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BEXPERIMENTAL, IOCAL HEAT-TRANSFER AND AVERAGE
FRICTION DATA FOR HYDROGEN AND HELIUM
FLOWING IN A TUBE AT SURFACE
TEMPERATURES UP TO 5600° R
by Maynard F. Taylor

Lewis Research Center

SUMMARY

Toocal values of heat-transfer coefficients and average friction coeffi-
cients were measured experimentally for helium and hydrogen gases Tlowing
through an electrically heated tungsten tube with a length-to-diameter ratio of
77 for the following range of conditions: local surface temperatures up to
5600° R, local Reynolds number from 7600 to 39,500, local ratios of surface to
bulk gas temperature up to 5.6, and heat flux up to 1,700,000 Btu per hour per
square foot.

A comparison of local heat-transfer coefficients for helium and hydrogen
gases 1s made for several types of wall temperature distributions in order to
determine whether data can be correlated by a Dittus-Boelter type equation.

Wall temperature distributions for hydrogen are compared with one for
helium with the result that any dissociation of hydrogen at the tube wall for
wall temperatures up to 5200° R has less effect on the wall temperature distri-
bution than does the ratio of surface to bulk gas temperature.

TINTRODUCTION

Nuclear reactors, such as those proposed for use in rockets using hydro-
gen as a propellant, involve heat transfer with large variations in the thermo-
dynamfc and transport properties of the gas. These variations can be due to
dissociation of the fluid or to large differences between surface and bulk gas
temperatures or both. The ratio of surface to gas temperature can be as large
as 25 at the inlet of a nuclear reactor if the surface temperature is 5000° R
and the inlet gas temperature is 200° R. Some degree of dissociation will
occur in the fluid adjacent to the fueled surface through most of the reactor
and will occur in the bulk hydrogen at the reactor outlet. The effect of the
large variations in the transport properties on the heat-transfer characteris-



tics of hydrogen is very important in the design considerations for nuclear-
rocket powered space vehicles.

Considerable experimental data showing the effect of surface to fluid tem-
perature ratio on the heat-transfer coefficient for air are presented in refer-
ence 1. A number of other investigations extending over the range of wall tem-
perature, pressure, and ratio of surface to bulk temperature that include hel-

ium, hydrogen, and nitrogen have been made and are presented in references

2 to 6.

in the present investigation are shown in table T.

The conditions for which data were obtained in references 1 to 6 and
The present investigation

TABLE I. - EXPERIMENTAI, CONDITIONS FOR REFERENCES
Reference Tube Maximum |Maximum |{Maximum Inlet Heat- Types of
length-to-[ surface local |average| pressure, |transfer heat-
diameter | to bulk |surface|surface 1b fluid transfer
ratio gas tem-|temper-|temper-|sq in. 208 coeffi-
reraturelature, |ature, cients
ratio °R ORr measured
1 30 to 120 3.5 ———— 3050 |mm——mwme——- Air Average
2 389 1.39 5040 3900 500 to 1500| Helium Local and
average
3 60 and 92 3.9 5300 4533 40 Helium Local and
average
4 20.9 to 11.08 —— 2240 250 Helium and| ZILocal
42.6 hydrogen
5 250 4.5 2300 ——== 1250 to 1000|Helium and| Local
hydrogen
(a) 23.2 4.52 | 4600 -—=-— |110 to 850 |Helium and| Average
hydrogen
& 127 2.08 1915 e e ————— Nitrogen Local
Present 77 5.6 5600 4749 40 to 100 |Helium and| Iocal
investi- hydrogen
gation

aUnpublished data from Herbert J. Newman of Los Alamos Scientific Laboratory.

was intended (1) to extend the range of surface to bulk temperature ratio at
high surface temperatures and (2) to determine the effect of dissocciation at

the surface on the wall temperature distribution.

by flowing helium and hydrogen through an electrically heated tube.
local surface to bulk temperature of 5.6 and wall temperatures as high as

2

The experiment was performed

A ratio of



56000 R were attained at inlet pressures varying from 40 to 100 pounds per
square inch absolute.

EXPERIMENTAL APPARATUS
Arrangement

A schematic diagram of the arrangement of the test apparatus used in this
investigation is shown in figure 1. ZEither helium or hydrogen from a pressur-

Molybdenum radiation shield

— . .
/ (1%'“- diam. ) Water-cooled
[~ Molybden ym radiation electrlcta|
; . - connector
shield (1Z in. diam.) Mixing | Y
tank
@" — Test section — Station 2
< Tungsten radiation Test_
shield (I in. diam.) section
Section A-A ¥
Steel A
containment
tank t— i
Mixing I Station |
Gas tank
supply ~ T Water-cooled
tank electrical
connector
® J—
Pressure-regulating = Flat-plate orifice CD-7750

valve
Figure 1. - Schematic diagram of arrangement of test apparatus.

Figure 2. - Experimental apparatus with
containment tank removed.

ized tank was passed through the pressure-regulating valve and a flat-plate
orifice into a three-pass mixing tank with baffles in the center passage.

After mixing, the gas was passed through the electrically heated test section
into a second mixing tark and was then exhausted into the atmosphere through s
vent stack. The test section was thermally insulated with three concentric ra-
diation shields. The inner shield was made of 0.010-inch~thick tungsten 1 inch
in diameter; the middle and outer shields were made of 0.010-inch-thick molyb-
denum l% and L% inches in diameter, respectively. Boron nitride spacers were
used to hold the shields in position. The mixing tanks and the test-section
assenbly were housed in a vacuum-tight steel containment tank evacuated to
about 25 microns of mercury during test runs. PFigure 2 shows the experimental
apparatus with the containment tank removed.



Electric power was supplied to the test section through water-cooled cop-
per tubing from a 208-volt €0-cycle supply line through a 100-kilovolt-ampere
transformer controlled by a saturable core reactor. The saturable core reactor
permitted voltage regulation from approximately 3 to 25 volts. A true root-
mean-square electronic voltmeter was used directly to read the potential across
the test section. Current was read on an ammeter used with an 800 to 1 step-
down current transformer and checked with a calibrated shunt.

