
5AM3Ü-TR-72-I6 

'-Ji    g/ 

BOUNDARY   LAYER   INTERFERENCE   CALCULATIONS 

F I H I 1.  R E P 0 R T 

G.M.  Daniels,   L.A.  Popper,   K.L.  W r a y ,   et   a ! , 

A VCD  EVERETT   RESEARCH   LABORATORY 

JULY   1971 

W" •n'- 

JU 

e^ 

jointly   sponsored   by 

ADVANCED  RESEARCH  PROJECTC  AGENCY 

DEPARTMENT OF   DEFENSE 

ARPA   Order  -'M092 

and 

SPACE   AND  MISSILE  SYSTEMS  ORGANIZATION 

AIR  FORCE  SYSTEMS  COMMAND 

DEPUTY   FOR   RE-ENTRY SYSTEMS  (RN) 

Norton   Air   Force   Base,   California 92409 

APPROVED FOR PUBLIC RELEASE, Dl STRI J'JTION UNLIMITE 



MISSING PAGE 

NUMBERS ARE BLANK 

AND WERE NOT 

FILMED 



Unclassified 
Security Classification 

DOCUMENT CONTROL DATA R&D „.«.,,,, ■,...,,,..„- . ^ a, .....,„.. w^.,„. ,„,.„,„„, a .„,.,.,,..„,,. „„„„ „„  

Avco Everett Research Laboratory 
2385 Revere Beach Parkway 
Everett.   Massachusetts  

3   REPORT TITLE """ ' — — 

2«.   REPORT SECURITY   C J-AiSIFIC* TION 

Unclassified 
2b    GROUP 

BOUNDARY LAYER INTERFERENCE CALCULATIONS 

4. DESCRIPTIVE NOTES (Typ, ol report mnd Inclu.lv, d.l„) 
_ Final Report 
5- AUTHORfS; (La»t name, IInI name, Initial) 

Daniels,  G. M. ,   Popper.   L. A ,   Wray,  K. L.   and Young,   L. A 

6. REPORT DATE 
July 1971 

Sa.   CONTRACT OR ORANT NO. 

F04701-71-C-0033 
b.   PROJECT NO. 

7«l    TOTAL NO. OF   PAGES 76.   NO.  OF REFS 

5 
9a.   ORIGINATOR'S REPORT NUMBEMfSJ 

Final Report 

9b   a7.H5p07JPO''T NOfJ,; Mnvort.rnun,6.,, Ihct may b, ...lan.d 

SAMSO-TR-72-16 
10. A VA IL ABILITY/LIMITATION NOTICES      ~  ! ' 

Approved for public release; distribution unlimited. 

1). SUPPLEMENTARY NOTES 
12   SPONSORING MILITARY ACTIVITY        ~~ ~     "        "~ 

y\RPA,   DOD,   ARPA Order #1092 and 
SAMSO,   AFSC,   Deputy for Re-entry 
Systems (RN),   Norton AFB,   California 

13   ABSTRACT 

This is a final report on Avco Everett Research Laboratory's studv 
on    Boundary Layer Interference Calculations."   ms special-task was carried 
Ton^nZT /c?^ NO-   ^047^-71-G.0033.    In-t^s program the infrared radia- 
tion from 3 - 20M emanating from the ablating boundary layer of a reentering 
vehicle was calculated down to 100 kft.    It was found that the radiation was 
dominated by ambient C02' and H20 and air shock produced NO down to 150 kft 
at which altitude ablation product radiation began to become important.     The 
results of these calculations were compared with various sources of '^earth- 
radiation including earth surface,   atmosphere,   and scattered sunlight.     CO 

^tnTeXlri^J^M: ^^ ^ ™ ^ t0 ^ * ^^ radianCe 

nn FORM 
L/ LJ      I   JAN «4 1473 Unclassified 

Security Classification 



Unclassified 
Security Classification 

u. 
KEY WOhOS 

1. Reentry radiation 
2. Horizon sensing 
3. Ablating boundary layer 
4. Earthshine 
5. Atmospheric radiance / 
6. IR boundary layer emission 
7. High temperature air radiation 

LIMK A 
ROLC W1 

LI'^K C 

INSTRUCTIONS 
1.   ORIGINATING ACTIVITY:   Enter the name and address 
of the contractor, subcontrac or, grantee. Department of De- 
fense activity or other orgam.rition (corporate author) issuing 
the report. 

2a.   REPORT SECUMTY CLASSIFICATION:   Enter the over- 
all security classification of the report.   Indicate whether 
"Restricted Data" is included.   Marking is to be in accord- 
ance with appropriate security regulations. 

