lbd 9.8 152 1.40 x 102 12.4 |
4 610 464 13.8 132 lode x 10,
5 609»5 A /A 13.3 122 ‘Lehe X 106
6 609 484 1.8 112 l.4< x 10
335 2 1059 1500 20,1  609.5 441  13.3 155 1.62 x 105 13.8
3 610.5 452.5 14.3 143.5 1.6 x 106 .
4 610.5 464 1.3 13z 1.6 x 10,
5 610 475-5 13w8 120¢5 1-6;. X 106
6 609.5 487 13.3 109 1.6 x 10
33-6 2 1051 1500 20.0 610.5 443.5 14.3 152.5 1.81 x 102 Lok
3 61105 ‘57 15.3 139 1-82 X 106
4 611 470 14.8 126 1.81 x 10,
5 61005 483-5 1403 n2a5 1.81 % 106
6 609-5 49605 1303 99&5 1-31 x 10
33-7 2 1051 1500 20.0 611.5 441 15.3 155 1.91 x 102 15.2
3 612 455 15.8 141 1.91 x 10g
4 611.5 469 15.3 127 1.91 x 10,
5 610u5 ‘83 11.-3 113 1090 X 106
6 609.5 497 13.3 99 1.90 x 10
33-8 2 1050 1500 20.0 613 445 16.8 151 2,06 x 102 15.2
3 612.5 461 16.3 135 2.06 x 10,
4 611.5 476 15,3 120 2,05 x 10,
5 610.5 491 14.3 105 2.05 x 102
6 609.5 506 13.3 90 2,04 x 10
33-9 2 1051 1500 20.1 6z 449 15.8 147 2,32 x 10; . Uhe#
3 Bl2  465.5 15.8 130.5  2.31 x 10,
4 611 482 14.8 114 2,31 x 10,
5 610.5 498.5 1l4o 97.5 2.31 x 1ug
6 609.5 515 153 ., 81 2,30 x 10"
3310 2 1057 1500 20.1 bll.5 437 1503 159 2.49 % 107 P
4 611.5 455 15.3 141 2,49 x 107
4 510.5 473 1403 123 248 x 30,
5 510.0 491 13.8 10% 248 x 10
6 60%.5 KU 13:3 ¥l wil % 3%
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TABLE II |
HEAT TRANSFER DAT. WITH SURFACE BOILING ' ;
o |
Bun No, Station  lb , p  Vim v T Tx At subcool o/, TR
1b/sec.ft” psia ft/sec. °F oF oF oy Btu/hr.ft” avg
Bty 5 549 1500 10,02 603.5 410 7.3 186 896 x 10° 8.8
6 606.5 422 10.3 174 . 896 x 10 |
35-5 2 543 1500 10,02 605 398.5 8.8 197.5  1.12 x 10§ m,,fJ
3 606 415 9.8 181 1.13 x 10, '
4 6U8  431.5 11.8 164.5 1.4 x 10; |
5 607.5 448 11.3 148 l.14 x 106 \
6 &7'5 4&-5 11-3 131.5 1.1‘} x 10 }
|
35-6 2 541 1500 10,03 604 422.5 7.8 173.5 1.39 x 102 euzl
3 m UR 7.8 154 1039 X 106
& 605 461.5 8.8 134.5 1.39 x 10,
5 m.s m 8.3 115 1-39 X 106 I
6 604 500.5 7.8 95.5 1.39 x 10 |
35.7 2 541 1500 10,01  604.5 415 8.3 181 g 102 8.l
3 604.5 437 8.3 159 1.56 x 10, |
5 m.s ‘81 863 115 1.56 X 106 |
6 603 503 6.8 93 1.55 x 10° . J
|
35.8 4 559 1500 9.9 606.5 344  10.3 252 1.81 x 102 993'
3 606.5 370 10.3 . 226 1.81 x 10, |
4 606.5 396  10.3 200 1.81 x 10,
5 605.5 422 9.3 174 1.80 x 10y i
6 604.5 448 8.3 148 1.80 x 10 J
359 2 556 1500 9.9 607 355 10.8 241 1.85 x 10? Yo ‘
3 606.5 382  10.3 234 1.84°x 10, i
4 606.5 409  10.3 187 1.8, x 10, .
5 601.a5 4.36 803 lm 1»8:‘ X -i.n‘.' f
6 603.5 463 7.3 133 1.83 x 10" |