Test Sections

The test sectlon used in this investigation was made of tungsten. Since =
tungsten tube was not available commercially, it was necessary to fabrlcate it
by disintegrating & hole in a tungsten rod. The hole was lapped to
0.116%0,002~1inch inside diameter with a 15~ to 20-microinch root mean square
finish or better and was concentric with the outside diameter to within a total
Indicator reading of 0.006 inch. The ocutside diameter of the tube was then
ground to obtain a wall thickness of 0.0625%0,002 inch with a surface finish of
32 microinch root mean square or better. The tungsten tube was Joined to
water-cooled flanges made of nickel and oxygen-free high conductivity copper
with a furnace braze of 82 percent gold and 18 percent nickel at about 1830° Fy
thls temperature is well below the recrystallization temperature of tungsten.
The test sectlion was cycled between gbout 1000° and 5000° R approximately 20
times in the course of the experiment, which totaled about 25 hours of opera-
tion at temperatures of 4000° R or higher, and it did not fail. The test sec-
tion had an entrance length of 14 diameters before the heated section. (All
symbols are defined in appendix A.)

Instrumentation
The outside wall temperatures near the entrance and the exit of the test

section were measured with Z24-gage platinum-platinum-l3-percent-rhodium thermo-
couples spot-welded along the length as shown in figure 3. The temperature of

Station 1 —_— Pressure drop length, 92— 4 Station 2
F I B3~ Nickel
9 ™ flange
6 Boron nitride spacer —~
E / ]
7
/ Q o o [<
f | .
R,..le.zq ~—Tungsten shield .
H__, 15— &/ 7 115— LS B—
5 // ' 16
. ,;’ Heat-transfer length, 9 - [
—  Molybdenum shield - L Water
x Thermocouples % Copper
° Voltage taps @ Nickel
@ Tungsten CD-7586

Figure 3. - Schematic diagram of test-section assembly showing thermocouple, voltage tap, and pressure tap
locations. (All dimensions in inches.) .



most of the test section was measured with a small-target disappearing-
filament, optical pyrometer. More information on the technique of temperature
measurement used in this investigation can be found in appendix B.

The temperature of the gas was measured at the entrance and the exit of
the test section with platinum-platinum-rhodium thermocouples located down-
stream of the baffles in the two mixing tanks.

The radiation shields were also instrumented with platinum-platinum-
rhodium thermocouples as shown in figure 3. Static pressure taps were located
in the entrance and the exit flanges of the test section and were read on O- to
100-pounds-per-square-inch pressure gages having a full-scale accuracy of
1/2 percent. Seven tantalum voltage taps were spot-welded along the test sec-
tion to measure voltage drop as a function of distance from the entrance; how-
ever, only the voltage taps located at the entrance and the exit remained on
the test section when it was heated. This arrangement permitted measurement
only of the total voltage drop across the test sectiom.

METHOD OF CALCULATTION
Hydrogen Properties

The variation of the transport and thermodynamic properties important in
calculations of heat-transfer and fric-
tion coefficients is shown in figure 4 sas
a function of temperature for a pressure
.32 - of 1 atmosphere (data from refs. 7 to 12).
The effect of pressure on the properties
of hydrogen was not taken into considera-
tion since the pressure was near 1 atmo-
sphere at points in the test section
where the temperature was high enough for
— the pressure effect on dissociation to be

.36 -

.28 B

.24 |

.20 ‘ — appreciable. Figure 4(a) shows the mole
‘ 4 fraction of atomic hydrogen x; present
16 i at any temperature and was taken from

references 8 and 9. The thermal conduc~
tivity k and the absolute viscosity pn
from references 8 to 12 for equilibrium
] dissociating hydrogen is shown in figures

.12 -

Mole fraction of atomic hydrogen, x

.08 1 4(b) and (c). Chemically frozen thermal
conductivity, which does not include the
o chemical reaction term, was taken from
// reference 9 and is also shown in figure
_’,,//// ] 4(b). The experimental thermal conduc-
3000 3500 4000 4500 5000 5500 6000 tivity data shown in figure 4(b) are from
Temperature, T, °R reference 7 and are the only data at high
(a) Mole fraction of atomic hydrogen (refs. 8 and 9). temperatures available at present. The
Figure 4. - Variation of hydrogen properties with tem- values of thermal conductivity used in
perature at 1 atmosphere. this investigation are represented by the



solid line that was calculated by use of the viscosity and thermal conductivity
of hydrogen atoms and molecules from table III of reference 11 and the heat of
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Figure 4. - Concluded. Variation of hydrogen properties with temperature at 1 atmosphere.

dissociation from table XXX of reference 12. The values of specific heat for
equilibrium dissociating hydrogen at constant pressure cp shown in figure
4(d) were taken from references 8 and 9 and are in complete agreement. The
chemically frozen specific heat, which does not include the chemical reaction
term, was taken from reference 9. The ratio of specific heats 7y 1s taken
from references 8 and 9 and is shown in figure 4(e). The two references are in
very good agreement at temperatures below 3700° R, a range that more than
covers the bulk gas temperatures in this investigation. The gas constant R
was taken to be 766.4 foot-pound per pound mass °R.

Helium Properties

The transport properties, thermal conductivity k and absolute viscosity
p  for helium used in calculations of this investigation are shown in figure 5
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as a function of temperature. The theoretical values taken from table IIT of
reference 11 are shown along with experimental points from reference 7. The
lack of agreement between experiment and theory even for a monatomic gas indi-
cates the great need for more experimental measurements of thermal conductivity
of gases at high temperatures. The specific heat at constant pressure cp was

taken to be constant at 1.248 Btu/(1b)(°R), the ratio of specific heats y to
be 1.667, and the gas constant R to be 386 foot-pounds per pound mass OR.

Physical Properties of Tungsten and Molybdenum

Figure 6 shows both the thermal conductivity %k and the electrical resis-
tivity pe of tungsten plotted as a function of temperature. The experimental
thermal conductivity data for the temperature range of 2000° to 3600° R were
taken from reference 13 and extrapolated, as shown by the dashed line, to cover
the range of this investigation. The electrical resistivity was taken from
references 13 and 14, which are in agreement to within 3 percent.

