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FOREWORD

This final report presents work which was conducted for Langley Research

Center (LaRC) in Tesponse to requiremonts of Contract NAS1-16983. The work

Presested was performed by REMTECH Inc,, Huntsville, Alabams and is entitled

' 'MINIVER Upgrade for the AVID System.'’ The final report consists of three

voiumes,

Volume 1: LANMIN User's Mannal
Volume 2: LANMIN Input Guide

Voluse 3: EXITS User’s and Input Guide

The NASA technical coordinstion for this study was provided by Ms. Kathrya

E. VWurster of the Vehicle Analysis Branch of the Space Systems Division,
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Section 1.0

INTRODUCTION

The successful design of thermal protection systams for vehicles operating
in atmosphere and ncar-space emviromments requires accurate analyses of heating
zate and temperature histories encountered along a trajectory. For preliminary
design calculations, however, the requirement for accuracy must be tempered by
the need for speed and versatility in computational tools used to determine such

! thermal environments,’’

The MINIVER program (Ref. 1) over the last decade has been found to pro-
vide the proper balance between versatility, speed and accuracy for am aerother—
mal prediction tool., The advancement in computer aided design concepts at Lang-
ley Research Center (LaRC) in the past few years has made it desirable to imcor-
porate the MINIVER program into the LaRC AVID system (Ref. 2). The purpose of
the AVID system is to provide the preliminary design engineer with a useful tool
for multi-discipline interactions to perform partial or complete vekicle syn-

thesis,

In order to effectively incorporate MINIVER into the AVID system, several
changes to MINIVER were made, The thermal comduction options in NINIVER v.o:o
removed and a new Explicit Interactive Thermal Structures (EXITS) code was do-
veloped, Many upgrades to the MINIVER code were made and a new Langley version
of MINIVER called LANMIN was created.

This report is divided into three volumes., Volume I describes the theoret-

ical methods and subroutine functions used in LANMIN, Volume II provides a user
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input gunide for LANMIN, Volume IIY describes the EXITS code and provides an
input guide.

The documentation presonted in Volume I utilized prior documentation where

applicable and added new material for upgrade aress. The primary sources of

prior documentation are Ref, 1 for the original MINIVER code, Ref, 3 for su-

broutine descriptions and Ref. 4 for rarefied flow updates,
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Section 2,0

GENERAL UTILITY ROUTINES

The program uses several subroutines of gemeral ntility such as specifica~
tion of printing of input and output data, interpolation techniques and the man-
aging of all other subroutines., This section gives a description of these util-
ity routines with a discussion of theiz capabilities,

2.1 MAWN

MAIN performs the task of managing the :oof of LANMIN. This zoutine is
best descrided by the flow diagram in Figure 2-1., The NAIN routine sets up the
input, calls the calculation subroutines in proper sequence, saves and controls
the output, and controls the case to case input., Most of the iaput is accom—
plished through an array W{(700). Many of the input array elements are
equivalent to other variable mames. A complete description of the inmput is
given in Volume II of this report.

2.2 SUBROUTINE WRINP

Subroutine WRINP is called by MAIN to primt out all of the iaput data for

each separate case, This routine prints out the pertinent input information,

2.3 SUBROUTINE VANOUT
Subroutin. VANOUT is called by MAIN and is used to priat the ontput in a

specified format, The parameters in the CALL statement of VANOUT are as

follows:

D - (input) This matrix dimensioned (100, 13) contains 13 variables as
a function of time, The 13 variables are: time, altitude, velocity,
Mach number, angle of attack, Reynolds number/ft, heat transfer coef-
ficient, recovery enthalpy, equilibrium wall temperature, comnvective
heating rate, heating load, local pressure, and flow type,

IF - (input) Nuamber of time points.
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TITLE ~ (input) This array dimensioned (18) contains an input title
for the case,

AMET - (input) This variable corresponding %o W(646) determinos the
output uoits, AMET = .0 corresponds to English units sad AMET ) 0.0
corresponds to metric units for output,

BPN - (input) Body point number corresponding to W(611),

This subroutine writes to paper and to a file. Each case on the file is
ended with a flag having a numerical value of =100, for the variable TIME,
2.4 SUBROUTINE TBLIN

Subroutine TBLIN is o utility linear interpolation routine which is uvsed
extensively throughout LANMIN by other routines, The following discussion con-
siders the use of this routine in conjunction with 80 atmospheric table which

does not exist as & routine in the Program, but rather comes into the progranm

via iaput data,

The argument of the routine is TBLIN (X, XX, Y, YY, Z, ZZ, N). The parame-
ter X acts as an independent variasble and the parameters Y and Z act as func~
tions of X, When a value X is input to TELIN, the values Y and Z are returned
at the corresponding X. The array XX contains a1l of the table values of the

independent variables X in & one~dimensional array. The ome=dimensional arrays
YY and ZZ contain a1} of the table values of the dependent variables, Since
each of these arrays (XX, YY, 22) contains the same number of elements, the
Parameter N is nu& to indicate how Rany values are contained in each array eand

thus how large each array is to be dimensiomed inm TBLIN.

It should dbe noted that this routine can only be used when the values ia
array XX are input in nondecreasing order. The resnits of this lipear interpo-

lation routine arge ot valid if the valaes in t1ae independent variable array XX

in




are not listed in increasing order. An example of the uss of this rountine oc-
curs when a value of altitude (X) is input, The routine will roturn values of
ambient temperature (Y) and pressure (Z) via linear interpolation from the tem-

perature and pressure arrays, YY and 2Z.

Upon entering the routine, a check is made to determinme if the indopendent
variable X is less than the first (smallest) value in the array XX, If it is,
then the first clement of array YY and the first e¢lement of array ZZ aze re-
turned as Y and Z, respectively, to the calling routine, If the independent
variadle X is greater than the last (largest) olement in array XX, thea the last
element of array YY and the last element of array ZZ are roturned as Y and 2,
respectively, to the calling routine., If the value of the independent variable
X is not out of the range of the array XX, then linear interpolation is employed
to determine the corresponding values of Y and Z.

2.5 SUBROUTINE TINT6

Subroutine TINT6 is a linear interpolation routine, This routine interpo-
lates six or less dependent variables simultaneously corresponding to an input
independent variable. The argument of TINT6 contaians 16 elements, The first
two elemonts in the argument are values of the indepo#dent variable and the
array of stored values of the independent variable, The next 12 locations of
the subroutine argumeat occur in six pairs corresponding to the six dependent
varisdles., The first element of the pair is the value of the depondent varisble
returned by the program, and the second element of the pair is the array of
input values corresponding to the values in the independent variedble array. The
independent and dependent variable arrays may e¢sch contain a maximum of 10
values, The last element of the subroutine argument corresgponds to the number

of values contsjned in the independent variable input arcay (10 or less).
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The next—to—last element of the subroutine argument contains an integer
value, If the value of this integoxr is greater than ¢, then TINTG performs in-
terpolation aesuming the independent variable is nonincreasing. If tho value of
this integer is less than zero, then TINT6 performs linear interpoletion assum~-

ing the indepondent variable to bo nondecreasing.

Now consider the case where the independent variable is pondecreasing,
Boefore interpolation is attempted, the input value of the indepondent variasbdloe
is checked to dotermine if it is less than the first element in the independent
variable .rr;y. If the input value is less than this first element, then the
values of the dependent variables roturned to the calling routine are set oqual
to the first element of each array, If the indepondent variable is larger than
the first element, then another check occurs to determine if the independent
variable is greater than the last element in the independent variable array, If
it is, then the values of the dependent variables returmed to the calling
routine are the last values in each dependent variable array., If the indepen-
dentIVAtiablo passes both tests, then TINT6 inspects to resolve whet®er ~r mot
the independent variable is equal to one of the values in the independent vari-~
able input array, If equality occurs, then the value returned foz each depen-

dent varisdle is that value in each dopendent array correspouding to the inde-~

pondént variadle,

If the value of tho independent variable is not found to be less than the
first element, greater than the last element, or oqual to any of the elements in
the input array, them linear interpolation occurs using the two elemoents of each
dependent array which corresponds to the two input independent varisbles brack~-

eting the input independent variabdble,

R

weh &

o AP

o T S

S o e P

3!