2b.   CROUP:   Automatic downgrading is specified in DoD Di- 
rective 5200.10 and Armed Forces Industrial Manual.  Enter 
the group number.   Also, when applicable, show that optional 
markings have been used for Group 3 and Group 4 as author- 
ized. 

3. REPORT TITLE:   Enter the complete report title in all 
capital letters.   Titles in all cases should be unclassified. 
If a meaningful title cannot be selected without classifica- 
tion, show title classification in all capitals in parenthesis 
immediately following the title. 

4. DESCRIPTIVE NOTES:   If appropriate, enter the type of 
report, e.g., interim, progress, summary, annual, or final. 
Give the inclusive dates when a specific reporting period is 
covered. 

5. AUTHOR(S):   Enter the name(s) of author^) as shown on 
or in the repoit.   Entei last name, first name, middle initial. 
If military, show rank end branch of service.   The name of 
the principal o.Jthor is an absolute minimum requirement. 

6. REPORT DATH:   Enter the date of the report as day, 
month, year; or month, year.   If more than one date appears 
on the report, use date of publication. 

7a.   TOTAL NUMBER OF PAGES;   The toval page count 
should follow normal pagination procedures, i.e., enter the 
number of pages containing information. 

7b.   NUMBER OF REFERENCES:   Enter the total number of 
references cited in the report. 
8a.   CONTRACT OR GRANT NUMBER:   If appropriate, enter 
the applicable number of the contract or grant under which 
the report was written. 
8b, 8c, b 8d. PROJECT NUMBER: Enter the appropriate 
military department identification, such as project number, 
subproject number, system numbers, task number, etc. 
9a.   ORIGINATOR'^ REPORT NUMBER(S):   Enter the offi- 
cial report number by which the document will be identified 
and controlled by the originating activity.   This number must 
be unique to this report. 
9ft. OTHER REPORT NUMBER(S): If the report has been 
assigned any other report numbers (cither by the originator 
or by the sponsor), also enter this number(s). 

10.    AVAILABILITY/LIMITATION NOTICES:   Enter any lim- 
itations on further dissemination of the report, other than those 

impored by security classification, using standard statements 
such as: 

(1) "Qualified requesters may obtain copies of this 
report from DDC" 

(2) "Foreign announcement and dissemination of this 
report by DDC is not authorized." 

(3) "U. S. Government agencies may obtain copies of 
this report directly from DDC.   Other qualified DDC 
users shall request through 

(4)    "U. S. military agencies may obtain copies of this 
report directly from DDC   Other qualified users 
shall request through 

(S) "All distribution of this report is controlled.  Qual- 
ified DDC users shall request through 

If the report has been furnished tc the Office of Technical 
Services, Department of Commerce, for salo to the public, indi- 
cate this fact and enter the price, if known. 

11. SUPPLEMENTARY NOTES: Use for additional explana- 
tory notes. 

12. SPONSORING MILITARY ACTIVITY: Enter the name of 
the departmental project office or laboratory sponsoring (pay- 
ing for) the research and development.   Include address. 

13. ABSTRACT:   Enter an abstract giving a brief and factual 
summaiy of the document indicative of the repoit, even though 
it may also appear elsewhere in the body of the technical re- 
port.   If additional space is required, a continuation sheet shall 
be attached. 

It is highly desirable that the abstrcct of classified reports 
be unclassified.   Each paragraph of the abstract shall end with 
an indication of the military security classification of the in- 
formation in the paragraph, represented as (TS), (S), (C). or (U). 

There is no limitation en the length of the abstract.   How- 
ever, the suggested length is from ISO to 225 words. 

14. KEY WORDS:   Key words are technically meaningful terms 
or short phrases that characterize a report and may be used as 
index entries for cataloging the report.   Key words must be 
selected so that no security classification is required.   Identi- 
fiers, such as equipment model designation, trede name, military 
project code name, geographic location, may be used as key 
words but will be followed by an indication of technical con- 
text.   The assignment of links, rules, and weights is optional 

WO   886-55 t 
Unclassified 

Security Classification 



H 

SAMSO-TR-72-16 

BOUNDARY LAYER INTERFERENCE CALCULATIONS 

FINAL REPORT 

by 

G. M.   Daniels,   L. A.   Popper,  K. L.   Wray and L. A   Young 

AVCO EVERETT RESEARCH LABORATORY 
a division of 

AVCO CORPORATION 
Everett,   Massachusetts 

Contract FÜ4701-71-C-0033 

July 1971 

jointly sponsored by 

ADVANCED RESEARCH PROJECTS AGENCY 
DEPARTMENT OF DEFENSE 

ARPA Order #1092 

and 

SPACE AND MISSILE SYSTEMS ORGANIZATION 
AIR FORCE SYSTEMS COMMAND 

DEPUTY FOR RE-ENTRY SYSTEMS (RN) 
Norton Air Force Base,   California 92409 

Approved for public release; distribution unlimited. 



