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EXPERIMENTAL STUDY OF BLADE-TYPE HELICAL FLOW INDUCERS
IN A 5/8-INCH ELECTRICALLY HEATED BOILER TUBE
by Nick J. Sekas and James R, Stone

Lewis Research Center

SUMMARY

The effects of blade-type flow swirlers on maximum exit quality of a 5/8-inch
(1.59-cm) boiler tube were investigated. Data were obtained for various swirler spac-
ings at a mass flow rate of 400 pounds per hour (5. 0x10~2 kg/sec). Measurements of
mass flow rate, heat flux, inlet water temperatures and pressures, outlet vapor tem-
peratures and pressures, and axial wall temperature distribution for each run were
made and are presented in tabular form. The quality, pressure drop, and critical heat
flux for the plain tube are compared with values for tubes containing various numbers
and spacings of flow swirlers. It was found that maximum exit quality increased from
0. 30 to 0. 60 by adding five swirlers. At a 0.3 exit quality, the pressure drop of the
tube with five swirlers was 58 percent greater than for the plain tube.

INTRODUCTION

One of the problem areas of Rankine-cycle space power systems has been the design
of high-performance, stable, compact boilers. The boilers must operate at a high heat
flux with a minimum of entrained liquid in the outlet vapor stream. Boiling at high heat
flux is also applicable to the design of cooling channels for solid-propellant rocket noz-
zles.

A common method used to reduce liquid entrainment has been to separate the liquid
droplets from the vapor by swirling the two-phase mixture, thus centrifuging the liquid
to the tube wall. This swirl has been obtained by inserting helical wires or twisted
ribbons into the boiler tube, by coiling the tube, or by a combination of inserts and tube
coiling. These approaches have resulted in varying degrees of improvement, as for
example in the mercury boiler development program (refs. 1to 4). Some other studies
of the effect of swirling on boiler performance are described in references 5 to 7 for
potassium boiling and references 8 to 12 for water boiling.




By centrifuging the liquid droplets to the tube wall, a quality higher than that ob-
tained in a plain, straight tube is reached before film boiling occurs. Consequently, a
higher heat flux is obtained before burnout occurs. These benefits are accompanied by
a larger pressure drop across the hoiler.

The object of this investigation was to determine the effects of blade-type helical
flow swirlers at various axial spacings on the boiler exit quality, maximum heat flux,
and overall pressure drop. The expected advantage of using blade-type swirlers over
the types previously mentioned is higher exit qualities at much smaller pressure drops,
resulting from the unobstructed flow passages between swirlers. The data from these
tests are compared with those for a plain tube without swirlers.

The boiler tube used at this study was 0. 625 inch (1.59 c¢m) in outside diameter,
0.031 inch (0,079 cm) in wall thickness, and 40,0 inches (101.6 cm) long. The swirlers
were rotor elements obtained from turbine-type flowmeters, and were centrally installed
in the test section without wall contact, and were nonrotating. Most of the data were ob-
tained with boiling fluid flow rates of 400 pounds per hour (5. 0x10™2 kg/sec). Limited
data were obtained at other flow rates.
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Figure 1. - System flow diagram.



APPARATUS

The experimental data were obtained with the test equipment described in detail in
reference 13 and shown schematically in figure 1. The flow system is a closed loop in
which water is recirculated by a gear pump. The major components of the loop consist
of a resistance-heated stainless-steel preheater, a resistance-heated test section, and
a water-cooled heat exchanger. The loop is pressurized at a surge tank which is con-
nected to the loop at the pump inlet, The power for heating the test section is supplied
by a saturable core reactor and a 270-kilovolt-ampere transformer.

The test sections used in this investigation were fabricated from 5/8-inch (1. 59-cm)
outside diameter, 0.031-inch (0.079-cm) wall thickness, type-304 stainless-steel tubing.
Each test section was 40. 0 inches (101.6 cm) long. Twelve-bladed rotor elements
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Figure 2. - Swirler diagram, (All dimensions are in inches (mm).)