E o
SANY L



An analogous procedunre is parformed by TINTS if the independent variable is

nonincreasing instuad of nondecreasing,

This routine is written for either s mondecreasing independent varxiable or
s noninoreasing independent variasble, such as time increasing during a trajecto~
£Y.
2,6 FUNCTIONS INTP1 AND INTP2

These functions are used to perform linear interpolations in semi
log,, space. The arguments of INIP1 are:
(input) Pressure index
(input) Highest temperature index
(input) Lowest temperature index

(input) Thermal property index
(input) Delta value of independent variable is (X-X1)/(X2-X1)

[ ¥
-
(I R

Values are interpolated from the G(I, J, K) matrix,

The arguments of INTP2 are:

X =~ (input) Lowest value of dependent variadble
Y - (input) Bighest value of dependent variable
F - (input) Delta value of independent variabdble

Both functions linearly interpolate in 10310 space of the dependent variable,

L TR -

|
A

£

N e e




ORIGINAL PAC: 7.
START OF POOR QUALITY

|_ZERO ARRAYS ]
¥
READ INPUT DATA, W(1) ARRAY |

4
[_WRITE OUT INPUT DATA |

i
CHECK INPUT DATA FOR ERRORS

)
LINITIALIZE PARAMETERS |

Y
[_BE.IN CALCULATION LOOP |

]
COMPUTE FREE STREAM PROPERTIES |

| y
COMPUTE BOUNDARY LAYER EDGE CONDITIONSv]

Y

COMPUTE CROSS FLOW CORRECTED RUNNING LENGTH

A
[_VIRTUAL ORIGIN CORRECTION FOR TURBULENT FLOW |

h 4

COMPUTE LAMINAR AND TURBULENT HEAT TRANSFER COEFFICTINT

RADIATION EQUILIBRIUM TCMPERATURE ]

1
WRITE OUTPUT
T

: t=t+ At

U STTAn

Fig. 2.1 Routine MAIN

DA&&. «"35‘:“‘ TR

bl o

e n L etV




Section 3.0

FLUID PROPERTY ROUTINES

It. this secotion, the options of computing the free~strea. air propexties
are set forth, These inolude Aideal and real gas effects,
8.1 SUBROUTINE AIR62

This is one of the atmosphere routines in MINIVER. The routine descridbes
the U, S. Standard Atmosphere, 1962 (ref. 2), Given altitude (ft;, the routine
yields ambieant temporature (degrees R), density (slug/ft?), pressure (1bf/ft3),
and speed of sound (ft/sec). The altitude range of the tadle is from 0 to
2,068,776 feot above sea level, The thormodynamic properties, tomnercture and

donsity, are exponsential curve-fits to the U, S, Standard Atmosph (., 1962. The

ambient pressure and speed of sound are computed from .h. i¢.- .« equations,
This routine does not call any other routiny .« . cus omly to the ca 1ling
routine,

3.2 SUBROUTINE ATMS4

This is the 1963 Patrick atmosphere routine, The input imto the routine is
altitude (ft) ané the routine returns ambient temperature (degrees R), densiiy
(slug/ft?), pressure (1df/ft3), and speed of sound (ft/sec). The range of alti-
tudes is from 0 to 2,300,000 feet with errors of less than 3 percent below
400,000 feet, This routine is entire within itself and does not call any other
subroutines. The routine breaks up the altitude span into several ranges, Each
altitude range thon has the atmospheric properties calculated via s comdinstion
of polynomials and exponentisl curve-fits,
3.3 SUBROUTINE VRA71

This is the Vandenberg 1971 roeference atmosphere, The input into the

routine is altitude (ft) and the routine returns ambient temperature (degrees




27, o ity (slug/ft?), pressure (1bf/ft%*), and specd of sound (ft/sec). The
rangs of altitude is from 0 to 2,300,000 ft, This routine does not call any
other routiass. The subroutine calculates smbient viscosity and molecular
weight, but these values are not usred,
3.4 ROUTINES MOLIER, BLOCK, BLOCEA AND SLOPE

These are the routines constituting the air Mollier diagram and act as an

equation of state to account for real gas effoects, Tho data are containmed in
the G(I, J, K) matrix,

G(I, J, 1) - Temperature

G(I, J, 2) - Enthalpy

G(I. J’ 3) - Bntto’y BLO“
G(I, J, 4) -~ Viscosity

G(XI, J, 8) - Prandtl Numbter

G(I, J, 6) - Speed of Sound BLOCKA
G(Io Jo 7) - Dencity

The block data BLOCK contains the pressure array PT(14) and the variables G(I,

J, X), K= 1,4, The block date BLOCEA contains the variables G(I, J, k), K =
5,7.

Four options may be used to look up properties based onm two independent

variables, These options are:
NOPT P,H (Pressure, Enthalpy)
P,8 (Pressure, Entropy)
P,T (Pressure, Temperature)
H,8 (Enthalpy, Eatropy)

[}
U -]

Based on the options selected, the limits of the program sre¢ checked
-l
107" S P < 10 Ata,
48, { H £ 75580 Ftu/lbm
200, < T £ 30000 R
«925  S/R £ 12,368
If the indepondent variables are outside of the preceding range of validity, the

routine sets all thermodynamic variables to zero and returns with IDEAL = 1,
Given the indepondent variables, the dependent variables are obtained bdy

10
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interpolation in the G matrix, th NOPT = 0, 1, and 2, the interpolation pro-
cedure is the same. The pressure index is found corresponding to the tadble
pressures bolow and above the input pressure level, At the lower pressure
level, the dependent variables are determined dy two calls, First, the function

SLOPE is called to osiculate

FI1 =

where X is the 10310 of the other independent variable and the X1 and X2 values
are the 10510 values of the nearest points in the G matrix for the lower pres-
sure, Given the value of FT1, all of the dependent variables are caloulated by
linear interpolation in 1logl0 space using FT1 in a call to INTP1, Likewise, the
dopendent variables are determined at the higher pressure level in the tables,
Finally, the depondent varisbles are determined for the input pressure level by

linear interpolation inm 10310 (pressure) space by cslling INTP2,

For NOPT = 3 the interpolation procedure is similar but uses differeant
logic. The G matrix is sorted to obtain the surrounding points of enthalpy and
entropy. The nondimensional entropy is used in a call to SLOPE to obtain the

paraxeter

8§ -8
m. R
82 - 81
at the lower pressure level where S is the 10510 of the entropy. A call is made
to INTP1 to obtain the dependent variables at this pressure level, This process

is repeated for the higher pressure level, Finally, the dependent variables are

determined at the given enthalpy level by a csll to INTP2,
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After the calculations and interpolations are made, some variables aze cor-

verted in units and the compressibility and specific heat ratio aze calculated

for output,

The arguments of the call for MOLIER are

B - (input/output) Enthalpy

P = (input/output) Pressure

NOPT - (input) Independent Variable Option
T = (input/output) Temperature

21 -~ (output) Compressibility Factor

] = (output) Entropy

R = (output) Density

Gl -~ (output) Specific Heat Ratio

In addition the viscosity is output via the common statement /HANK/,
3.5 SUBROUTINE BINTRP

Subroutine BINTRP can be used to calculate the Prandtl number Pr, Lewis
aumber Le, and dissociation enthalpy HA for air., The Prandti number is computed
as a function of temperature (degrees R) and as a function of the ratio of the
proessure at the stagnation point to standard pressure, The Lewis number and
dissociation enthalpy are calculated as a function of temperature (depcees B)
and as a function of the ratio of the density at the stagnatios poiat to the
density at standard conditions (2.37 x 10-. slug/ft?), Routjae ZINTRP is com-
posod of three tables, Table I corresponds to dissocistion entaalpy, Table II
corresponds to Lewis number, and Table III corresponds to Prandtl numbdber, The
first two olements of the routine argument are the temperature (degrees R) and
the , essure ratio, or the tempexature (degrees R) and the density ratio. The
third element of the routine argument is the table number (I, 11, III). The
last (fourth) element of ** rountine argument is eithes Hd, Le, or Pr, depending
upon the input. Upon entering this routine, various checks occur to insure that
the input values are not less than those values for which & calculation can be

-‘
performed., If the temperature is negative, the pressure ratio is less than 10
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or the density ratio is less than 10-.. then an error message ia printed and
NERROR = 1 is geturned to the calling routine, If the tests are passed, then
BINTRP proceeds to use doudble interpolation to determine the appropriate output,
If HS < 0, then HA = 0 is returned, 1If HA ) 12450 Btu/1bm, then HE = 12450
Btu/lbtm is returned, If Le ¢ 0.5, then Le = 0.5 is roturned to the calling
routine, If Pr ¢ 0.678, then Pr = 0,678 is returned. 1If ér > 0.734 and
T > 24000 degroos R, then Pr = 0,734 is returned, Presently this routine is
used only to determine Hd and Pr, Thus, the other one~third of this routine is
not used, ‘
3.6 SUBROUTINE HANSEN

Subroutine HANSEN is called by routine FLOW to calculate viscosity as a
fuonotion of temperature and pressure, Th}c subroutine calls MOLIER and returns
viscosity via common HANK, If the viscosity is greater than the switch value of
0.29531E-08 slug/ft sec, the viscosity from MOLIER is returmed. If the viscosi-
ty from NOLIER is less than the switch value, the viscosity is calculated based
on th‘ relations of Hansen and Helms (NACA TN 4359),

B =a, B/D
where

ML = log,, P/2116.