Table III PRESSURE DROP WITHOUT SURFACE BOILIRG

.‘ Run Ko G Vi Ty, avg Tin Tout. M b/ My 'pr,m Ty ftm fisothern “e,b
: 8;%, %{; op oF oF  at Tavg "H 0 x10°  x 10° . 37 Y S
Eressure 2000 psia
231 1098 20,1 492 373 414 1,275 54.8 360 388 405 178,500
-2 1081 20,0 583 409 467 1.34 5404 345 392 395 198,000
Jl=1 1132 20,1 420 327 358 1.25 38.1 383 401 415 157,000
P 1114 20,0 473 350 391 1.31 56.0 365 392 410 169,400
: -3 1098 20.1 522 382 429 1,305 55.6 350 382 400 185,sob
F - 1081 20,4 581 408 A8 135 53 328 373 396 197,000
32-1 1728 30,0 349 - 308 318 1.13 117.3 355 360 388 217,200
=2 1712 30.0 378 31 333 1.17 115.0 343 354 W 226,000
=3 1665 30.0 428 348 373 1.185 111.0 330 346 378 248,560 '
-4 1640 30.0 486 379 412 1.26 107.2 320 342 372 268,500
=5 1570 30.2 566 423 367 1.31 103.1 295 333 365 293,000
392 1162 20.6 426 323 357  1.29 5744 355 375 412 161,200

o3 1090 120,257 376 427 1.33 53.5 338 37 400 184,000
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Table IV PRESSURE DROP WITH SURFACE BOILING

T

F

386
398
403

440
428

431
435
421

240
340

376
309

439
431
390
397

430
425
i26

426
413

376
396
385
309
319

‘zLut

F

470
491
503

523
529
537
523
504
519
51
520
454
464

527
531

500
501
468
478

499
504
515
517
527
539
534

528

534
485

-

sat avg

208
191
183

156
146
153
162

- 168
159

166
239
234

79 .
182
242

-
A

130
167
158
156
154

132
131
125
126
119

122

164
134
136
199

APpy

"H O
2

1il.1
115.8
123.1

7.0
63.8
65.6
65,7
53.5
57.7

o

62.7

59.9
60,5
26,8
29.6
3.1

107.5
118.1
115.4
117.3
123.0
126.0

55.6
6l.2
57.7
72.0
743
8l.8
84.6

26,7
27.%
279




DISTRIBUTION LIST

Chinf of Neval Resesrch

Depertment of the Nevy

Washington 25, D. C,

Attn: Code 433 (2)

Ulrector, Navael Reseerch Lsborstory
Haahing‘bon 25’ De Co

fttn: Tech. Info. Officer (9)
Technical Librery (1)
Mechanice Division . (2)

Commanding Officer

Uffice of Neval Research

Brench Office

495 Summer Street

Boston 10, Mass. (2)

Commending Officer

Office of Naval Research

Brench Office

346 Brouadway

New York 13, N, Y, (1)

Comending Officer

Office of Navel Reseerch

rench Office

844 N. Rush Street ;
Chicego 11, Illinois (1)

Commending Officer

Office of Naeval Research

Srench 0ffice

301 Donahue Street

Sen Franeisco 24, Calif, (1)

Commending Officer

Office of Neval Research

Brench Office

1030 Green Street

Pesadena, Calif, (1)

Contract Administrator, SE Ares
Office of Naval Reseerch -

Department of the Nevy

Washi.ngton 25, D. C.