(fig. 2) obtained from turbine-type flowmeters were used to swirl the flow and centrifuge
the liquid droplets to the tube wall. The blades were located at a constant angle of 30°
to the tube centerline. These nonrotating rotor elements were centrally installed within
the test section by axially positioning them on a 1/16-inch (1. 6-mm) diameter stainless-
steel wire. This assembly was then centered within the test section tube. The wire and
rotor elements were electrically insulated from the tube. The number of swirlers and
their respective locations within the tubes are listed in the following table:




Test | Number of Locations of swirlers: distance from outlet, in. {cm)
section | swirlers
A [ R
B 1 10 (25. 4)
C 1 5 (12.7)
D 2 5 (12.7) and 10 (25. 4)
E 2 4 (10. 2) and 8 (20. 3)
F 3 4 (10.2), 8 (20.3), and 12 (30. 5)
G 4 4 (10.2), 8(20.3), 12 (30.5), and 16 (40.7)
H 5 4 (10.2), 8 (20.3), 12 (30.5), 16 (40.7), and 20 (50. 8)
I 6 4 (10.2), 8 (20.3), 12 (30.5), 16 (40.7), 19 (48.2), and 22 (55.9)
J 7 4 (10.2), 8(20.3), 12 (30.5), 16 (40.7), 19 (48.2), 22 (55.9), and 25 (63.5)
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Figure 3. - Schematic diagram of test section D. (All dimensions are in inches
{cm).)

The various configurations were tested in order of increasing number of swirlers, and
labeled in alphabetical order. Figure 3 is a schematic diagram of a test section assem-
bly. Copper bus bars were attached to both ends of the test section for applying electri-
cal power. A disassembled test section is shown in figure 4.

The system flow rate was measured by a turbine-type flowmeter. The flowmeter
output was read from a frequency converter and checked with a counter. The test sec-
tion inlet and outlet pressures were measured by Bourdon-tube gages connected at the
inlet and outlet plenums. Chromel-Alumel thermocouples were spotwelded to the outer
wall of the test sections at the same circumferential position for all axial temperature
measurements. Inlet and outlet bulk temperatures were measured by thermocouples in
the liguid stream at the inlet and outlet plenums. All the temperatures were recorded on
two single-pen self-balancing potentiometers. The alternating-current power to the test
section was measured by a dynamometer-type wattmeter. The voltage drop across the
test section was measured by a vacuum tube voltmeter.
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Figure 4. - Dissassembled test section (J).

Each day before data were taken, water was circulated and boiled in the test section.
Noncondensable gases were vented from the system through a line connected to the high
point of the loop. Dissolved gas content was maintained at less than 3 ppm by weight
based on the average molecular weight of air.

In order to check the thermocouples, runs were made in which heat was applied to
the preheater only. Since the heat losses from the test section to the surrounding envi-
onment were small, the tube outer-wall temperatures could be checked for consistency
against the water bulk temperatures at the inlet and outlet plenums. This was done over
the range of bulk temperatures encountered by adjusting the preheater power. The tem-
perature recording instruments were calibrated before and after each series of runs.

The conditions for each run were established by setting the desired mass flow rate
and increasing the power to the test section until physical burnout occurred. The inlet
temperature was held constant at approximately 75° F (297 K). The burnout point was
visually identified as the location at which a segment of the test section turned cherry
red in color. Physical burnout and the cherry-red discoloration occurred almost simul-
taneously.

The criteria used for proceding from one configuration to the next (i.e., determin-
ing the number and spacing of the swirlers) was based on the results of the previous con-
figuration tested. After each configuration was tested and the burnout location was de-
termined, an additional swirler was added, or the previous ones were relocated. This




process was continued until no additional improvement in maximum exit quality occurred.
Maximum exit quality was limited by system flow instabilities resulting from the inter-
action of the feed system and boiler because no boiler inlet stabilizing devices were used.

RESULTS AND DISCUSSION

The experimental data for all the configurations tested are tabluated in table I. Pre-
sented in this table are the mass flow rate, heat flux, inlet and outlet bulk temperature,
and inlet and outlet pressures for each run. Exit quality was calculated from a heat
balance and is presented in the same table. Also presented is an axial outer-tube-wall
temperature profile for each run. A complete temperature profile was not always ob-
tained for a burnout condition because of the need to shut down the test apparatus. A
summary tabulation for the overall pressure drop across each test section configuration
at the same heat flux and mass flow rate is presented in the following table:

[Heat flux, 350x10° Btu/(hr)(ft?)
(1. 1x108 W/mZ); flow rate,

400 m/hr (5. 0x10™2 kg/sec). ]
B Test Exit {Pressure drop,
section | quality, AP
percent ) 9
psi | kN/m
A 29.9 7.0 4.8
B 32.2 8.0 5.5
C 29.2 8.0 5.5
D 28.9 8.0 5.5
E 29.8 8.5 5.9
F 29.1 8.0 5.5
G 28.7 10,0 ] 6.9
H 30.1 11,0} 7.6
I 30.0 10.5] 7.2
J 29.1 11.0 | 7.6
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Calculated thermodynamic quality as a function of length for tests in which maximum
exit quality was achieved with each configuration at a flow rate of 400 pounds per hour
(5. 0x10™2 kg/sec) is presented in figure 5. The increase in quality at constant length
with increasing number of swirlers is apparent. The maximum quality obtained was ap-
proximately 0.6 (configuration H with five swirlers). When configurations I and J, which
contained six and seven swirlers, respectively, were tested, the exit quality did not im-
prove. As shown in the preceding table, the increase in pressure drop at 0. 3 exit qual-
between configuration H and A (plain tube with no swirlers) was from 7 to 11 psi (4. 8 to
7.6 kN/mz). This was a 58-percent increase in pressure drop. The experiments in
reference 11 showed a 400 percent increase in pressure drop for a helical wire insert
at a pitch-to-diameter ratio of 1.9 over that for the plain tube at a quality of 0. 30.

The maximum exit quality as a function of flow rate for configurations A, D, and H
is shown in figure 6. As expected, an increase in quality was observed with decreasing
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Figure 6. - Maximum exit quality as function of flow rate for configurations A, D, and H.



flow rate.

ure 7.

However, the rate of increasing quality is somewhat greater for the plain
tube (configuration A) than for configuration H.
A chart summarizing the results of all the configurations tested is presented in fig-

Maximum quality and heat flux are charted for all configurations.

The calcu-

lated start of the boiling region is indicated with respect to the test section length for all
configurations tested. The calculated quality at the point of burnout is shown in paren-
theses under the point of burnout.
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Figure 7. - Summary of results of all configurations tested at flow rate of 400 pounds per hour
(5, 0x107“ kg/sec),




CONCLUDING REMARKS

The present investigation has indicated that at constant inlet temperature and flow
rate the maximum exit quality and the burncut heat flux of boiler tubes can be increased
with the proper number and spacing of blade-type helical flow swirlers.

A 100 percent improvement in maximum exit quality (from 0.3 to 0. 6) over the plain
tube was obtained with a tube containing five swirlers spaced 4 inches (10.2 cm) apart.
With this configuration, the pressure drop was increased 58 percent over the plain tube
when compared at the same flow rate and exit quality.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, January 30, 1970,
120-27.

REFERENCES

1. Wallerstedt, R. L.; and Miller, D. B.: Mercury Rankine Program Development
Status and Multiple System Application. AIAA Specialists Conference on Rankine
Space Power Systems. Vol. 1. AEC Rep. CONF-651026, vol. 1, 1965, pp. 3-51.

2. Gresho, P. M.; Poucher, F. W.; and Wimberly, F. C.: Mercury Rankine Pro-
gram System Test Experience. AIAA Specialists Conference on Rankine Space
Power Systems. Vol. 1. AEC Rep. CONF-651026, vol. 1, 1965, pp. 52-102.

3. Gordon, R.; and Slone, H. O.: SNAP-8 Development Status - September 1965.
ATAA Specialists Conference on Rankine Space Power Systems. Vol. 1. AEC Rep.
CONF-651026, vol. 1, 1965, pp. 103-138.

4. Kreeger, A. H.; Hodgson, J. N.; and Sellers, A. J.: Development of the SNAP-8
Boiler. ATIAA Specialists Conference on Rankine Space Power Systems. Vol. 1.
AEC Rep. CONF-651026, vol. 1, 1965, pp. 285-306.

5. Peterson, J. R.: High-Performance '"Once-Through'' Boiling of Potassium in Single
Tubes at Saturation Temperatures of 1500° to 1750° F. NASA CR-842, 1967.

6. Bond, J. A.; and Converse, G. L.: Vaporization of High-Temperature Potassium
in Forced Convection at Saturation Temperatures of 1800° to 2100° F. NASA CR-
843, 1967.

7. Boppart, J. A.; Parker, K. O.; and Berenson, P. J.: Multiple-Tube Potassium
Boiler Performance. AJAA Specialists Conference on Rankine Space Power Sys-
tems. Vol. 1. AEC Rep. CONF-651026, vol. 1, 1965, pp. 327-356.