The normal total emissivity of both tungsten and molybdenum was taken from
reference 14 and is shown in figure 7 as a function of temperature. The spec-
tral emissivity at a wavelength of 0.650 micron was teken from reference 15
and is also shown in figure 7. A discussion of the use of the spectral emis-
sivity is given in appendix B.
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Friction Coefficients

Because of the great difficulty in locating static-pressure taps along the
tungsten test section, only the overall pressure drops were measured, and,
therefore, only average friction coefficients were calculated. The friction
pressure drop App,. was obtained by subtracting the calculated momentum pres-
sure drop Apg., Trom the total measured static-pressure drop Ap across the
test section:

2 t t
Mg, = Lo - £ =Ap—G—R<—2—-—l> (1)

where %7 and 1%, are the absolute static temperatures at the entrance and
the exit of the test section, respectively, and p; and py are the static

pressures at the entrance and the exit of the test section, respectively. The
static temperatures were calculated from measured values of the gas flow, the
static pressure, and the total temperature by the following equation:

vt @l O o Em @

This equation was obtained by combining the perfect gas law, the equation of
continuity, and the energy equation. Since the ratio of specific heats y for
hydrogen varies with temperature, the static temperature was calculated twice,
once with the specific heat ratio evaluated at the total temperature and once
evaluated at the static temperature. The two static temperatures thus calcu-
lated varied less than 3 percent of the difference between total and static
temperature.

The average friction coefficient was calculated from the relation

oo Apfy. _ gPay APry (3)
2 I pafvz 2 % a?
D 2g

where the density p,, was evaluated from the static pressure and temperature
of the gas

_1(P (4)
Pav R\t + %2

Heat-Transfer Coefficients

Only local heat-transfer coefficlents were calculated since the heat flux
varied by & factor of as much as 7.5 from the entrance to the exit of the test
section, as can be seen from the wall temperature distributions shown in fig-
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Figure 8. - Comparison of outside wall temperature distributions for increasing

amounts of heat input to hydrogen flowing at a constant mass flow rate of

3.8 pounds per hour.

ure 8 and the resistivity of
tungsten in figure 6. Local
coefficients were approxi-
mated by dividing the test
section length into 10 equal
increments and by evaluating
average coefficients for
these small increments.

The procedure used to
calculate the local heat-
transfer coefficient is as
follows:

(1) The rate of heat
conduction into and away
from each increment was cal-
culated by means of the
equation

aT
Qe = -kt 3T (5)
where dT/dL is the slope
of the axial wall tempera-

ture distribution at the end
of each increment.

(2) Local radiation
heat loss from the test sec~
tion to the outer radiation
shield was calculated by

O = 1 T i

+ +
Feg r1As Feri_roArl Ferp_rzfra

(8)

(3) The rate of electrical heat generation in each increment Q. was cal-

culated by multiplying the square of the current through the test section by
the resistance taken from figure 6 for the average wall temperature of the in-

crement.

(4) A heat balance for each increment was set up starting at the entrance

% + [Q(n) = Ye(m1)] = % - Q=0 oo

It was possible to calculate the rate of heat transfer to the gas Q for each
The bulk temperature of the gas leaving each in-
crement could be calculated by means of the equation

increment from equation (7).

10



Q = W(cp)b(Tou‘t - Tin) (8)

where T;, 1s the bulk temperature of the gas entering the increment and T, ¢

is the bulk temperature of the gas leaving the increment. This calculation was
repeated for each succeeding increment, and the calculated temperature of the
gas leaving the last increment was used as the exit gas temperature. This tem-
perature was used along with the measured exit gas temperature, the gas flow
rate, and the physical properties to determine heat-transfer coefficients from
the Dittus-Boelter equation. The heat-transfer coefficient was used to calcu-
late the rate of heat transfer to the water-cooled exit flange.

(5) In general, the sum of the local radiation heat losses and the end
losses was found to account for more than 80 percent of the difference between
the rate of electrical heat input to the test section and the rate of heat
transfer to the gas. Rach local radiation heat loss and the two end losses
were multiplied by the ratio of total heat loss to the sum of local heat losses
and the two end losses for adJjustment to give an overall heat balance of
100 percent.

(6) A new heat balance was set up by use of the adjusted local heat losses
and equation (7), and the rate of heat transfer to the gas Q was calculated.
The bulk temperature of the gas leaving each increment was calculated by means
of equation (8).

(7) The local bulk temperature and the local surface temperature along
with the rate of heat transfer to the gas and the heat-transfer ares for the
increment were used to calculate the local heat-transfer coefficient

Q
Ha ) <

The temperature drop through the wall was calculated and found to be very small
compared with the difference between surface and bulk temperatures and, there-
fore, was neglected.

The local Nusselt number was calculated by means of the relation

Nu = %?

(10)
RESULTS AND DISCUSSION
Axial Wall Temperature Distributions
Five representative axial outside wall temperature distributions are
plotted as a function of the distance from the inlet for a tungsten tube with s
total length to diameter ratio of 77 (fig. 8). Thermocouple and optical pyrom-

eter measurements for each run are also shown in the figure. Experimental data
for all runs are summarized in table II (see pp. 27 to 32). The wall tempera-
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ture distributions shown in figure 8 are for hydrogen but are also typical of
those obtained for helium. For runs 17 to 21, the mass flow rate was kept
nearly constant, while the power input was increased to higher levels. The
relatively large increase in wall temperature in the entrance half of the tube,
as power input is increased, is a result of two factors. First, the ratio of
surface to bulk fluid temperature is increased, which is accompanied by a de-
crease in heat-transfer coefficient that further increases the surface tempera-
ture. Second, the effect of increasing the ratio of surface to bulk fluid tem~
perature is magnified by the increased electrical resistivity of tungsten at
higher temperatures. The large axial temperature gradients at the entrance and
the exit of the test section are the result of conduction losses to the con-
necting flanges, the mixing tarks, and the electrical connectors.