Attn: Mr, R, F. Lynch (1)

fesistent Nevel Attache for Research
London

Us S. Newy

FPO 100

New York, N. Y. {5

S
e

ONP /38 MOt ba

BT TR

April 27, 1950

Librery of Congress
Washington 25, D. C.
Attn: Navy Research Section

Research snd Development Foerd
Depertment of Defense

Pentegon Building

Washington 25, D. C.

Attn: Librsry (Code 3D-1075)

Chief of Buresu of Leronsutics

Navy Depertment

Washington 25, D, €,

Atta: TD-41, Technicel Library
PP=22

Chief of Bureeu of Ordnence
Nevy Department

Washington 25, D. C.

Attn: Ad-3, Technicel Librery

Chief of Buresu of Ships
Navy Department
Weshington 25, D. C.
Attn: Director of Research
Code 390
Code 646
Code 432

Superintendent

Post Graduste Sechool
U. S. Neval Academy
Annapolis, Marylend

Nevel Ordnance Lsborstory
White Qak, Maryland

RFD 1, Silver Spring, Marylend
Attn: Mechanics Division

Nevel Ordnance Test Station
Inyokern, Celifornia
Attn: Secientific Officer

Director,
Navel Engineering Experiment Station
Anavelis, Maryland-

Chief of Steff

Depertment of the Army

The Pentagon

Washington 25, D, C.

Attns Dlrector of Resesrah
and Davelopmert

(2)

(1)

(2)

(1)

(1)

(1)




5 Bmmtlon tdst (cont.)

Office of Chief of Ordrnence
fesesrch end Development Service
Dapertment of the Army

The Pentagon : -
Uﬂshingtm 25’ De Cs

Attn: OEDTB

Commanding Gepersl

Us. 8. Alr Forces

The Pentagon

Washington 25, D, C,

Attn: Ressarch & Development Div,

Office of Air Reseerch
¥right-Petterson Air Force Base
Dayton, Obio

Attn: Chief, Applied Mechenics Group

Us 8, Atomic Energy Commission
Division of Reseerch
VWashington, D. C.

Argonne Netionel Laborntory
P. 0., Box 5207

Chicago 80, Illinois

Attns W, H. Jena

U, So Coast Guard

1300 E Sm‘t. N. ¥,

Wllhingm, D. c.

Attn: Chief, Testing and Development
- Division

National Advisory Committee for
Leronautics

Cleveland Municipal Airport

Clevelend, Ohio

Attns J, H. Collins, Jr.

Dr, William Sibbitt

Purdue Research Foundstion
- Purdue University
Lafayette, Indiana

Professor E. D. Kane
University of Californis
Berkeley, California

Dre J. V. Foa
Cornell Aercnauticsl Laboratory
fTuffslo, New York :

Prsfegger Johr W, Hazen
“‘nineering Peesarch Division
nivergity of Californie

(1)

(1)

(1)

(1)

(25)

(1)

(2)

(1)

(1)

Professor W. H. Meidems

Department of Chemicel Englneering
Massachusetts Institute of Technology
Cambridge 39, Massschusette (1)

Professor £. L. London .

Department of Mechanical Engineering
Stanford University :
Stenford, Californis (1)

Professor Werren Rohsenow
Mechenical Engineering Department
Massechusetts Institute of Technology

Cembridge 39, Massechusetts -~ {15)

Ltc cdre E. P. Wﬂklnnon

¢/o U. S. Atomic Energy Commission

P. 0. Box 1105

Pittsburgh 30, Pa. (2)

Mr. R. A. Bowman

Weatinghouse Electric Co.

Atomic Power Division

P. 0. Box 1468

Pittlb\lrgh, Pe. (l)

Deen L. M. K. Boelter

Dept. of Engineering

University of California

Los Angeles, Californis (1)

Professor J. H. Keenan

Dept., of Mechenical Engr.

Mass. Inst. of Technology

Cambridge 39, Massachusetts (1)

Professor J. N, Addomas

Dept.; of Chemicsl Engr.