10



8. McAdams, W. H.; Woods, W. K.; and Bryan, R. L.: Vaporization Inside Horizon-
tal Tubes. Trans. ASME, vol. 63, no. 6, Aug. 1941, pp. 545-552,

9. Carver, J. R.; Kakarala, C. R.; and Slotnik, J. S.: Heat Transfer in Coiled Tubes
with Two-Phase Flow. Res. Rep. 4438, Babcock and Wilcox Co. (AEC Rep. TID-
20983), July 31, 1964,

10. Owhadi, Ali: Boiling in Self-Induced Radial Acceleration Fields. Ph.D. Thesis,
Oklahoma State Univ., 1966,

11. Stone, James R.; and Sekas, Nick J.: Tests of a Single Tube-In-Shell Water-
Boiling Heat Exchanger with a Helical-Wire Insert and Several Inlet Flow-
Stabilizing Devices. NASA TN D-4767, 1968.

12. Stone, James R.; and Sekas, Nick J.: Water Flow and Cavitation in a Converging-
Diverging Boiler Inlet Nozzle. NASA TM X-1683, 1968.

13. Jeglic, Frank A.; Stone, James R.; and Gray, Vernon H.: Experimental Study of
Subcooled Nucleate Boiling of Water Flowing in 1/4-Inch-Diameter Tubes at Low
Pressures. NASA TN D-2626, 1965.

11




191300 woay rut g ouang | 1€ |1€¢ | 06¢ (1PE | 8¥E | LEE|PGE | --- (4 [UNGTS 9¢” k144 S8 b6e 00% 8%
gre|eze | 66€|0CE | 98¢ | 8BE | TIPE | 8EE 61 SL2 0¢°0 §2¢ g°'18 moﬁxﬂmm 00% Lz
q uonjBINIIUCD
181N0 Woay “ut g mouang | 10§ ==~ | === om= ) mmm ] mmmdems ) e m--- - (AN 23 S8 414 102 92
¥62 %62 | ¥0£,90€ | T11¢| ZI€{01E | P8E SLY [44 9% [€44 S°186 LEZ €02 4
POWING | === === | === == | == | mo= o | e s m==- ey (444 98 82¢ 662 ¥Z
JOTIN0 WOJY "UL G JNOUINY | —== === | === |=== | === | e e | e == e 4 §2¢ g8 439 00¢ £2
€0e|11¢ | 61€/22E | 82¢ | 82€|83¢ | 9G¢ 81 9% 8¢’ 144 g8 90¢ 862 [44
JP1IN0 Wody "ul ¢ nouang | gZ€|¢EE | OVE |EFE | GSE | O0GE|LGE | L3V 0Z o€ Le” 144 78 [40)'4 86¢ 12
GTE|LEE | LEE|LEE | EVE | EPE|0GE | 6EF 0e 82 ge” i444 18 SLE 007% 0g
TIE|1CE | 82¢€(3€C | LEE | LEE|TI¥E | ¥TF 61 L2 0€°0 {444 G§eL moH X16¢ 10% 61
 uolyBRIN3IIJUOD
19[IN0 WOIF "Ul ¢ JNOWING | ~==]=== [ === === | mo= | = fmve | e 0761 0°L2 2g” £32 0°08 GLE 0% 8T
€6C|96C | ---|0€E | LEE| 9PC|9¥E | E€VE 0°81 0°92 62°0 122 0°LL ¢0IX9% ¢ 86¢ L1
1 1
D uonyeIndyuo)
mouwrng | gre| === | mmofmmmf ommm | memm e | e s=-- e £e” 44 0°68 GLE 0P 91
glg|-== | --~|p€C| I¥E | £GE|8PE | T¥E 081 0°92 280 5144 098 £0TXx49¢ L6¢ ST
g uotjeangipuo)
MOWING | L8G | === | === j=== | === | ==-«j-en g === m==- m=-- 9% " 07812 0°LL 444 502 41
98% -~~~ | ---|P6C | €0€ | 21§ /£0¢ | 908 0°LT 0°02 i 0°81¢ 0°LL [4%4 102 gl
nowang | gog|--- | ---|01€ | 61€ | 6TE|€TE | €C¢E S LT J44 8¢” 0°¢eg o¢ 862 4!
6%~~~ | ==~ |0T¢ | 8IE | 68¢|12¢€ | 13¢ SLT 0°eg ge” G6L 962 20¢ 11
INOWING | ==mf-=m | omm= === | mem | mmm e e i me-- Le” 0°LL oreg G0¢ ot
£6%)-~~ ) €0L|S08 | T1E | %% |91E | GIE A 0722 (4 g°81¢g 0°6L §LZ 10¢ 6
g8%|-=- | ---|962 | 86% | ¥0€ |T0C | 10¢ 0°LT 0761 f44 £°L12 0°2L 81¢g 86¢ 8
MOWING | HIE|~== | mm|mmmp mmm | e e ) e 0°81 0°62 0g” 182 0798 Lye 0ov L
$0€|0T¢ | 608608 | €28 | ~~~ ==~ | LZE 081 0°€e 9% " L°0%Z 0°98 439 L6E 9
965|90¢ | ~--|808 | 81¢| -~~~ |¥IE | €C¢ 0°81 0722 £2° L7082 g'eg 062 [40)4 9
€62 008 | 90€|¥0E | €1€ | ---|01€ | 6IE SULT G 0% 0% L°0g2 0°'%8 L9% 86¢ 4
164|965 | 963|208 | LOE | -=-|-~- | T1¢ 0°LT 061 9T " 07022 S 6L 5§44 £0¥ £
788 | L8T | G6C|C6C | 868 | -~~~ ~-- | G0¢ €LY S8t AN 0022 L9k 1434 00¥% Z
SLG|69C | -~ |€LG | BLG | ~~~|==~ ] LLD g 91 91 atai G912 § gL moﬁXwNH 0% H
Y uoneInSijuc )
0% | s¢ 0¢ | 62 02 Sr| oI S e1sd eisd
Jo1UT woy seyoul ‘eanssoxd | ‘eanssoaad | juwvozed o o ay,/wgy
wnustd wnuad ‘Aypenb | ‘eamyeaad | ‘eanjeaad ANEXEV\Em ‘orBa
syIBWa Y ° ‘oroad sanjeradws ], 191300 Jo1ul 1XH ~WSY 19[INQ | ~Wa} 11B[UI| ‘Xn[J 3BSH MO | unyg
sjun AIBWI0ISND 'S N (B)
VLIVA TVINIHANIMAIXHE - ‘T H1dVL