It was thought that the best way of determining the effect of dissociation
at the wall was to compare

Run wk&blm&4mn§w the wall temperature distri-

rate, bution for hydrogen with the

m&hr wall temperature distribu-
o Hydrogenrun 19 13.65 20,894 1 tion for helium under the
o Hydrogen run 20 13.46 24,035 same conditions. It can be
O Heliumrun 15 14.04 21,279 shown that when the product

of flow rate w and spe-

N P s
Surface temperature ~ O.Ay_v_qy»O’xr_&\%\\X cific heat cp of hydrogen

5000— )xV)r/o,xy—o—ﬁ" is equal to that for helium
— ///d A and the heat input to hydro-

4500— gen 1s equal to the heat in-

4000— /

3500

3000—— tion does not affect the
heat-transfer coefficient.
The first two conditions

20— ;;;: were approached quite

put to helium, then the
//;/:::; closely by helium run 15 and
//v/

distributions for helium and

hydrogen should be essen-
tially the same if dissocia-

Temperature, T, °R

and the wall temperature
input was 2 percent less and
the product of flow rate and
specific heat was 3 percent
less for the hydrogen run
than for the helium run,
while the heat-transfer co-
efficients were 10 to 15

percent higher for hydrogen
than for helium. The wall

heat-transfer coefficient
hydrogen run 19. The heat
- Gas temperature

1500, P
/ 7~
7 |

— P e s YO

~
o
~
-~

0 7T 182 ;ﬂ 3? iﬁ; d” 56 63 temperature distribution for
Istance from Inlet, dlam helium run 15 and hydrogen
Figure 9. - Comparison of outside wall temperature distributions and gas tem- runs 19 and 20 are shown in
peratures of hydrogen and helium for mass flow rate ratio inversely propor- figure 9 as a function of

tional to ratio of specific heats, ‘”He/‘”Hz - (cp)Hzl(cp)He.
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distance from the inlet. It can be seen in figure 9 that the largest differ-
ence between the wall temperatures of runs 15 and 19 occurs where the wall tem-
perature is too low for dissociation to occur. It appears that any dissocia~
tion at the tube wall has less effect on the wall temperature distribution than
does the ratio of surface to bulk gas temperatures. The wall temperature dis-
tribution for hydrogen run 20 is also shown in figure 9 and appears to be quite
similar to helium run 15. For this run, the heat input to the hydrogen is

12 percent greater than the heat input to the helium, and the product of flow
rate and specific heat for hydrogen was about 4 percent lower than that for
helium, which results in hydrogen heat-transfer coefficients 25 to 30 percent
higher than those for helium. The heat-transfer parameters for the helium run
and the two hydrogen runs are shown in figures 10(a) and (b). The parameters

lm I 1 1 1 | I I | 0 4 . 7: 1 1 1 I [ T I I | 0 4 _7
__ X - | . e
8 hD _ op\0-8( o\ 3[Co)¢ s hD o0\0- 8T\ (o)1
— e =) {5 " — S =002 T 0 +—
60 — f f f f C f f -
) - My, //////
30 O 20t24 4/
V'S o 251029 4
Nog // a 3.0t03.4 4//
pri-4 . v 35139 b ]
<] & 4.0104.4 9
) Vo
5/ - 4 451049 4 AF‘
Kﬂ 9 5.0t05.4
10 —1—Open symbols denote —] L
8 11T heliumrun 15 ] '
—} 1| Solid symbols denote —|
6 1 1t hydrogen run 20 —|
_| 1| Tailed symbols denote _| -
4 hydrogen run 19
1 2 3 4 6 8 10 20 30 40X10° 1 2 3 4 6 8 10 20 30 40X10%
T
Modified film Reynolds number, Re; = 2l T—b
Hi 't
(a} Runs 15 and 19. (b) Runs 15 and 20.

Figure 10. - Comparison of local heat-transfer coefficients for helium and hydrogen.

for the hydrogen runs (particularly run 19) compare quite closely with those
for helium.
Friction Coefficients
Only average friction coefficients were measured in this investigation.
The friction coefficients for helium and hydrogen both with and without heat
addition are shown in figures 11(a) and (b), respectively. The line represent-

ing the Kdrmdn-Nikuradse relation between friction coefficient and Reynolds
number for turbulent flow given by

L _ 2 10g Re( 8 f) - 0.8 (11)
T 2
;8 z

and the laminar flow line given by

13
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Figure 11. - Correlation of average friction coefficients. Viscosity and density evalu-
ated at bulk temperature. Karman-Nikuradse relation, 1/ 2 = 2 log(Re; V8.2 )
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:f' .
L - (12)

are included in figure 11 for comparison.

As would be expected, the hydrogen and helium runs with no heat addition
are in good agreement with the Karman-Nikuradse relation. The hydrogen runs
with heat addition are in agreement with the predicted line above a Reynolds
number of 20,000 and in agreement with the data of references 3 and 8, which
fall above the Karman-Nikuradse line below a Reynolds number of 20,000. The
few runs using helium fall somewhat higher than either the predicted line or
the data of references 3 and 6.

Heat-Transfer Coefficients

In the present investigation, only local heat-transfer coefficients were
calculated. The results of reference 3 for helium indicate that local heat-
transfer coefficients can be correlated by use of a modified Reynolds number,
evaluation of the physical properties and the density at either the film or the
surface reference temperature, and use of an appropriate constant, as shown in

the following equations:

m _ o,ozl(@)o"s@e)o's[(_w_f“f]o'é (13)

kp ue Te ke
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As stated in reference 3, evaluating the fluid properties at the surface
temperature results in a slightly better correlation than that given by evalu-
ating the properties at the film temperature, although the constant is higher
than that given in the literature.
gation are shown in figure 12(a) with the fluid properties evaluated at the
film temperature and in figure 12(b) with the properties evaluated at the sur-
There is considerable spread in the data when each reference