= ((T/1800) (1-0,125PL) - 6.5)/(1.5 + 0,125PL)

= (T/1800 ~ 14,5 - 1,5PL)/(0.9 + 0.1PL)

- oc +1,0

A

B =1, + 0,023(T/1800,)(1 + Tanh(A))

c

D

Be = 2.27 2 107 T2.0/(T + 198.6) (Sutherlands)
T = Temperature (Degrees R)

P = Pressuce (1bf/£¢3)

If the value of B/D ¢ 0,04 then B/D is set equal to 0.04,
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Section 4.0
FLOWFIELD ROUTINES

This section of the report deals with those subroutines that are used to
compute the local flowfield and boundary—-lasyer edge conditions around the body
uader consideration, The methods used to evaluate shook angles, flowfields
after shocks, and Prandtl-Meyer expansions are presented,

4.1 SUBROUTINE FLOW

Subroutine FLOW is called by MAIN, The subroutine argument contains two
parameters, FF and ALPHA, The element FF is a one~dimensional array containing
8 possidbility of nime comsecutive flowfield and pressure flags (always occurring
in pairs with the exception of the swept cylinder flowfield FF = 39 and the
Prandtl-Meyer expansion flag FF = 29), The element ALPHA is a one~dimensional
8rray containing a possibility of nine consecutive flowfield angles correspond-
ing to the flowfield flags., The transfer of other information, such as upstream
conditions, downstreanm conditions, etc., is performed through common blocks,
The free-stream temperature and pressure are first needed to compute f-vo-stream
viscosity via subroutine HANSEN, The first cheok performed by FLOVW determines
if the Mach numbe: upstrean ln of the first flowfield flag is greater than
vaity, If l‘ < 1 and this is the firs. .z second flag in the array FF, then the
pProgram ignores the flag and proceeds i» calculate stagnation conditions based
on the isentropic ideal gas roletions. If the flag following the l‘ < 1 verifi-~
cation calls for a Prandtl-Meyer expansion (FF = 29), then a deceleration of the
flow occurs, The flow decelerates to a higher pressure calculated by modified

Newtonian theory,

Knowing the local stagnation conditions and s local subsonic modified
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Newtonian pressure, all of the other local properties asze determined by the
1deal ges isentropic relations, If the decelerstion angle is greater than or
equal to 90 degrees, then the local conditions aze set equal to stagnatiom con-
ditions., For subsonic flow, the local conditions detormined sbove are also set
equal to the locsl conditions slong the stagnation line of an infinite swept
cylindor., Having the local flowfield conditions, the Eckert zeferemce proper—
ties are next calculated. If the heat transfer flag is equal to § or 7, then

the p Pe p:opo:tin are also calculated, The routine then returas to MAIN,

b ¢ 4 llu ¢ 1 and this is not the first flowfield or pressure flag, then the
local stagnation conditions are taken to be the same as those corresponding to
the conditions downstream of the previous pressure or Prandtl-MNeyer flag., 1t
the flowfield flug following lln ¢ 1 calls for a Prandtl-Neyer expansion (FF =
29), then a decelezation of the flow occurs, The flow decelerates to a higher
pressure again computed via modified Newtonian theory. Knowing the pressure and
also having the entropy from the (isentropic) upstream conditions, the other
local thermodynsmic properties are determined by using the Nollier diagram (su-
broutine MOLIER)., If MOLIER returns IDEAL » O, then the program switches to the
ideal gas calculation previously discussed for lu ¢ 1,0, If NOLIER returas
IDEAL = 0, then FLOW checks to determine if the deceleration angle is greater
than or equal to 90 degrees., If the deceleration angle is greater than 90 deo~-
grees, then the looal conditions are set equal to the 1local tt.gnution condi-
tions, For subsonic flow, the fimal computed local conditions are also set
equal to local conditions along the stagnation 1ine of an infinite swept oyl-
inder. [Knowing the local flow properties, the Eckert reference properties are
nezt calculated, If the heat transfer flag is equal to either §S or 7, then the

Pehe properties are also calculated. The FLOW returns to NAIN. The difference
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between Ilu <1 and FF = 1 or 2, and Mn <1and FF > 2 1s that for FF = 1 or 2
the fluid is treated as an idesl sas, and for FF > 2 the fluid is treated as a

real gas., Only the equations of state are different,

Now if l!n > 1, FLO¥ checks to determine if FF = 35, FF = 36, FF = 38 (there
is no FF = 37) or FF = 39, Each of these flowfield flags corresponds to a dif-
ferent t. .inique for determining the shock angle B, For FF = 35 or 36, the
value of ALFA is taken as the flow deflection angle for a sharp wedge nr sharp
cone, respectively, For FF = 38, the shock angle is read into the progr.m as
ALPHA. .And FF = 39 corresponds to the swept cylinder flowfield and the shock
angle is equal to ALFA., Subroutine FLOW (for FF = 35 or 86) calls routine PCSW
to determine the attached shock angle as a function of llu and the wedge or cone
deflection angle, If NERROR ¢ 0 is returned from PCSW, then the input deflec-
tion angle must have been either negative or equal to zero, FLOW then immedi-
ately returns to MAIN and transfers to the next data case, The next check is to
determine the value of OFT, If OFT = 1, then the flow upstream of the wedge
must have been subsonic., If OFT = 2, then the shock associated witi the wedge
is dotached and the shock angle is, therefore, taken to be 90 dogrres, (If the
shook is detached, FLOW performs a normal shock expansion (moZified Newtonian)
to the pressure flag angle associated with the flowfield angle,) If OFT = 0,
then PCSW has successfully determined the shock angle as s function of =;siream
Mach number and defleotion angle, If OFT = 1, then the routine proceeds to make

a subsonic calculation as discussed above,

Having obtained a shock angle P (either input for FF = 38, B = ALFA for FF
= 39, or for a sharp wedge or come from PCSW) (90 degrees for a detached wedge

or cone shock), FLOW next calls DWNSTM to determine the properties downstream of
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the shock, Spbroutine DWNSTM uses B along with an air Mollier diagram (su-
broutine MOLIER) as sn equation of state and the upstreem conditions to compute
tho conditions downstream of the shook. If the properties required from the
Mollier disgram cennot be obtained, thenm IDEAL = 1 or 2 may be returned to FLOVW,
If IDEAL = 1, then the routine procecds by employing ideal gas relationships

(discussed later)., If IDEAL = 0 of 2, then the program proceeds by employing
the Nollier diagram as the equation of state,