12



JOTINO WOIF "UL GF MOUING | === === | === f=== | —o= | mmmf oo | —mm ---- —m Ls- $°122 L°08 89 T0¥ | %S
6£€|9%¢ | GGL|09E | 6GE | G9E(PBE | 068 02 184 6% ° 122 SEL £08 107 £e
20€| %08 | PIE|61E | 61E | €3¢ 1PE | 9¥C 81 62 62 °0 L1% gL mgxbvm 00¥ g8

£ UOTJBINTIFUOD

IBUIN0 WOIy tul gz mouwdng | 0gg| ==~ <=m |7~ | 89€ § <ol f oo et === 8¢’ [ 444 G'e8 LLS 90¥% 18
9LE!PSE | 6G€)59¢ | LGE | 9LE|28E | 168 13 S ey £g” £33 ¢eg 0£§ t{1i4 0g
GTE|0EE | LEE|IPE | 6€€ | GSE|{09E | 29€ 02 9¢ 1% G122 S°'18 98¥ 00¥% 6%
86¢| 60€ | STE(CBE | GI€ | 6CE{CEE | PEE G 81 62 08 °0 1°088 G°z8 gOIX6F¢ 66¢ 8y

1 UCIBINSIIUOD

19[3N0 WY UL ZT WMOUIRY | ~-=| === | -==i==~ | PTE | ==r|===| === e i oL-” S '8I¢ GL Ly 902 Ly
LLZ| 862 | G0Ei10€ | TOE | 818} OIE | 2GE GLI G 02 £6° G812 g el 143 10% 9%

J9[IN0 WOIJ UL Gg MOUIRG | ~==| === | =-=[=== | gpg | ~=m|-mm | w-o —--- ---- g9" L°032 9L 6L7 90¢ | &%
91€{ €28 | 0CE|€EE | LBE | LGE|9SE | 69¢E G 81 e 4 4082 g 6L 96¢ 10¢ 144
86Z|€0E | 6IE|E1E | VIE | OEE|PEE | 9EE 81 82 0% - L°022 SL 243 00¢ 157

JO[IN0 WOIY “UT LT INOUIRG | ===| ~~=§ =om| o= b ommm f o] oo | e ---- - 09" g8 668 90% 472
0S€|29¢ | TLE|{SLE | BOE | 96€|88E | VOV S°12 9% LS - £8 699 00% 184
8€E|2G¢ ) 29€|99€ | €9¢ | T6E|E6E | G6E 12 a4 gg” §°28 (U 107 o
vEE|9P¢ | GGE|8GE | PGE | 28E|P8E | GBE 13 1% eF - Y44 g'18 008 oy 68
GZE|9¢E | €vE|8BYE | SVE | TLE|PLE | PLE 114 8¢ 42 L°0%2 L°08 197 10v 8¢
03E;82¢ | 8E€|0PE | 88E | ¥9EL|G9E | 99 G 61 9¢ (1A 1344 G LL 9¢e¥ 10¥ LE
008|L0E | GTE|LTE | 1CE | LEE|6EE | 8EE S8l G682 0€°0 S'81% L7°08 moﬂxﬂmm 10¥ 9¢