face temperature.
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Figure 12. - Correlation of local heat-transfer coefficients for helium.
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temperature is used. This is not a random scatter as it appears but has def-
inite trends that depend on the shape of the wall temperature distribution and
the power input. If the wall temperature distribution is similar in shape to
run 17, shown in figure 8, the data correlate, as shown in figures 12(c) and
(d). It can be seen that the data correlate better if the fluid properties are
evaluated at the surface temperature. If the wall temperature distribution re-~
sembles that of runs 18 to 21, neilther reference temperature correlates the
data satisfactorily (see figs. 12(e) and (f)). It is not apparent from figures
12(e) and (f), but these data do not fall with random scatter either, but
rather with a definite trend from run to run. To show the trend in data with
the fluid properties evaluated at the various reference temperatures, Nu/PrO-4
is plotted as a function of modified Reynolds number in figure 13 for runs 12
and 15, which are typical of two shapes of wall temperature distributions. The
fluid properties are evaluated at bulk, film, and surface temperatures. The
difference in trends betwd€en runs 12 and 15 can easily be seen.
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{e) Fluid properties evaluated at film temperature; (f) Fluid properties evaluated at surface tempera-
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Figure 12. - Concluded. Correlation of local heat-transfer coefficients for helium.
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Figure 13. - Comparison of effect of using fluid properties evaluated at bulk, film, and
surface temperatures on correlation of local heat-transfer coefficients for two helium
runs.
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Figure 14(a) shows all the hydrogen data with the fluid properties evalu-
ated only at the film temperature. The film temperature was not high enough
for dissociation to occur. Again the data can be separated according to the
criterion of wall temperature distribution shape. The runs having the shape of
run 17 of figure 8 are plotted in figures 14(b) and (c) with the fluid proper-
ties evaluated at the film and the surface temperatures, respectively. TFor
these runs, the surface temperature is below the temperature at which dissocia-
tion has an appreciable effect on the fluid properties. As with helium, the
hydrogen data correlate best when the fluid properties are evaluated at the
surface temperature. The constant 0.0285 for helium has been replaced by
0.0245. Runs with wall temperature distribution of the shapes of runs 18 to 21
are shown in figure 14(d) with the fluid properties evaluated at the film tem-
perature. As with helium, this type of wall temperature distribution yields
data that do not correlate very well by conventional methods. The effects of
reference temperature and the use of both equilibrium dissociating and chemi-
cally frozen transport and thermodynamic properties are shown in figure 15.

The reason for a low value of Nu/PrO"L for equilibrium dissociating proper-
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Figure 14. - Correlation of local heat-transfer coefficients for hydrogen.
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1000 —— ties is the large increase in
anEEi /// the thermal conductivity with
o0l %?=0121R&3Pﬂ4:;;// increasing temperature.
wl Inlet The data of this inves-
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Figure 15. - Comparison of effect of using fluid properties evaluated tion is needed

at bulk, film, and surface temperatures on correlation of local heat-
transfer coefficients with equilibrium dissociating and chemically
frozen transport and thermodynamic properties for hydrogen run 20. Data have been obtalned

in this investigation that
agree with previous correlations in the literature using modified Reynolds num~-
ber and properties evaluated at film or surface temperature; however, some data
obtained with large axial gradients in heat flux and surface temperature near
the entrance of the test section introduce deviations of *30 percent from the
correlation.

SUMMARY OF RESULTS

The following results were obtained in an investigation of heat transfer
and pressure drop for helium and hydrogen at pressures of 40 to 100 pounds per
square inch flowing through a tungsten tube at surface temperatures up to
5600° R:

1. Any dissociation at the tube surface has less effect on the wall tem-
perature distribution than does the ratio of surface to bulk gas temperatures
at surface temperatures up to 5200° R.

2. Most local heat-transfer data agree to within %10 percent when corre-
lated by using the Dittus-Boelter equation and chemically frozen viscosity,
thermal conductivity, and specific heat. These physical properties and density
were evaluated at either the film or the surface temperature. Some data ob-
tained with large axial gradients in heat flux and surface temperature near the
test section entrance introduce deviations of +30 percent from the correlation

equation.

3. Friction coefficients without heat addition are in good agreement with

18



the Kérmén-Nikuradse relation. Friction coefficients with heat addition are in
poor agreement with the Kdrmidn-Nikuradse line below a Reynolds number of sabout
20,000 but are in good agreement with the data of other investigators.

Lewls Research Center
Natioral Aeronautics and Space Administration
Cleveland, Ohio, January 31, 1964
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APPENDIX A

SYMBOLS
surface area of inner radiation shield, sq ft
surface area of middle radiation shield, sq ft
surface area of outer radiation shield, sq ft
outside surface area of test section, sq ft
cross-sectional area of tube wall, sq ft
radiation constant, 25,891 (micron)(°R), appendix B
specific heat of the gas at constant pressure, Btu/(1b)(CR)
inside diameter of test section, ft
potential drop, v
configuration factor for radiation

factor to allow for the departure of the test section and inner radi-

ation shield surfaces from complete blackness, x = "

Lo (L

€5 Apr1\Er1

factor to allow for the departure of inner and middle radiation

shields from complete blackness, L
1 -Arl( 1 )

+
€r1 App

factor to allow for the departure of middle and outer radiation

E€r2

shields from complete blackness, = : -
1, Befn
€rz  Arz\er3

average friction coefficient

mass flow per unit cross-sectional area, 1b/(hr)(sq ft)

acceleration due to gravity, 4.17x10° f£t/hr?

local heat-transfer coefficient, Btu/(hr)(sq £t)(°R)

current, amp



Nu

Pr

=y

Re

thermal conductivity of gas, Btu/(hr)(ft)(°R)

thermal conductivity of test section material, Btu/(hr)(£ft)(°R)
heat-transfer length of test section, ft

Nusselt number based on local heat-transfer coefficient, hD/k
Prandtl number, cpp/k

absolute static pressure, lb/sq £t

overall static-pressure drop across test section, lb/sq Tt
friction static-pressure drop across test section, lb/sq ft
momentum static-pressure drop across test section, 1b/sq £t

rate of heat transfer to gas, Btu/hr

rate of heat conduction through tube wall in axial direction, Btu/hr
rate of electrical heat input to increment, Btu/hr

rate of heat loss from test section through radiation shields, Btu/hr
gas constant, ft-1b/(1bygss)(°R)