F 

FOREWORD 

Approved for public release; distribution unlimited. 

This research was supported by the Advanced Research Projects 
Agency of the Department of Defense and Space and Missile Systems Organi- 
zation,   Air Force Systems Command and was monitored by Space and Mis- 
sile Systems Organization,   Air Force Systems Command under Contract 
F04701-71-C-0033.     The Air Force program monitor for this contract is 
Capt.   M.   Anderson,   USAF,   Project Officer,   Environmental Technology 
Branch,  RNSE. 

Publication of this report does not constitute Air Force approval 
of the report's findings or conclusions; it is published only for the exchange 
and stimulation of ideas. 

Capt.   M.   Anderson 
Project Officer, 
Environmental Technology Branch, 
RNSE 

-11- 



ABSTRACT 

This is a final report on Avco Everett Research Laboratory's study 

on "Boundary Layer Interference Calculations."   This special task was 

carried out under Contract No. F04701-71-C-0033.    In this program the 

infrared radiation from 3 - 20 ji emanating from the ablating boundary 

layer of a reentering vehicle was calculated down to 100 kft.    It was found 

that the radiation was dominated by ambient CO_ and H90 and air shock 

produced NO down to 150 kft at which altitude ablation product radiation 

began to become important.    The results of these calculations were 

compared with various sources of "earth" radiation including earth surface, 

atmosphere,  and scattered sunlight.    C02 radiation at 4. 3;j. from the 

boundary layer was found to have a higher radiance than the "earth" at 

100 kft. 
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I.    INTRODUCTION 

In this task we have calculated the infrared radiation emanating 

from the boundary layer at the end of a reentering conical vehicle.    The 

altitude regime considered was from early reentry down to 100 kft and 

the wavelength regime was 3 - 20 /i.    Both ambient and ablative species 

were included in the calculations.    These boundary layer results were 

compared to calculated earth radiance which included earth surface 

radiance,  atmospheric radiance,   scattered sunlight and atmospheric 

absorption. 

II.    EARTH AND ATMOSPHERIC RADIANCE 

The infrared radiance in the 3 - 20 JU region seen by a sensor 

looking downward from 100 kft or more above earth's atmosphere will 

have three components:    (1) the thermal radiation from earth's surface 

after attenuation by the atmosphere,   (2) the thermal radiation from the 

atmosphere itself,  and (3) scattered solar radiation,  primarily from 

earth's surface seen during daylight at wavelengths less than 5 |i.    The 

sum of the attenuated radiation from earth's surface and the atmospheric 

radiation is called earthshine; it is the total thermal radiation seen by a 

sensor.    The solid curve in Fig.   1 shows the detected thermal radiation 

from earth's surface,  calculated by multiplying the radiance of a black- 

body at 2850K and the transmission of a standard atmosphere obtained 

from the AFCRL atmospheric transmission program.      The earthshine 
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(dashed curve) in the 5 •: 20 micron region was obtained directly from 

2 calculations made at the University of Michigan  ; an AERL calculation 

extended the results to the 3-5 micron region.    The scattered sunlight, 

given by the dotted curve, was estimated by multiplying the vertically 
3 

incident solar flux   by two-way atmospheric transmission and assuming 

earth's surface acts as a Lambertian reflector with a reflectance of 0. 25. 

This estimate should give an upper limit to the scattered sunlight contri- 

bution; diurnally averaged values should be much lower.    The spectral 

resolution of the calculations is about 0. 1 micron. 

Figure 1 shows that the 8 - 14 /i region is to be preferred for 

making observations of the earth's surface, if minimum interference from 

absorption, thermal emission from the atmosphere, and scattered sun- 

light is desired.    The 3 - 5 ji region is marked by scattered sunlight or 

CO- absorption, H-O absorbs in the 5 - 8 /j, region, CO- absorbs in the 

14 - 16 jii, region, and H-O absorbs from 16 to 20 /i.   A 10 - 12 /i channel 

looks very good.   At 11 p., for example, the earth's surface has a 

-4 / 2 radiance of 8 x 10      watts/ster-cm  -/i and the atmospheric transmission 

-4 is 75% yielding a transmitted radiance of 6 x 10     , as shown in Fig.   1. 