H uotyeandiuo))

191IN0 WOy "ul 9] I0OUARE | [ZE| === | =--j==~ | —m= | mom|-em | o= e m——— g% €12 ¥9 65% 66¢ Geg
91§ 82¢ | 928 |LEE | LPE | 0SE}GSE | SSE 0% Se [ €1¢% 2] 9¢e¥ S0¥ 4%
662|108 | GIE|LIE | €28 | 9CE|GCE | €CE 81 8% 620 f4%4 99 moﬁx@m 10% €€

0 uoTIBINIIJUO D

jo1ino woay ut gI mouwdng | prgf---| ---l--= | -mm | =mn|-mm | - --=- ---- i €12 gL 247 L6¢ | 2%
0T€|12E | 2EL!BEL | EWE | EVE|CSE | 8FE S 61 8°¢¢ 44 €781¢ L2L (47474 00¥ 1€
€0E|S1¢ | P3E|0EE | ¥EE | GEE|9PE | 1FE S 61 §ee Le” €1e S VL 807 £ov 0¢
GIEIPIE | 126{L2E | 2EE | 98E6EE | 6EE 61 Lg 62°0 €912 69 g01X6¥E 00% 62

A UoTjRINIIIUO D \“

13



191IN0 W0} WD 9 Qg ynouwIng | pgy 6E¥| 08V | S¥y| 6%F, €PP| 2¢H| --- 6 "LET 6902 9e "’ 18¢ £0¢g j824¢ 3e0°S | 8%
62% Se¥| PPP| 6LV TYY| 8EV| OGPV e¥P (VARG 97681 0870 i8¢ 10¢€ moHXoo: z-01x2€e0 6l L2
q uo1yRIN3IJUO D
IR0 WOL WD §°GZ mowdng | g3 | ===| -=-| === =m-| =om) semleonm] e e 35" 08¢ 90¢ 918 635 % | 92
(2874 61y | vev| 92% 82¥| 63| 82%| 69% L7021 LTSI 9 ° 08¢ 90¢ LyL $e5 2| ST
jnowangy ¢ --- il el e It Attt el ettt et Y St [ 08¢ €0¢ £601 I9L°E | %%
JO1IN0 WOy WO § 'gT jnourng | ~-- il e e el el it it [intubeh e I A 18¢ £0¢ 2501 YLLE| €T
1444 8Ch| €€¥| ve¥| 8EV| 8EV| 8EP| €4¥ 1'%zt € 6L 8¢ " T8¢ £0¢ 796 6L °E| 22
I9[IN0 WOLY WO [ gL jmouwIng | GEF ov¥| ¥P¥| 9%%| OS¥| 0SP| PS¥| €6F 6 LET 6903 LE” 18¢ z0¢ 99¢1 LO0OG | 1%
1854 ePyi E¥P| e¥F| 9PV | 9%P| 0S%| 66% 6 LET T°€61 £e” 08¢ T0¢ 1811 2e0°s | 02
gy PEV| 8EV| OFP| E¥¥| EFP| SPP| 16F 0°IET 2981 0€°0 6LE 962 moﬁXwo: m»oHmeo G| 6T
@ uonyBINSIUO D)
I2[IN0 WO WD [, °g] jnouwdng | -~ il Bl B i At Bl Bt 0°'1€e1 g 981 e 6LE 00¢ 1811 LOT "¢ 81