Reynolds number, GD/u

resistance of test section, ohms

heat-transfer area of test section, sq ft

total or stagnation temperature, °OR

average bulk temperature for an increment, (T, + T,.1)/2, °R
blackbody temperature, ©R

brightness temperature (apparent temperature of nonblackbody), OR
average film temperature, (Tq + Ty)/2, °R

bulk temperature of the gas entering an increment, °R

bulk temperature of the gas leaving an increment, ©OR

temperature of an increment of the outside radiation shield, °R

average surface temperature of an increment, °R

21



€r1
€r2

€r3

N

apparent brightness temperature (apparent temperature of nonblackbody
with view window interposed), °R

static temperature, °R -

bulk velocity of gas, ft/hr

gas flow, 1b/nr

distance from entrance of test section, ft

ratio of specific heats of gas

normal total emissivity of inner radiation shield
normal total emissivity of middle radiation shield
normal total emissivity of outer radiation shield
normal total emissivity of test section

spectral emissivity

wavelength (effective wavelength of small-target optical pyrometer
filter), microns

absclute viscosity of gas, lb/(hr)(ft)'

density of gas, lb/cu ft

average density of gas, (py + po)/R(tq + t3), 1b/cu ft
resistivity of tungsten, pohm-in.

Stefan-Boltzmann constant, 0.173x10~8 Btu/(hr)(ft)Z(°R)%

spectral transmissivity of view windows

Subscripts:

b

22

bulk (when applied to properties, indicates evaluation at average
bulk temperature Ty)

film (when applied to properties, indicates evaluation at average
film temperature Ty)

surface (when applied to properties, indicates evaluation at average
surface temperature Tg)

test section entrance

test section exit




APPENDIX B

METHOD OF OPTICAL PYROMETER

As mentioned in the text, the temperature of most of the test section was
measured with a small-target disappearing-filament optical pyrometer. It is
shown in the appendix of reference 3 that from Wien's formula for blackbody
radiation a relation between the true tempersture of the test section and the
brightness temperature indicated by the pyrometer can be obtained, and the re-
lation follows:

c

2
BN
ln(e)\’rx) + :XT—;

where Ty, 1s the true blackbody temperature of the test section, Ty is the
measured temperature, e 1s the emissivity of the test section, 71, 1s the

transmissivity of any view windows interposed, A 1is the wavelength of the
optical-pyrometer filter (0.650 micron), and Cs 1is the radiation constant
(25,891 (micron)(®R)).

The transmissivity of any view windows can be determined very easily by
measuring the temperature of a calibration lamp both with and without the win-
dows and by inserting the values obtained in the equation

Cz2 (1 1
In Ty = =~ <;—; - T:) (B2)

where T, and T, are the temperature measured without and with the view

window interposed, respectively. The transmissivities of the S/B—inch quartz

view window on the containment tank and the l%-inch upright optical glass

safety window were measured experimentally and found to be 0.928 and 0.883,
respectively.

The spectral emissivity of tungsten given in reference 16 was used along
with the transmissivity of the windows to calculate the wall temperatures of
the test section from equation (Bl). The wall temperatures were plotted as a
function of distance from the test section entrance and then were integrated to
determine the average wall temperature. The average wall temperature was also
found by calculating the resistance of the test section from the potential drop
across it and the current. The resistivity of the test section can be calcu-
lated from the equation

A,
pe = —IT- (BS)
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From the curve of resistivity as a function of temperature in figure 6, the
average temperature of the test section can be determined from the resistivity

value. The average wall temperatures determined by the two methods disagreed
less than 5 percent for most runs.
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U'ABLE II. - EXPERIMENTAL RESULTS

(a) For complete test section

Run |Heat input, Heat Gas Entrance Exit Entrance | Exit Average | Average |Current, Potential
Qe/S, transfer, |flow, pressure, pressure, tempera- | temper-| bulk surface I, drop,
Btu | Q/S, W, Py» Pos ture, ature, |temper-| temper- amp AE,
(hr)(sq £t) Btu 1ib 1b 1b b Ty . 15 Ty o, |ature, |ature of v
(hr)(sq ft)| hr |[Sq Tt 2P8 §q ¢ @°® o, e Ty oy |be8T sec—
R R gav tion,
R Ts,av’
°r
Hydrogen
1 698,346 586,404 6.91 8,621 3077 568 1135 852 1768 1392 2.9
2 583,848 537,819 6.86 8,355 3056 568 1090 | 829 1559 1378 2.83
3 830,170 680,248 7.04 9,118 3254 568 1213 891 1954 1420 4.0
4 665,390 568,550 6.59 8,287 2902 563 1138 851 1744 1370 3.05
5 721,898 623,287 6.91 8,834 3082 567 1168 868 1803 1400 3.45
6 755,159 657,314 6.95 8,978 3118 560 1192 876 18386 1412 3.7
7 910,013 755,686 7.02' 9,338 3293 568 1288 928 2120 1420 4,0
8 1,843,187 1,409,408 6.15, 10,653 3758 570 2076 1323 3950 1400 8.85
9 669,308 507,536 | 4.99 6,967 2388 562 1242 902 2040 1250 3.6
10 906,704 672,216 5.38 7,708 2745 5865 1401 983 2444 1300 4,73
11 1,026,731 756,347 5.22 7,798 2822 567 1531 1052 2731 1292 4.98
Helium
12 556,552 407,601 12.08 11,100 3470 572 o 1193 883 1974 1158 2.88
13 737,614 509,295 ,11.88, 11,772 3597 . B72 . 1361 967 2461 1164 4.10
14 | 1,286,243 632,669 [10.18! 12,223 3262 i 572 1716 1144 4262 1120 7.65
15 1,491,424 926,369 |(11.25| 14,342 3576 573 2089 1331 4516 1170 g.22
16 1,093,644 713,008 |12.67| 13,745 3950 562 1598 1080 3315 1190 6.85
Hydrogen
17 704,310 502,695 3.89 5,884 2048 557 1422 990 2403 1160 4.2
18 1,035,350 714,972 3.86 6,598 2105 560 1790 1175 3231 1185 6.1
19 1,339,878 ! 910,827 3.79 7,253 2134 562 2148 1352 3954 . 1198 7.75
20 1,621,332 1,047,031 3.74 7,621 2199 562 2386 1474 4351 1244 8.85
21 . 1,878,383 1,216,898 3.68 8,053 2314 | 573 2712 1643 4701 1280 10.0
22 1,959,774 1,451,306 6.16| 10,846 3571 557 2107 1332 4136 1400 9.25
23 2,417,414 1,728,637 5.82| 11,393 3560 565 2492 1529 4749 1440 11.2
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TABLE II. - Continued. EXPERIMENTAL RESULTS