Once the conditions downstream of the shock are known and assuming IDEAL =
0, FLOW then proceeds to determine the local wall pressure based on the pressure
flag (14, 15, 16, 17, 18) following the flowfield flag (3S, 36, 38). If FF =
14, then Subroutine TBLIN is called to interpolate the pressure coefficient from
an input set of tabular valnes with coefficient of pressure given as a fuanction
of freo-stream Mach number., If FF = 18 or 16, then subroutine PCSW is called by
FLOW to determiue the pressure coefficient for a sharp wedge or cone as s func~
tion of N and deflection angle. Again if NERROR # O is returned from PCSW,
then FLOW roturns to MAIN and skips to the next data case, If OFT = 1 is re-
turned, then the program switches to perform a subsoric calculation, If OFT = 2
is returned (detached uhoék). then FLOW computes the local modified Névtonian
pressure, If OFT = 0 is returned, then the local edge of the bdoundary-layer
pressure is determined based on the pressure coefficient returned from Pcsw., It
FF = 18, then the local pressure is determined from modified Newtonisn theory.
The other 1ocal thermodynamic properties are obtained from the Mollier diagram
routine (MOLIER) as a function of looal edge pressure and the downstresm entro-
py. Knowing the local enthalpy and the stagnation enthalpy, the veloocity is

computed from the energy equation,
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It FF = 17, the Prr..sure angle is the surface angle-of-attack or flow de~
flection angle. This pressure f1ag provides the prossure solution for a surface
whose shock angle is slightly greater than the surface angle-of-attack or flow
deflection angle, The shock angle must be known and input under FF = 38, The
edge of the boundsazy-layer velooity is computed from the surface
angle-of-attack, the shock angle and the upstrean velocity. Then the local en-
thalpy is computed from the energy equation, Koowing the local enthalpy and the
entropy behind the shock from DWNSTM (FF = 38), the other 1local thermo’ynamic
properties are obtained via the air Mollier diagram routine, The wall pressure
1) 43 output of the Mollier diagram, rather than being obtained from the pres~-
sure coefficient (from PCSW) as was done for FF = 15 or 16. If the surface
angle-of-~attack is larger than the shock angle, then the program proceeds to
compute the edge conditions via the parallel shock teshanique (with B as the
shock angle), If this occurs, then any following flowfield flags are ignored,

and the program proceeds to compute Peky and/or Eckert reference properties be-

fore returning to MAIN,

If FF = 14, 15, 16, 17, 18 and no abnormality occurs such as e >3 (FF =
18), then defore proceeding to process the next flowfield flag a check ococurs to
determine if a Prandti~Meyer expansion is desired, 1If o Przadti-Neyer expansion
is desired, then FLOW calls PMEXPN to calcnlate conditions dowastresm of Lc ex-
pansion, If no Prandtl-Neyes expansion is desired, then FLOW bypasses PMEXPN,
Next a cheok occurs to determine if additional ~.owfield flags (with og without
pressure flags) are present, If there are, then the present available lo00al
conditions are taken as upstream conditions for the next flowfield, If no moge

flowfield flags are pPreésent, then FLOW proceeds to calculate Peh, 8nd/or Eckert

toference properties,
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If FF = 39 is used, then FLOW uses the downstream entropy and the stagna~
tion line enthalpy to éompute the other local thermodynamic propssties, Having
the local thermodynamic properties, the local stagnation and statio flow propes-
ties are computed. Then the Pehy and/oz Eckert reference propeszties are comput-
od, The swept cylinder flowfield option may be used alone or as a last flow-

fie1d flag in s sexies. Any f1¢ . !ie1d option used after FF = 39 will be ignored
by FLOW,

If in the use of the Mollier disgram routine tae ersor message IDEAL = 31 or
2 is returned to FLOW, then FLOW skips the real gas calculation and pexforms an
idesl gas calculation. The Nollier diagram routine (MOLILR) is capable of han—-
dling both ideal and real 8as calculations, The ideal gss relations used in the
program are primarily used when nothing else works, This is to keep the program
ruaning rather than stop the program because the Nollier diagram routine cananot
extrapolate to a value off the table, Once FLOW switches to the idesl gas cal-
culation, all the flowfield and pressure options are executed using the ideal
g8s relationships, The ideal 8as equation of state is implicitly used instead
of MOLIER. The shock angles and pressure coefficients are determined exactly
the same way as for a real §as calculation. The downstream conditions are aow
determined by the ideal gas routine DOWNID instead of WNSTi and the conditions
downstream of the Prandtl-Meyor expansion are computed in the ideal gas rountine
PHID instead of PMEXIPN. All logic and error checks are precisely the same us
for the real gas calculation including the ideal gas determination of the Pk,
and/oxr Eckert reference properties,
4.2 SUBROUTINE DWNSTM

Sudbroutine DWNSTM is called by FLOW to calculate the conditions dowanstreanm

of & shockwave (normal, oblique or parallel), This routine is used to calculate
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the downstream conditions for both real and ideal gases. However, the calcula-
tion procedure is based upnn the assumption ihat & real gas calculation will
take place. If subroutine MOLIER detormines that an ideal gas calculation is
sufficient, then the ideal gas equation of state is used instoad of the Mollier

disgram values.

The shock angle B is input into DWNSTM through the subroutine argument,
Foz an attached wedge or come shock, P is determined in subroutine PCSW, If the
shock is determined to be detached by PCSW, then f is taken as 90 degrees for
input into DWNSTM. If the parallel shock opticz is chosen, then the shock angle

is set equal to the effective angle-nf-attack,

Having an input shock angle B DWNSTM next requires the input of conditions
upctream of the shock. The upstream conditions are input into DWNSTM via a com-
- mon block with FLOW, Once the upstream conditions and shockvave angle are
available, DWNSTM proceeds to calculate the downstream conditions. First, the
normal components of the upstream velocity‘ and Mach number are crniculated.
Tﬁon an initial guess is made for Pa/pPss If V. £ 4000 ft/sec, the idoal gas
equations are used to make the initial guess, If V, > 4000 ft’sec, the initial
guess for p, is made using various empirical equations depeniing on whether 4000
ft/sec ¢ V, £ 8000 ft/sec, 8000 ft’/sec < Vs £ 14000 ft/sec. 14000
ft/sec < V, £ 26000 ft/sec, or 2600V ft/ses ¢ Vio Then.. check occurs to insure
that p,/p; > 1.0, Subroutine DWNSTM then begins the first of a maximum of 50

iterations to determine the dowastream properties,

.

This discussion employs the following sudbscripts: 1, 2, N, T. The subscripts
1 and 2 correspond to conditions upstresm and downstream of the shock, respec-
tively, Subscripts N and T correspond to velocity components normal and tangent
to the shook, respectively,
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Having an initial guess for the downstream density p,( ). the downstreanm

normal component of velocity, V'N' is onlculated 2rom Equation (4-1),

Py
Vay = Vi (F) (4-1)

t 3
and then the downstress enthalpy and pressure are ocomputoed based on p.( )

2 2
Vi -V,
hz = h‘ + N N (4'2)
2 2
L
B 2 Q) 2
P, = P, + PiVay - P2 VzN] (4-3)
Naw p,(.) is determined from subroutine MOLIER via Equation (4-4).
b2 = pehy, 2y (44
(2) Q)
P2 =P 0.0
b ¢ 4 (1) » then convergence is considered to have been
P2

achieved, If sonvergence ‘h not achieved, then p.(‘) is replaced by p,(.) and
the calconlatioas, beginning with Equation (4-1) aze ropeaied. This process is
continued until two comsecutivs itorations are within 1 percent of one another,
or until o maximum of 25 iterations is attained, After 25 iterations alternmate
damping coefficients are chosen to obtain a guessed density

p.(‘) - 4 (1 - o)

whesre ¢ = 0,7 between 26 and 35 itorations and o = 0.4 between 26 and 80 itoza-
tions, Once convergence is obtained, all of the static conditions behind the
shock are known via Equations (4-1), (4-2), (4-3) and subroutine NOLIER, The
velocity dehind the shook is given by

p\? 2 2
Voo [ {55 ] Viy + (Vicoss) (4-5)
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since V‘T =V, cos p = V'T'
Having the total enthalpy and 8,, all of the total conditions behind the
shock are computed., Also this routine calculates the stagnation line enthalpy
for the parallel shock. The stagnation 1ine eathalpy is given by
2
Von

hey = h, + = (4-6)
SL Z 2

Subioutine DWNSTM does not salculate the other stagnation 1ige properties for
the parallel shook (swept cylinder stagnation line flowfield)., The other pro-
pesrties are calculated after returning to FLOW, Subroutine FLOV uses S, and h

SL
8s inputs to MOLIER in dotermining the other parallel shock properties,

4.3 SUBROUTINE PCSW
Subroutine PCSW is called by routine FLOV and has the purpose of providing

the shock angles and pressure coefficients for sharp wedges and cones, This

routine contains four tables: one for the sharp-wedge shock angle as a fuuction

of upstream Mach aumber and deflection angle, one for the sharp-cone shoct angle

a8 a function of upstream Mach numbder and doflection angle, cae fur the

sharrnd;s pressure coefficient as a function of upstream Mack nraber and do-~

fleotion angle, and the last one for the sharp~gcone proessare coefficient ag o

function of Upstream Mach numbder and deflection angle, Thae argument of PCSW

contains five Paramotors, The first paramoter corresponds to tho Spstream Mach

number, and the second parameter corresponds to the deflection angle, The third

Parameter ITABLE, is an integer value: )
ITABLE = 3 indicaces shock angle for a sharp wedge is desired . \
ITABLE = 2 indicates shock angle for a sharp cone is desired