81y 02%| ---| 6% ev¥| 8PV | 8PP| 9P 1921 € 6LT 62 °0 8LE 8672 mo?omoﬂ z-01xL00 G LT
O uoneInduo)
jmouang | 63y | ===| -=-| =m=| === -=m| =] --- et g¢ " 18¢ £08 1811 280°¢ | 91
62y === === T¥¥| SPV| CS¥| 6%F| OFF 1°%21 € 6L 80 18¢ zo¢g moﬁxOm: g-0Ixv66 7 | G1
g uoyBINSIFUO D
joudng { GTH iniall Bt Bt Bl e il B ettt S 9% " 8672 S9L %672 | »1
(484 ===y Tty B1%| YoV 62%| Pev| 92¥ ¢ LIT 6°LE1 i 862 LEL 625 °Cc| €I
444 ---f === 82%| ¢g¥| 8CP| GE¥| GV L7021 G 98T 8¢ " Z0¢ 866 8vL'e | Gl
18% ==={ ~"-| 8C%| &%, 8E¥| ¥EV| PED L0l 97891 gg” 00¢ [4394] 66L°¢ ! I1
jnoudng | === il B It At Sl ettt Il e St Le” 8672 9L6 66L°C| 01
81V ==-| ¥ev| <% | 83v| PER| 1E¥| Ig¥ L0321 LTGY [ LLE L6Z 998 L8L'E | 6
454 === === 6T¥| Ig¥y| ¥eb| €T¥| €£3¥ LTI 0°Tex 44 9Lg 9672 L89 8yL'El 8
nowIng | 0gy ineindl il B ntoiall Al etedal it T°'¥21 ¥ gLt 0e” 6LE €0¢ £601 2806 4L
ey 8¢y | LoV | LeP| CE€p| ---| ---! LEF T°'ver 9881 9z €08 686 ye6v | 9
gy 9ev| ---| Le¥| 8Ey| ---| 0P| GV T %21 L1161 £e” £0¢ P16 Ls0et ¢
81y gey| 98%| ¥e¥| 62%| ---| 8EW| €€ L°0g1 €191 0z’ 20¢ 1%8 LO0'S | ¥
LIy 0gy| 0¢%| &gk 92%| ---| ---| 8Z¥ (AR 0°TET 91~ 00¢ GLL 0L0S| €
(487 eIyt 61%) 81y 12%| ---| ---| G2F €611 9°LeT gzl 0 8LE 86¢ PL9 280°6 | ¢
0% S0p| ---1 L0V OIP| ---| =--=| 60F LITT 8 eIl Rl 9LE 962 moﬁxgm m-oHmeo ST
Y Uon1BINSIIUCD
G'T0T1 6°68| 2 9L|S°€9|8708| 1 8¢ | P GE| L 2T
JS[Ul WO} SI9I9 WU sqe NE\Zx sqe NE\Zx juaoaad b b NE\B
‘aanssoxd ‘aanssoxd | ‘Ayrenb ‘aamexad | ‘aanjerad ‘xnyg 095 /8y
SHIBWOY 3 ‘orygoad sanjeradua ], wnustd jo1In0 | wnuaid 191U}  IXH W2y JBINY | ~Ww9} |[ul JeOH ‘o1BI moTd | uny
sjum "1 (q)
VIVA TVINIANIHIdXH “papnpduc) - ‘1 I1dVL