(b) Local outside surface temperatures of the test section

Run Distance from inlet, in.
1 | 5 1 5 1 5 1 5 1 5 1 5 1 g5 71 | 75 1 5 |gl5 | g
Clls|%|l% |% |%B |% % | |% % |% |% |% |5 | %% |%|°%:
Hydrogen

1 [568(630 | 810| 910{%1000(21080 [#1160|21235 21330 |21430|21550 21690 (21855 (220501 2283 | 2649|3068 | 3588 |3348[1565|600
2 15681830 | 805| 900| ©950| 2995 |21050|21100 |21160 21230 |21320|21430|al550 |al705 |a1920 | 2277|2739 | 3153]2896{1420|590
3 568|635 | 825 935|21025 (81130 |21230(81330 (81440 (81570|81700 (21865 22045 | 2260 | 2476 | 3000|3660 | 4112|3745|1800|620
4 563|620 | 805| 900|al000 |&1180 |21160|21240|21330/21415|21520 (2164021780 |81955 | 2193 | 2584|3118 | 3600|3112|1515|580
5 |567(625 810| 910;21000|21080|21130|81200/81295'21400!81515 (2166021820 | 2048 | 2339 | 2745|3325 | 3830|3402| 1645|590
6 568 630 820 920 21000 21070 (21145|281225 81310 21405281520 21650 |21820 |22040 | 2339 | 27333348 | 4105|3594 (1715|595
‘ 7 568 630 830 940 a1040 81135 21240 21345 21460 a1590|81140 (81920 | 2148 2476 2936 | 3516|4236 4530'4186 2005|610
i 8 570 690 1015 1255 a1680 2774 3277 3964 4644 4969| 5157 | 5229 5281 5268 35270 | 5248|5216 5188 4803 2345! 660
! 9 582 610 807 912 21010 81115 81220 21340 21460 21600|31755|21940 2159 2385 2843 ' 3348|3830 4220 3684 1610 590
‘ 10 565 625 835 955 21085 21210 81350 21500 21680 21890|232130 2351 2942 3492 4050 44234644 4745 4224 1860 610
11 567 640 860 993 41175 81340 81520 21715 81925 2238| 2476 2936 3564 4149 4574 4790 4899 4880 4361 1950 620

L e

Helium

12 {572(610 | 790( 890( 2995{21080 (21160 aleso]alseo 21480| 21630 (2180022005 | 2294 | 2843 | 2456|3989 | 4217(3360({1400]580
13 |572]625 | 810| 920 (21005 (21080 (21170121310 |81500|81730| 22220 | 2407 | 2936 | 3564 | 4236 | 4764|5021 | 4989(3977|1625|595
14 |577|640 | 875|1040| 2971| 3769 4075| 4486| 4918| 5176| 5307 | 5425| 5464 | 5491 5816 | 5630|5491 | 52294186|1710|610
15 1573810 |1645|2520|83600| 4224 | 4701| 5008| 5099| 5202, 5202| 5268| 5307 | 5372| 5386 | 5399|5386 | 5281|4536| 2040|650

16 562J650 8801030 8126021560 (81920 |82340| 2855 5265( 3866 | 4373| 4854 5202| 5372 | 5307|5281 | 4995|4162|1850|620

Hydrogen

17 555,605 810| 9352105581165 (81260813701{21540(21770/ 2215| 2601 3006 | 3588 | 4050 | 43364517 |84500(3842(|1640(590
18 (560|630 8801060 |81330|21640 |82020| 2481| 2995| 3564| 4032| 4386 | 4606 | 4733 | 4835 | 4892|4880 4777|4087{1780|610
19 560(695 [1170({1670|22400| 3118\ 3704| 42861 4593| 4777, 4892| 4944’ 4957 4995| 5047 | 5080|5086 | 5021|4511)1985|630
20 560|770 |1580|2405|33460| 4124 | 4643| 4828, 4969| 5066 5073| 5125 5099| 5131 | 5176 | 5248|5307 | 5255|4841| 2195|640
21 570:870 |2125/3210(84100| 4739| 5047 5138 5216( 5255 5255| 5307 5307 | 5386| 5405 | 5471|5544 | 5544|5229 2425|670
22 550 710 |1135|1500|82060| 3147 | 3564| 4311 4912| 5203 5281! 5412' 5333| 5333| 5333 | 5380 5380| 5380|5021| 2275|655
: 23 560 810 |1760|2770|83920| 4765| 5176 5294 5405| 5445, 5412| 5438 5386 5412| 5491 | 5570;5623| 5623|5333 2550| 680.

8Values taken from falred curves.




Increment

QuUoO~NoOUIpP WX

H

QUONNUIRUWPDH

]

[oRHLYGENNGROR RSN VE =

-]

TABLE II.
Local Average
heat- outslde
transfer surface
coefficlent,| temper-
h ature of
increment,
Ty
Run 1
1077 760
203 950
848 1090
803 1235
771 1410
741 1635
719 1930
692 2370
649 3080
132 3120
Run 2
1318 742
936 920
904 1005
883 1100
849 1220
811 1380
773 1610
722 2000
626 2760
403 2698
Run 3
1074 769
925 970
841 1140
790 1330
761 1540
741 1790
724 2130
712 2680
616 3653
124 3573

- Concluded.