ITABLE = 3 indicates pressure coefficient for a sharp wedge is desired

ITABLE = 4 indicates pressure ocoefficient for o sharp cone is desired
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The fourth parametes, OFFTBL, is calonlated in PCSYW and may have one of three
Possible valnes, If OFFTBL = 1.0 is returned, then the upstream Mach number and
the defleotion angle correspond to conditions producing a detached shock., If
OFFIBL = 0,0, then PCSW bhas successfully completed its fumction., The last
psrameter in the subroutine arg aent is the value of the shook angle or pressare

coefficient for either the wedge or come, depending upon which is requested from

the subroutine,

Haviag sucoessfully entored tho routinme, several checks occur., If the
upstrean Nach numbor is greater than 26, the l‘ (upstream Mach numbder) is set
equal to 26. If 'u { 1, then the routine reiurns OFFTBL = 1,If & (deflection
angle) 0, then PCSW prints out an error message and returns NERROR = 1. This
causes PCSW to return to the MAIN program. The MAIN program thenm will skip to
read input data for the next case if W(642) = 0,0, or will print the stored out-
put in routine VANOUT and then read input data for the next case if W(642)
g 0.0, If 8 > 60 dogrees, thon the shock is takenm to be detached for the cone
and OFFTBL = 2,0 ir returned to the calling program, If & ) 55 degrees, then
the shook is considered %0 be detached for the wedge and OFFTBL = 2.0 is ge-

turned to the calling routine,

Jdext, the value of ITABLE (1, 2, 3, 4) is checked to determine which table
is to be used. For each value of ITABLE several checks occur to determine if
the shook is detached, If these tests are passed, then PCSW proceeds to calon-

late either a shock angle or a pressure coefficient,

The wedge and cone tables for shock angle and pressure coefficient are

roepresented dy cuzve~-fite, The pressure coefficient and shook angle ace
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curve-fitted as & function of Mach number and deflection angle. Each of the

four tables consists of several patohes, each corresponding to various regions

for each table,

After the valne of shock angle or pressure coefficient is ¢aiculated, a
final check is mado to determine if B 2 90 degroes or CP > 1.8, This implies a
detached shock and OFFTBL = 2,0 is returned to the calling program.

4.4 SUBROUTINE DOWNID

Subroutine DOWNID is called by subroutine FLOW to calculate the conditions
downstream of a shockwave (normal, oblique, and parallel), This routine oaly
pezforms calculations applicable for an ideal gas. The shock angle B is input
into DOWNID through the subroutine argument, The upstream conditions are input
into this routine via a common block with FLO¥. Since an ideal gas calculation
is being undertaken, there is no need for an iteration process as in DWNSTM.
Tke calcunlation procedure begins with the calculation of the normal conponont.

of free-stream Mach number

My =M, sina (4-7)

.Thln discussion employs the following subscripts: 1, 2, N, T. The subseripts
1 and 2 correspond to conditions upstream and downstream of the shock, respeoc-
tively., Subsoripts N and T correspond to velocity components rormal and tangenat
to the shock, respectively,
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ORIGINAL PACE 7
OF POOR QUALITY

The downstream pressure, temperature and Mach number are given by

:
Ps ZYNJN -{r-1)

(4-8)
P, (Y + 'l)

TP (Y- w2

R 4-9)
T Py (y+1) anz (

l Tl 2 2 Pz TzP;

"2 - Jp— M1 o ee— e ——— ("10)
Ts (v+1) (P, TP,

The total pressure behind the shock, the static density, local speed of

sound, downstream velocity and static enthalpy and given by

Pos = Py [1 R ‘Y; D n,’] v (4-11)
P2

P2 = e (4-12)

2 = WRT, (4-13)

Va = M, (4-14)

hy = .24, ‘ (4-15)

and then DOWNID returas to FLOVW,
4.5 SUBROUTINE PMEIPN

Subroutine PMEXPN is the real 828 Prandtl-Meyer expansion routine for air,
The input conditioms to the routine are upstream static properties and stagna~-
tion enthalpy, If the Prandtl-Meyer expansion angle Gm.h greater than 103,2

degreos, then the program ocoaveys an error message to the user,
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The differential equation describing the real §8s expansion is

F 2
opm ;?‘- -1

VithFebh -heu'/2
snd a = a(b,s), s = s, = const,

vhere a = a(h,s) is o functional representation of the Mollier chart (Subroutinme

MOLIER).

Knowing the value of °pm » One desires to determine enthalpy, ¥, at the end

of the expansion fan, Onse h is determined, all other properties are immediate~

ly available., To determine h, the above equation must be solved for F. This is

schieved by employing the fourth-order Runge-Kutta method.

If 86 degrees ¢ epm < 103.2 degrees, then Opm is divided into twelve equal

segments for numerical integration, 17 68.8 degrees ¢ Bpm‘5'86 depzees. then

epm is separated into 10 equal divisions, IXf 51.6 ¢ epm‘5'68.8 degrees, then

epm is split into eight equal intervals, If 34.4 degrees ¢ ¢ £ 51.6 degrees,

then 9pm is separated into six equal segments. If 17.2 degries < epm L 34.4 do-

grees, then epm is divided into four oequal intervals, And, if Gam € 17.2 4o~
grees, then epm is divided into two oqual divisions, Having successfully deter-

mined F at the end of the oxpansion fan, all of the properties downstream of the

fan are returned to the main program,

4.6 SUBROUTINE PMID

This is the ideal 888 Prandtl-Meyer expansion rovtine, The input is the

Prandtl-Meyer expansion angle, the upstream temperature, pressure and Mach
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sumber, The output consists of local Mach number, temperaturce, pressure, donsi~
ty, enthalpy, speed of sound snd velocity sfter the expansion, The Mach nuaber
sfter the exzpansion fan is determined by using the Newton-Raphson iteration

mothod., A maximum of 25 iterations is allowed.
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Section 5.0
HEATING ROUTINES

The subroutines used to calculate heat transfer coefficients to vagious

soomotries are presented in this section,
5.1 SUBROUTINE FAYRID

Subroutine FAYRID is called by MAIN and is used to compute the heating at
the stagnation point of a sphere. The srguments of the CALL statement are RN
and ENCL. The nose radius, RN, is input and the laminazr value of the heat
transfer coefficient, ENCL, is output if g boundary layer calculation is made,
The FAYRID tubroutine has been modified to compute free molecular flow heating
and rarefied flow heating in addition to boundary layer flow heating by the
method of Fay and Riddell, The boundary layer flow method has been nodif@od to

calculate subsonic flow heating by a modification of the velocity gradieant,

The first subroutine called by FAYRID is REGIME, Based on the value of
IRE, the output from REGIME, a boundary layer, rarefied or free molecular flow

calculation is mado,
%ﬂmﬂu

A doundary layer flow stagnation point heating calculstior is made based 2on
the method of Fay and Riddel] as described in Table S.1, Tbe specific dissocia-
tion eathulpy nd is obtained from BINTRP as a function of the stagration tep~
Perature behind the normal shock and the ratio of the stagnation density bdehind
the normal skook to the density at standard atmospheric conditions, If NERROR
f 0 is returnsd by BINTRP, then FAYRID returns to MAIN and MAIN reads the next
data case, Having obtained the heat transfor coefficient ENCL, FAYRID returns

to the calling routine, PCT is set equal to 0,0 for output description pur-~

poses,
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I£ IRE = 2 Racefied Flow

A rarefied flow stagnation point heating calculation is made by calling

STHEAT. PCT is set equal to 2,0 for output descoription purposes. The hest

transfer coefficient ic output through the labeled common /FRENO/ by the vari~-

able HTIL,

AL IRE = 3 Freo Molecular Flow

A froe molecular flow heating calculation is made for a plate perpendicular

to the flow direction by calling FMHEAT, PCT is set equal to 10,0 for ontpqt

desoription purposes.