-4 The total earthshine is given as 7.6 x 10     ; subtraction (somewhat risky 

-4 because the numbers come from different sources) yields 1.6 x 10 

watts/ster-cm   -ji for the thermal emission from the atmosphere.    This 

leads to a ratio of received signal to background of 6/l. 6 =* 4. 

-3- 



III.    BOUNDARY LAYER MODEL 

The reentry vehicle considered in this study is shown in Fig.  2. 

It is a 7   half angle conical R/V with carbon phenolic heat shield and 

ATJ-S graphite tip having a nose radius of 0. 5" and reentering at a 

relatively slow velocity of 16, 900 feet per second. 

For altitudes of interest in this study, the relatively slow reentry 

velocity makes the primary source of ablation products the pyrolysis of 

the carbon phenolic heat shield.    Detailed ablation calculations were 
4 

carried out   and the resulting mass flux,  integrated over the body, is 

given in Fig.   3.    Interaction of the CP heat shield ablation products with 

air leads to the IR radiating molecules CO,  CO-, H20 and OH.    Further- 

more,  clean air chemistry produces NO.    We also considered the effects 

of ambient CO- which is present in air to 330 ppm concentration and 

water whose concentration at high altitudes is somewhat controversial 

but we used 16 ppm as a nominal value. 

Equilibrium was assumed for the air/ablating boundary layer 

chemistry.   As we shall see ablation only dominates at 100 kft so this 

assumption is probably reasonable.    The ambient CO- and water dominated 

the IR radiation in the boundary layer at high altitudes where,  to be 

conservative, we assumed these species were chemically frozen. 

Furthermore, the vibrational temperature of all radiating species was 

taken to be the local translational temperature. 

A local similarity model was used to calculate profiles of species 

■4- 
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Fig,   2        Reentry vehicle and reentry parameters for which 
boundary layer IR radiation intensities were calculated. 
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Fig.   3        Ablation rate versus altitude for the R/V shown in Fig.  2. 
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concentration and temperature at the end of the body.    The mass flux in 

the ablating boundary layer was matched to detailed ablation calculations. 

Blasius (conservation equations) velocity profiles were employed at the 

end of the vehicle and then Crocco integrals were used to relate the 

enthalpy and ablation product mass fraction profiles to the Blasius 

velocity profile.    Finally,  individual species concentration and temperature 

profiles were obtained for the above enthalpy/ablation product mass 

fraction profiles by equilibrium computer codes.    This overall boundary 

layer calculation technique is discussed in detail in Ref.   5.    Finally,  the 

radiation intensity for each radiating species is a known function of its 

local concentration and temperature, and the intensity thus evaluated was 

then integrated across the boundary layer. 

IV.    BOUNDARY LAYER RADIANCE 

The spectral intensity per radiating molecule versus wavelength 

from 8 - 20 /i is shown in Figs.  4,  5 and 6 for C02, H20 and OH radicals, 

respectively, for a number of different temperatures.    In the near IR 

(from 1. 5 - 6 ju) the spectral intensity of a number of radiators at 3000 K 

i;j shown in Fig.   7.    The effective radiation temperature, as shown by the 

boundary layer calculations,  is about 2500OK for C02,  CO, NO and OH 

while that of water is about 2000 K. 

The results of the boundary layer calculations are shown in Fig.   8 

where the spectral radiance in watts/ster-cm   -fi, is shown at a number of 

key wavelengths versus altitude.   At high altitudes the ambient CO^ and 

H-O, along with the NO formed from the high temperature air,  dominates 
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Fig.  8        Boundary layer spectral radiance as a function of 
altitude predicted for the vehicle shown in Fig.  2. 
These calculations include both ablation products 
and ambient carbon dioxide and water. 
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over the ablation product radiation.    Between 150 and 100 kft, however, 

ablation begins to dominate and the radiation curves increase rapidly. 

The CO and OH radiation curves, being solely due to ablation products, 

show the altitude dependence of the ablation product component to the 

radiation.    The radiance plotted in i- ig.  8 has the same units as the "earth* 

spectral radiance shown in Fig.  1 and can be directly compared with that 

figure; it immediately becomes clear that the boundary layer radiance 

is small compared to the "earth" except at the lowest altitudes that were 

considered. 

In Fig.  9 we have plotted the spectral radiance of the boundary 

layer versus wavelength at 100 kft.    This figure should be compared 

directly to the "earth" radiance shown in Fig.   1 where it is seen that the 

4. 3 ii CO., radiation from the boundary layer would dominate that wave- 

length region while the NO radiation at 5. 3 ju could also be relevant.    At 

longer wavelengths the radiation from CO,  C02, and OH is less than 10"6 

watts/ster-cm   -/j. and hence would not interfere with seeing the "earth". 

-13- 
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