Mass. Inst. of Technology

Cambridge 39, Massachusetts {1)

Deman W, J., Wohlenberg

Sehool of Englneering

Yaie University

New Haven, Conn. &8

Mr. E. E. Ross

Room 20=F-226

Mass, [nst. of Teshnology
Cambridge *G, Masnm,




Distribution Also to Inelude the Following

Mr, Robert Bromberg
Enginecering Reseerch
Department of Fagineering
University of Califormisa
Los Angeles 24, Cslifornia

Commandor E, B. Roth

Office of Chicago Directed Operations
Yo 8. Atomic Energy Commission

P. 0, Box 4160 A

Chicago 80, Illinois

Mr, H. Etherington, Director
Neval Reactor Division
irgonne National Leboretory
P. 0. Box 5207

Chicago 80, Illinois

Mr, Ben Pinkel
Nationsl Advisory Committee
for ieronautics
Lewis Flight Propulsion Laborstory
Municipal Airport
Cleveland, Ohlo

Reference Services branch
Technical Information Service
U. €. ‘tomic Energy Commission
Oek Ridge, Tennessee

tttn: I, A, Warheit, Chiefl

Mr. E. P, Kranzfelder
Babcock & Wileox Company
Resesrch & Development Dept.
Alliance, Ohio

Dr, George A, Hawkins
Purdue University
Lafsyette, Indiana

Mr. Fred Gunther

Jet Propulsion Laboratory
California Institute of Technology
Pasedena, Califomis

Mr, He Se Inbin
Hanfora Works

Pu Ve K ‘;Sr
Richlerd, dashingion

(1)

(1)

(4)

(2)

(4)

{1)

(1)

ER
ey

Mr. Gilbert L. Campbell

Librery

Los Llamos Scientific Laboratory
P. 0. Box 1663

Los Alemos, New Mexico

Jo Co Morris

Chief Librarian

Oak Ridg e Nationel Laborstory
P. O, bBox P

Oek Ridge, Tennessee

Miss Hezel Hutcheson, Librarian
Westinghouse Electric Corporstion
Atomic Power Division

P. 0. Box 1468

Pittsburgh 30, Pennsylvanis

Mr. Joel V. Levy
"epartment of the Navy
Bureau of Ships
Washington 25, D. C.

Mr. Spencer C. Stanford
Librery

Brookhaven Nstionel Laboretory
Upton, Long Islend, New York

Mr. ¥W. E, Shmlpp

Director of Research
Westinghouse Electric Corporstlon
Atamie Power Division

P. 0. Box 1468

Pittsburgh 30, Pennsylvania

Library :

Fairchild Engine & Alrplare Corp,
NEPA Division

P. O, Bax 415

Oak Ridee, Temnescse

Ufs Ro iio Lyom

Tachnies)l Divigicor

Ose Ridoe Rationzl Lewrator
Qax Ridga, Tennersa:

Mrs ¥o ro Wooda
OS5 Building
e Erastin Dagrosay

el ian g, Washing tor

s

(3)

(3)

(1)

(3)




x ¥
fe, Tennesses

J;k‘ :

Mr. Fredarisk T. Hobbs
Technical Cooperation Branch
Uivision of Research

ARC

¥ashington, D. C.

Mr, He V. Lichtenberger
ireonne Netiopel Laboratory
“F; 0. Box 5207

Chileago 80, Illinols

., D, Young

nformation Divielon
Lrgonae Netionsl Laboratory
P. 0. Box %207

“hiengo 80, Illinols

“r, Jaa R, Hoffman

fuecto. Engineering Division
Argonne National Laboratory
P, O« Box 5207

Chicage 80, Illinois

4r, Frank xreith
Frojeet Bquid
frinceton University
“rinceton; New Jersey

Dre Martin Summerfield
Project bBquid
“rinceton University
Princeton, New Jersey

Ip, Alfred G, Lundquist
Lode L?g

“over Branch

ftAts - 2'?14, B‘.dHJ =3

wffiees of Nawval Hesearch

Dapertmant of the Navy
Eashingion 25, Do Gs

tdonel Laborstory

(1

(1)

(1)

(2)

(1)

(1)

{1