One labeled COMMON has been added to FAYRID and it is called /FRENO/. The

varisbles transferred through this statement are:

IRB - (output)

PCT - (output)
HTIL -~ (output)
) § - (output)
ATPBA -~ (output)
NONCON ~ (output)

AK2 - (output)
CHT = (output)
ca1

ZETA

1 Bouadary Layer

2 Rarefied Flow

8 Free Molecular Flow

A variable specifying the calculation method used

Heat transfer film coefficient based on enthalpy

Heat transfer film coefficient based on temperature

Angle of attack plus local body angle

Integer value of W(646)

If NONCON > 0 a rarefied flow calculation can
be made if IRE > 1

If NONCON < 0 only boundary layer calculations
can bo made (i.¢, the program
operates identically to the
unmodified NINIVER program)

Rarefaction parameter ZeKk* from STHEAT

Stanton aumber from STHEAT

CHNMI Not derived from this subroutine or associated calls,

AK2CIL
I

Since SWCYL calls FAYRID, this sudbroutine should be disoussed here. No

modifications have been made to SWCYL, However, if W(646) = NONCON is input as

sreater than szero and SWCYL is called, then s rarefied calculation could be per-

formed 4f IRE » 1, This meibod is not recommended,
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3.2 SUBROUTINE REGIME

This routine Jetermines which flow regime is appropriate for heating calcu~
lations, The Mach number (AM), velocity (UI), density (RI), temperature (T),
pressure (P), and characteristic length (X) are input through the argument, The
subroutine calls DWNSTM to determine the post-shock compressibility factor. The
flow regime is determined by the relations given in Table 5.2 and returans the
integer IRE,

IRE = 1 Boundary layer (continuum)
= 2 Rarefied (transitional)
= 3 Free Molecular
Subroutine REGIME is called by FAYRID, SPCHI and SWCYL2,
S$.3 SUBROUTINE STHEAT

This subroutine calculates the heat transfer coefficient, HTIL, to the
stagnation point of a sphere in the rarefied flow regime, The equational basis
for this calculation is given in Table 5.3, This subroutine calls DWNSTM to get
the post normal shock temperature, TD, and compressibility factor, 2Z.
Subroutine HANSEN is called to obtain the viscosity, XMU, at post-shock pressure

and reference temperature levels,

Subroutine STHEAT is called by FAYRID. The arguments of the CALL statement

are:
11 § = (input) Free stream velocity
RI - (input) Free stream doensity
T = (input) Free stream temperature
P = (input) Free stream pressure
AN = (input) Free stream Mach number
GAMMA ~ (input) Free stream specific heat ratio
BI = (input) Free stresm statio oenthalpy
™ = (input) Wall temperature
aw = (input) Wall enthalpy
R = (input) Body radius
QD ~ (output) Convective heating rate
) | = (output) Heat transfer film coofficient based on temperature
HTIL - (output) Heat transfer film coefficient based on enthalpy
HAW - (input) Laminar adiabatic wall enthalpy
TAW - {output) Laminar adiabatic wall temperature
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Ak2 - (output) Rarefection paramoter

CHT ~ (output) Stanton number

Labeled commons /FRSTM/ and /DNSTRM/ are used to tramsfer information for
the shook calculation,
S.4 SUBROUTINES FMHEAT AND ERF

Subroutine FMHEAT is used to compute free molecular flow heating to any
windward facing surface. The function program ERF is the error function call in
subroutine FMHEAT., The equations programmed im subroutine FNMHEAT and function

ERF are given in Table 5.4,

Subrontine FMHEAT is called by FAYRID, SPCHI and SWCYL2, The arguments of

the call statement are:

1) ¢ - (input) Free stream velocity

RI - (input) Free stream density

T - (input) Free stream temperature

P = (input) Free stream pressure

AN = (input) Free stream Nach number

GAMMA - (input) Free stream specific heat xatio

BI = (input) Free stream static enthalpy

™ - (input) Vall temperature

Bw = (input) Wall enthalpy

Qc - (output) Convective heating rate

B - (output) Heat transfer film coefficient based on temperature
HTIL -~ (output) Heat tzansfer film coefficient based on enthalpy
HAW ~ (input) Laminar adiabatic wall enthalpy

TAW -~ (output) Laminar adiadbatic wall temperzature

TH =~ (input) Theta,H, surface angle

No common block statements are used to transfer information,
5.5 SUBROUTINE SWCYL

Subroutine SWCYL is oaiivd by MAIN to compute the heat transfer coefficient
slong the stagnation line of a swept ocylinder for lamimar or turbulent flow,
This is done using empirical relations based on the wozk of Cato for laminmar
flow and Johnson for turbulent flow as given in Table 5.5. Both techniques are

bdased on empirical adjustments to the stagnation point heat transfer coefficient
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O0 a sphere obtained frop FAYRID, The sphere is taken to have & radius equal to
the radius of the oylinder, If the upstream Mach number is less than 1,12 the
velocity gradient is adjusted per the rolations given in Table 5.1 to yield the

Appropriate stugnation point heat transfer coefficient, ENF, from FAYRID,

After computing hL and h, the Reynolds anslogy factor S = Ptzls is calcn-
lated and sweyL returns to MAIN, Presently SWCYL contains four parameters: RN
the cylindes radius, PHI the sweep angle, ENCL the laminar heat transfer coeffi-
cient, and ENCT the turbulent swept eylinder heat transfer coefficient, The
Parameters RN and PHI are inputs with ENCL and ENCT as outputs,

5.6 SOUBROUTINE SWCYL2

Subroutine SWCYL2 is used to compute the heat transfer coefficient along

the stagnation line of an infinite swopt cylinder. This subroutine has deen

modified to compute rarefied flow heat transfer coefficients,

An initial check is made on NONCON = W(646) to dotermine if rarefied flow
is to be considered, Subsequently, it NONCON > 0, the subroutine REGYME i.
called dy SWCYL2, Based on the value of IRE, the output from REGINE, a boundary
layer, rarefied or free molecular flow calculation is wade, Thiore are three
Parameters in the Argument of the CALL statemsnt for subroutine SWCYL2:

RN = (iaput) Cylindes radius (ft)

ENCL -~ (output) Swept-cylinder stagnation line lamingr heat
transfer coefficient

ENCT - (output) Swept-cylinder stagnation 14ine turbulent heat
transfer coefficient

A bouandary layer flow caloulation is made as described in Table $.6a and

5.6b Soth for supersonic and subsonic flow conditions, PCT is get equal to 0.0

for output purposes. Sudroutine MOLIER 1s called to obtain wall properties,
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HBANSEN is called to obtain wall viscosity. FAYRID is called to obtaisn the
sphere stagnation point hest tzansfer coefficient,
I IRE = 2 Ragefied Flow

A ragefied flow calculation is made by calling CYT. PCT is seot equal to
3.0 for ontput purposes.
If IRE = 3 Free Molecular Elow

A froe molecular flow calculation is made for & plate at the locsl sweep

angle. PCT is set equal to 10,0 for output pucrposes,

The labeled COMMON has been added to SWCEL2 and it is called /FREMO/. The
varisbles from this subroutine transferred through the COMMON/FREMO/ are:

AR2CYL -~ Rarefaction parameter, i‘A

XI - Stanton Number parameter,f
plus the variables defined in section 5.1,
$.7 SUBROUTINE CXT

Subroutine CYT is used to compute rarefied flow stagnation 1ine heating
:atos‘for a right ciroular cylinder at arbitrary yaw angles, The equations pro-

grammed in this subroutine are givea in Table 5.7.

Subroutine CYT is called by SWCYL2, The arguments of the CALL statement

are:
[1) 4 ~ (input) Free stream velocity
RI - (input) Free stream density
T - (input) Free stream temperature
P - (input) Free stream pressure
AM - (input) Free stream Mach numbez
GAMNA - (input) Free stream specific heat ratio
HI - (input) Free stream static enthalpy
™ - (input) Vall temperatnre
i\ J = (input) Wall enthalpy
X - (input) Distance along the surface
Qc - (output) Coaveotive heating rate
B - (output) Heat transfer film coefficient based on temporature
HTIL - (output) Heat transfer film coefficient based on enthalpy
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HAW -~ (input) Laminar adiabatic wall enthalpy

TAW - (output) Laminar adiabatic wall tonpetltnso

DLAMB ~ (input) Swesp angle

AK2CYL- (output) Rarefaction Parameter, K'A

XI ~ (output) Stanton Numbor Parameter, {

Subroutine CYT cells DWNSTM to calculate post normal shock temperatures and

pressures, Subsequently subroutine HANSEN is celled to compute viscosity.