14



127IN0 WOIJ WD § g9 MOWANG | === | === | = =mmf wem ] wee] —ee | eee e B 15" 8L¢ 00€ 68LT SH0°G | ¥G
4747 8%¥ | €8%; 96¥| ¢Sy | 8S¥| 8SY | TLY 6 °LET L3282 [ 8LE 962 $8ct SP0°G | €9
4474 ey | 08¥| CE¥| €ev | GE€V| G¥¥ | 8PP 1921 0°002 62°0 9LE 962 moHXmmoﬁ N;oﬂxmﬂmo ‘S| B¢
r uouBINSuoD
JOTINO WOy WD § GG nouang | gy ~==| w==q === 09| ---| -1 --- - ————— a6 ° 6LE 08 a181 Lo1e | 16
(444 38¥ | SG%| 8S¥| PGV | ¥O¥| 89% | EL¥ 8 PPI 6662 €9 ” 6LE 20¢ 0L9T LS0e | 0¢
1€% 6ev | €FY | Sv¥!l PP €SF| 98F | LeP 6°Le1 T 8¥¢ 17" 6LE 10¢ SLET 2e0°G | 6F
12% Ley | 1€%| vE¥| 1€V | 8EY| OFF | 19P 9481 002 00 8LE 10¢€ moﬁXmmoﬁ N;oﬂxmﬁo G 8y
] uorzandIUOD
JOTINO WOy Wo ¢ "o jnouang e bkt - == 0g%| --- - - - ———— oL LLE 162 £601 16S°2 Ly
60% 81y | GZv| €Cv| €2%| Tev| 1ev | VEP L0zt €Iv1 £g” LLE 962 2] 625°C | 9%
PBIIN0 WOLJ WO G gy wouwang | ~=- | === | -==| ===} P ==l c= | -m| o mmmem o mmmes g9 - 8L8 863 6091 68°€{ GF
1¢% GEY | 6LV ¥V LEP| PSV| €G% | SEF 9°L31 A 2%4 (40 8LE 8672 Lyt LBLE | 7Y
1847 vy | eEV| 6C%| 0S¥ | 6EV| 1¥¥ | Ch¥ T°%21 17861 ov - 8LE L6Z 1201 PLLE | EF
PUINC WOLF WD g gh JWOUARG | === | === | === ==o=f com | woof o | e omeee e 09° z08 L881 LOT 'S | 2%
0S¥ LSy | 29%| PO9F| 09% | 9L¥) TLP | 08Y% [4:i4¢ 1°LT¢ LS” 30¢ 08LI Ze0°¢| 1y
(3747 1SV | LSP| 6S%| LGV | SLP| PLY | GLY 8 vv1 ¥ eoe €8 108 0L91 SP0°S | OF
1844 8p¥ | €S% | Pob| TSP ! 89%| 69F | 69% 8 VP L°28¢ g7 6LE 10¢ GLST LS0°G | 6¢
9e% evy | 9FV | 6¥¥| 9bF| T9%| €9% | €9% 6 LET 0292 i 8LE 00¢ [4:i4¢ svo'c | 8¢
ee¥ 8eV | €¥¥| P¥P| €¥¥| 8SH| 8SF | 6GF S pel 3 '8%2 0% 8LE 663 gLeY Sv0°G | LE
(444 9y | 18v| 2E¥| vEV| €| PPV | €FP 9°Le1 ¥ '€02 0€°0 LLE 00¢ ¢OIX9011 | »_0IXSV0 S 9¢
H uoneInsyyuo)d
PNINO WOIy Wd L "0F wouing | $EH il B Bl Al Al Bl Bt Bt e g7 PLE 16¢ A 61076 6§
18% GEY | 88V | EF¥| 8¥P | 0GF| €GP} £S¥ 6 LET [ 844 6g” PLE 162 SLET S60 v | pE
154 €eVv | 62%| CE¥| SCv| 9¢%| 9¢% | GEY 1°%21 T°¢e61 62 °0 gLe (414 g0TXL801 m-oﬂxm«o G oge
£ uoTIRINSUO D
19[IN0 WOy WO G Og Jmouang | 8y | -~ ~===| ~-=t emel omee] e | em- Rt mmmm- i vLE 963 3521 ¥66 v { 2t
8%y YeV | OP¥| EFP| 9VP| 9P| ISP | 6%F S wET 1°6€¢ av vLE 963 3681 380°¢ 1I¢
444 18% | 9ev| 68%| T1PP| %% | OFF | GFF S peL T°%2% Le" pLE 182 g821 0L0"S | o€
1334 0E¥ ! ¥e%| LEV| 0P| C¥¥| ¥PV | PPP 0°T€1 G981 6% °0 9LE $6¢ 0TX660T m-oMmeo 61 6%

g uonjeandyuc)

15

E-5524

33

NASA-Langley, 1970



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WASHINGTON, D.C. 20546

OFFICIAL BUSINESS

FIRST CLASS MAIL

POSTAGE AND FEES PAID
NATIONAL AERONAUTICS ANL
SPACE ADMINISTRATION

. If Undeliverable ( Section 158
POSTMASTER: Postal Manual) Do Not Return

“The aeronautical and space activities of the United States shall be

conducted so as to coniribute . .

. 10 the expansion of human knowl-

edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof.”

— NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and
technical information considered important,
complete, and a lasting contribution to existing
knowledge.

TECHNICAL NOTES: Information less broad
in scope but nevertheless of importance as a
contribution to existing knowledge.

TECHNICAL MEMORANDUMS:
Information receiving limited distribution
because of preliminary data, security classifica-
tion, or other reasons.

CONTRACTOR REPORTS: Scientific and
technical information generated under a NASA
contract or grant and considered an important
contribution to existing knowledge.

TECHNICAL TRANSLATIONS: Information
published in a foreign language considered
to merit NASA distribution in English.

SPECIAL PUBLICATIONS: Information
derived from or of value to NASA activities.
Publications include conference proceedings,
monographs, data compilations, handbooks,
sourcebooks, and special bibliographies.

TECHNOLOGY UTILIZATION
PUBLICATIONS: Information on technology
used by NASA that may be of particular
interest in commercial and other non-aerospace
applications. Publications include Tech Briefs,
Technology Utilization Reports and Notes,
and Technology Surveys.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C. 20546