EXPERIMENTAL RESULTS

(~) For increments

Average Increment Local Average Average
bulk heat- outslde bulk
temper- transfer surface temper-
ature of coefficlent,| temper- ature of
increment, h ature of |l1ncrement,
Ty Increment, Tp

T
s

Run 4
578 1 1115 747 573
602 2 881 940 598
636 3 808 1090 632
676 4 773 1235 673
723 5 753 1395 720
779 6 731 1585 775
847 7 718 1845 841
933 8 690 22786 925
1045 9 593 3173 1037
1122 10 191 3049 1120

Run 5
579 1 1191 760 578
603 2 929 945 603
634 3 860 1080 637
669 4 823 1220 677
708 5 701 1370 723
754 6 761 1600 7178
808 7 733 1915 846
878 8 714 2340 932
972 9 613 3360 1050
1059 10 247 3267 1144

Run 8
578 1 1208 747 570
604 2 920 950 598
640 3 871 1080 631
684 4 827 1220 671
736 5 801 1385 719
799 6 770 1600 774
877 7 744 1910 843
978 8 718 2410 932
1110 9 621 3440 1055
1198 10 290 3507 1159
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TABLE IT.

- Concluded.

(c) Continued.

EXPERIMENTAL RESULTS

For increments

Increment Local Average Average Increment Local Average
heat- outside bulk heat- outside
transfer surface temper- transfer surface
coefficient,| temper- ature of coefficient, | temper-
h ature of |increment, h ature of
ilncrement, Ty Increment,
. Ty | Tg
Run 7 Run 10
1 1205 756 578 1 741 791
2 917 980 605 2 741 1020
3 833 1155 642 3 666 1240
4 972 1340 686 4 623 1500
5 760 1555 740 5 596 1845
6 741 1840 805 6 580 2310
7 722 2280 889 7 572 2990
8 872 3070 1003 8 512 3900
9 591 4200 1155 9 485 4733
10 182 3884 1264 10 -124 4000
Run 8 Run 11
1 633 889 581 1 668 787
2 716 1460 624 2 699 1070
3 800 2515 715 3 619 1375
4 537 4080 865 4 581 1715
5 533 4880 1069 5 569 2130
6 556 5190 1297 6 564 2760
7 587 5275 1532 7 499 3800
8 627 5270 1764 8 486 4580
9 675 5215 1980 9 490 4947
10 -106 4529 2089 10 -153 4124
Run 9 Run 12
1 836 740 571 1 772 738
2 720 960 598 2 634 940
3 655 1135 638 3 599 1090
4 616 1330 686 4 565 1250
5 591 1565 744 5 538 1455
8 576 1865 816 6 520 1730
7 563 2265 908 7 507 2151
8 536 2905 1027 8 441 2950
9 473 3889 1181 9 382 4000
10 -82 3556 1255 10 -135 3356

30

Average
bulk
temper-
ature of
Increment,
Tp

575
604
648
703
773
863
987
1146
1337
1419

576
606
655
720
805
919
1073
1264
1476
1559

581
607
643
688
741
807
892
1008
1154
1215
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TABLE IT.
(c)
Local Average
heat- outside
tranafer surface
coefficlent,| temper-
h ature of
increment,
Ts
Run 13
603 756
634 950
813 1080
565 1310
514 1685
478 2250
428 3190
371 4356
344 5022
~-168 3889
Run 14
330 831
452 2000
296 3720
303 4560
283 5080
273 5380
273 5520
285 5520
286 5556
-763 4151
Run 15
118 1438
355 3044
344 4351
339 5036
353 5190
375 5245
330 5330
409 5400
437 5370
=557 4453

~ Concluded.

Continued.

Average
bulk
temper-
ature of

increment,

T,

580
605
643
692
756
845
970
1137
1328
1394

580
643
777
954
1153
1353
1550
1745
1936
1873

581
659
827
1037
1261
1490
1720
1951
2180

2192

EXPERIMENTAL, RESULTS

For increments

Increment
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Local
heat-
transfer
coefficlent,
h

Run

173
565
485
441
423
402
371
366
392
~412

Run

625
581
553
542
513
462
429
405
409
-267

Run

419
548
483
445
413
404
416
436
463
-522

Average

outside

surface

temper-

ature of

increment,
Ts

16

800
1150
1830
2330
3190
4130
4990
5431
5364
4036

17

751

985
1165
1390
1730
2400
3200
4080
4529
3578

18

800
1185
1710
2480
3440
4240
4655
4840
4862
3773

Average
bulk

temper-

ature of

increment,
Ty

565
591
648
734
857
1019
1212
1421
1633
1669

567
596
641
698
771
873
1014
1196
1407
1469

568
604
675
782
936
1135
1362
1600
1835
1871
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TABLE II.

- Concluded.

(e¢) Concluded.

EXPERIMENTAT, RESULTS

For increments

Increment Local Average Average Increment Local Average Average
heat- outside bulk heat- outsilde bulk
transfer surface temper- tranafer surface temper-
coefficient,| temper- ature of coefficient,| temper- ature of
h ature of |increment, h ature of |increment,
increment, Ty 1ncrement, Ty
Ty Ty
Run 19 Run 22
1 257 1018 572 1 370 1022 566
2 449 2010 637 2 649 1760 616
3 396 3230 776 3 574 2990 726
4 391 4220 974 4 528 4370 896
5 398 4730 1210 ) 532 5133 1112
6 421 4910 1481 6 554 5391 1350
7 452 4980 1714 7 601 5330 1591
8 480 5050 1964 8 639 5350 1827
9 515 5070 2208 9 675 5390 2058
10 -592 4182 2235 10 -256 4702 2139
Run 20 Run 23
1 186 1342 575 1 206 1529 576
2 423 2850 670 2 561 3310 673
3 403 4190 870 3 534 4844 878
4 419 4820 1127 4 563 5305 1134
5 441 5025 1408 5 597 5420 14086
6 469 5110 1689 8 642 5420 1678
7 510 5130 1965 7 693 5420 1943
8 549 5200 2236 8 737 5505 2203
9 579 5285 2501 9 777 5610 2461
10 -778 4478 2509 10 -368 5084 2541
Run 21
1 173 1707 591
2 427 3550 718
3 422 4742 972
4 448 5150 1275
5 481 5250 1591
p 523 5300 1902
7 570 5340 2206
8 619 5415 2506
9 653 5560 2803
10 -728 4867 2831
32 NASA-Langley. 1964 E-20 64
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