Labeled commons /FRSTM/ and /DNSTRM/ are used to transfer information for
the shock calcnlations,
5.8 SUBROUTINE SWCYL3

Subdbroutine SWCYL3 is also called by MAIN and employs the Pehe technique for
computing the heat transfer coefficient along the stagnation line of an infinite
swept cylinder as described in Tadble 5.8, This routine calls subroutines MOLIER
and BINTRP, The argument of the CALL statement for SWCYL3 contains the three
following parameters:

RN -~ (input) Cylinder radius

ENCL - (output) Laminar heat transfer coefficient along the stagnation

ENCT - (output) ;::;nlont heat transfer coefficient aloang the

stagnation line of an infinite swept cylinde:,

All other input information mecessary for computstion is dbzoushat into SWCYL3
through common bdlocks,
$.9 SUBROUTINE DETRAL

Subroutine DETRAL is called by MAIN and is used in calculating the laminar
and turbulent heat transfer coefficients about hemispherical nose shapes. This
routine enables the evaluation of circumferential as well as stagnation point
heat transfer coefficients, The laminar equations of Lees, given in Table 5.9,
are used to compute the laminar heat transfer coefficient, The turbuleant equa-

tions of Detra and Hidalgo, given in Table 5,.9b, are used to compute the turbdu-

lent heat transfer coefficient,
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The arguments of the CALL statement for DETRAL contain the following param~

otexs:
RN -~ (input) Sphere radius
EL -~ (input) Running length from stagnstion point
PHI - (input) Body sngle (90 degrees at the stagnation point)
ENCL - (output) Laminar heat transfer coefficient

ENCT - (output) Turbulent heat tresnsfer coeffioient
DETRAL calls FAYRID to obtsin the lamimar stagnstion poiat heat transfer coeffi-
olent and calls BINTRIP to obtair. the dissocistion enthalpy, HD,
$.10 SUBROUTINE ECXERT
Subroutine ECKERT is called by MAIN and is used to calculate the laminmar
and tusbulent heat tramsfer coefficients for flow over a flat plate with negli-
sible pressure gradieat, The CALL statement for subroutine ECKERT contains 6
pazametess:
BLL - (input) Laminar running length (already corrected for
crossflow if crossflow option was chosen)
ELT - (input) Turbulent running length (already corrected for
crossflow and virtual origin adjustment if these
options were chosen)
ENL - (input) Laminar Mangler transformation factor to aceouat
‘ for axisymmetric flow correction to flat-plate
heating
ENT - (iaput) Turbuleat Nangler transformation factor to account
for azisymmetric flow correction to flat-plate
heating

ENCL - (output) Laminar heat transfer coefficient based on eanthalpy
ENCT - (output) Turbnlent heat transfer coefficient based on enthalpy

Subroutine BINTRP is called to determine the Prandtl aumber PrL as a funo-
tion of the Eckert reference temperature for laminar flow (recovery factor is
0.85) and the ratio of the boundary-layer edge pressure to standard atmospheric
pressure, The Eckert heat transfer coefficient for laminar flow is calculated
using the relations in Table 5,10a, Next subroutine BINTRP is called to deterz-

mine the Prandtl number PrT as & function of the Eckert geforence temperature

for turbalent flow (recovery factor is 0.88) and the ratio of the boundary-layer
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edge pressure to standara atmospheric pressure, The turhulent flow heat

transfer coefficient ia caloulated using the relations given in Table 5.10b,

If tae parameter NERROR F 0 is returned from BINTRP, then ECKERT re\ .rns to
MAIN and proceeds to read in the mesxt data case, Tho Eckert reference proper~
tics (laminar and turbulent) are csloulated in subroutine FLOW based on a con-
stant Prandtl number (laminar rooovery factor is 0,85 and the turbulent zecovery
factor 1s 0,88)., Using this constant Prandtl number the Eckert referemce tem-
pecature is dotermined, This reference texperature is then used in conjunction
vith BINTRP to determine the Prandtl number (now considered as a function of
temperature and prossure) which was originally taken to be a constant, Strictly
speaking, the Prandtl number should be determined by an iterative procedare,
However, this probably does not cause 8ny appreciable ercor,

5.11 SUBROUTINES SPCHI AND FSUBC

Subroutine SPCHI is called by MAIN and is used to calculate the turbulent
heat transfer coefficient for turbulenmt flow, and also the Eckert reference
technique is used to compute the laminar heat transfsr coefficient, Bot. cor-
respond to flow over a flat plate with o negligible pressure gradieat., The CALL

statement for subroutine SPCHI contains seven paranmoters:

ELL = (input) Laminar running length (already corzected for
crossflow if crossflow option was chosen)

ELT (input) Turbulent ruzning length (a:ready corrected for
crossflow and virtual origin adjustment if these
options were chosen)

ENL = (input) Laminar Mangler transformation factor to account
for axisymmetric flow correction to flat-plate
heating

ENT = (input) Turbulent Mangier transformation factor to esccount
for axisymmetric flow correction to flat-plate
heating

ENCL - (output) Laminar heat transfer cosfficient based on enthalpy

ENCT -~ (output) Turbulent heat transfer coefficient based on enthalpy

RANFLG ~ (iopuz) If a value greater than zero is input into location
319, then the Von Karman form of the Reynolds
analogy factor &s used,
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An initial check is made on NONOON = W(646) to determine if boundary layer
flow is to be considered (yes if NONCON ) 0;. Subsequently, if NONCON > 0, the
cubzontine REGIME is called by SPCHI, Based on the valwe of IRE, the ountput
from REGIME, a boundaxy layex, rarefied or free molecular jaloulaiion is made,
I£ IRE = 1 Boundagy Laver Flow

A buundary layer flow calculation is made as described in Tadble S5.11 for
turbulent flow azd Table 5.10a for laminar flow., PCT is set equal to 0.0 for

ontput purposes.

SPCHI calls subroutine FSUBC to compute Fc for a real gas using NOLIER.

The argument of FSUBC contains five parameoters:

= (input) Enthalpy at the edge of the boundary layer

= (input) Wall enthalpy
HRECT - (input) Turbulent Eckert reference enthalpy

= (input) Boundary-layer edge pressure

FCINV - (output) IIF°
If no problem is encountered with the Mollier disgrem, then Fc is roturned to
SPCHI. 1If the thermodynamic properties cannci de determined by MOLIER, then
IDEAL = 1 is returned to SPCHI and an ides) gas calculation of F° is undertaken.
Having obtained Fc’ the turdulent heat transfex coefficlient is then determined
from the Spalding-Chi eguations which have been checked and found to be correst.
If a value greater than zero is stored im location 319, then the Von Karman Rey-
nolds anslogy factor is used in determining the turbulent heat transfer couffi-
cient, However, if zezo is stored in location 319, then the Reynolds analogy

factor is used as Przlao

After the tusrbulent heat transfer coefficient has been determined, SPCHI
next proceeds to compute the lamimar heat trausfer coeffioient by the Eckest

reforence technique., Both the laminsr and turbulent heat transfer coefficients
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ere corrected for crossflow and for sxisymmetric flow effects (via the laminar
and turbulent Mangler transformation factors) before being used in the heat

transfor coefficient equations.
JLIRE = 2 Razefied Flow
NFCS > 0.0, NFCS = W(314)
If NFCS > 0,0, then SPCHI calls SPFP,
The rarefied flow heat transfer coefficient for a sharp flat plate at
zero angle of attack is computed., PCT is set equal to 4.0 for output
purposes,
NFCS € 0.0
If NFCS £ 0,0 then SPCHI calls CONE. The rarefied flow he;t transfer

coefficient for a sharp nose cone is computed. PCT is set equal to 5,0

for output purposes,
AL IRE = 3 Free Molecular Flow
A free molecular flow heating calculation is made for a plate at the local
body angle by calling FMHEAT, PCT is set equal to 10.0 for output purposes.
5.12 SUBROUTINE SPFP
Subroutine SPFP is used to compute flat plate heating rates ip the zarefied

flow zegime. The equations programmed in this subroutine are given in Tadble

5012.

Subroutine SPFP is called by SPCHI, The arguments of the CALL statement

are:
13 - (input) Free st-eam velocity
Rl = (ioput) Free stream density
T = (input) Free stream temperature
P = (input) Free stream pressure
AM - (ioput) Free stream Mach number
GAMMA - (input) Free stream specific heat ratio
Bl -~ (input) Free stream static enthalpy

™ = (input) Wall temperatusre
(input) Wall enthalpy

2
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! X =~ (input) Distance along the surface
’ Qc = (output) Comvective heating rate
f R = (output) Hoat transfor film coefficient based on temperature
. HTIL -~ (output) Heat transfor film coefficient based on eathalpy
HAV - (input) Laminar sdisbatic wall eathalpy
. TAY -~ (output) Laminar sdiabatic wall temperature

; _ CHMI - (outpnt).Rarefsction.parameter, N_ /€ /Re

Subroutine SPFP ca)ls HANSEN to compute viscosity for use in calculating
the Chapman-Robesin constant.
No common statements are used,

5.13 SUBROUTINE CONE

Subroutine CONE is used to compute rarefied flow heating rates for a shazp

55 cone, The equations programmed in this subroutine are given in Table $.13,
Subroutine CONE is called by SPCHI. The arguments of the CALL statement
are:
Ul = (input) Free stream velocity
RI = (input) Free stream density
T - (input) Free stream temperature
P = (input) Free stream pressure
AM = (input) Free stream Mach number
GAMMA -~ (input) Free stream specific heat ratio
):§ 4 = (input) Free stream static enthalpy
v = (input) Wall temperature
Hw = (input) Wall eathalpy
X = (input) Distance along the surface
Qac - (output) Comvective heating rate
H - (output) Heat transfer film coefficient based on temperature
HTIL -~ (output) Heat transfer film coefficient based on eathalpy
HA¥ -~ (input) Laminar adiabatic wall enthalpy
TAW - (output) Laminar adisbatic wall temperature
TCD - (ioput) Semivertex angle of the cone
CHI - (output) Rarefaction parameter,
ZETA - (output) Stanton Number parametes, £
NSB - (inpnt) NSB = W(650)
NSB = 0 Sharp cone curve fit

NSB = 1 Blunt come curve fit
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Subroutine CONE calls DWNSIN to calcoulate post normal shock temperature and

pressure, Subsequently subroutine HANSEN is called to compute viscosity based

on a reference temperature,

Labeled commons /FRSTM/ and /DNSTRM/ are used to transfer informationm for

the shock caiculation,
S.14 SUBROUTINE RHOMUR

Subrootine RHOMUR is called by MAIN and is used to compute laminsr and tur-
bulent heat transfer coefficients over a flat plate using the relations in Table
5.14, Subroutine BINTRP is called by RHOMUR to compute the Prandtl number as a
function of reference temperature and as a function of the ratio of the
boundary—layer edge pressure to standard atmospheric pressure. Also BINTRP is
called to compute the specific dissociation enthalpy as a function of reference
temperature and as a function of the ratio of the reference density to standard
atmospheric density. The expressions for the laminar and turbulent heat
transfer coefficient have been somevhat simplified from the original Peh, ©X=
pressions, The equivalent running length is determined from CRSFLY aru tbe ori-
ginal Peiy crossflow expressions are not used. Also there is ac adjustment to
the heat transfer coefficient to account for the increased hesting due to ax-
isympetric flow (Mangler transformation factor). The arzuriat of the CALL
statement for RHOMUR contains the four following parameters:

ELL - (input) Laminar running length which may have been corrected
for crossflow effects

ELT - (input) Turbulent running length which msy have been
corrected for crossflow effects and virtual origin
adjustment

ENCL - (output) Laminar heat transfer coefficient

ENCT -~ (output) Turbulent hest transfer coefficient

All other information necessary for computation is brought into RHOMUR through

common blocks,
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5.15 SUBROUTINE LESIDE

Subroutine LESIDE is called from MAIN after a call to FAYRID, to calculate
the averaze heat tramsfer coefficient to the leeside of an orditer. The avorage
heat transfer coefficient is calculated using the relations in Table 5.15. This
subroutine is called if NHFLAG = 9, The arguments of the call are:

RN - (input) Radius of scale, full scale RN = 1.0 ft,

HWD - (imput) W(21), Windward Wall eathalpy (Btu/lbm)

ENCL - (output) Average turbulent or laminar leeward side heat

transfer coefficient '
ENCT - (output) = ENCL

The common FLWFLD is used to transfer post normal shock values obtained by the
call to FAYRID,

5.16 SUBROUTINES FLAPH, DEFL, DSTNL, CPIAF AND BTHICK
Subroutine FLAPH is calle from MAIN when NHFLAG = 10 to calculate the peak

reattachment heating to s flap., The equations used for this calculation are

siven in Table 5,16, The arguments of the call are as follows:

EL = (input) Running length

FLENG - (input) Flap length

FANG =~ (imput) Flsp angle

™ = (input) Wall temperature

BT = (input) Total eanthalpy

ENCLO - (output) Laminar heat transfer coefficient
ENCTO ~ (output) Turbulent heat transfer coefficient
1QUIT - (output) Flag IQUIT = 0 Separation occurs

IQUIT = 1 No separation occurs
PCT = (output) Transition percentage

A common statement, FLPETG, is used to transfer the following edge properties

from MAIN into the subrountine:

EDGEP(1,XI) -~ Pressure

EDGEP(2,I) -~ Temperzature
EDGEP(3,I) -~ Density

BDGEP(4,I) - Speesd of sound
EDGEP(S,I) =~ Velocity
EDGEP(6,I) - Mach aumbes
EDGEP(7,I) =~ Viscosity
EDGEP(8,I) ~ Specific heat ratio

where I = 1 - Before the flap shock edge conditions
I~ 2~ After the flap shook edge conditions
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Subroutine FLAPH calls BTHICK to obtain a laminar and turdulent boundary
layor thickness., This calculation is made using Eckert reference conditions in
the following equations:

= 5.2!//6.:.— ¢ Laminaz boundary layer thickness

& = 0.154!/(80;)1,7 ¢ Turbulent boundary layer thickness
Next subroutine CPIAF is called to calculate the incipient separation pressure
coefficient. This is followed by a call to DEFL to determine if the input flap
angle is sufficiently large enough to produce separation, If the input angle is
insufficient to cause separation, IQUIT is set equal to 1 and the subroutine re-
turns to the MAIN, If the subroutine returns to the MAIN with IQUIT = 1, then

the heating is calculated by a call to SPCEI,

If separation is found to occur, the plateau pressure is calculated and
DEFL is called to calculate the dividing streamline angle, Next the separation
length is calcolated by s call to DSTML. If the separation geometry indicates
that impingement will not occur for the input flap lemgth, IQUIT = 1 and the su~

brovtine returns to the MAIN,

If impingement occurs, the shear layer thickness is calcriated, Subroutinme
HANSEN is called to calculate the wall viscosity. Finally, the heat transfer
coefficient is calculated for eithur laminar or turbulent flow witk PCT got
equal to 0,0 or 1,0, The laminar and turbulent heat transfer coefficients are
equated since this routine can calculate only one type for a given flowfield.
Note that in MAIN if NHFL.AG = 10 and IQUIT = 0 then the call to TRANS is
skipped.

3.17 SUBROUTINES FINH, FINPKH AND FINPKP
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Subroutine FINH is called by MAIN when NHFLAG = 11 to calculate ths peak A
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interference heating produced by a fin on the adjacent surface, The equations
used for this calculation are given in Table 5.17 The arguments of the call
aze as follows:

(input) Effective fin angle of attack

ALP -~
P - (iaput) Length along fin surface
P - (output) Normsl distance from fin to peak heating
EL = (iaput) Running length tc fin leading edge
™ = (iaput) VWall temperature
BHO = (iaput) Total enthalpy
AMPPT - (output) Turbuleat pressure smnlification
ANPPL - (outpat) Laminar pressure am, fication
(output) Laminar heating amplafication
(output) Turbulent heating amplification

(output/input) Laminar heat transfer coefficient
(output/ingut) Turbulent heat transfer coefficient

L

The common stastement, FLPHTIG, is used to transfer edge properties upstream of
the fin shock from MAIN into the sudbroutine, The variables transferred a-ce de-

fined in subsection 5,16,

Subrountine FINH calls BTHICK to obtain the laminar and turbuleat boundary
layer thickness using the relations given in subsection 5,16, Next the shock
angle produced by the fin is computed using a call to PCSW, If the shock is at-
tached, the peak pressure amplification is caicul~ted for laminar and turbulent
flow using two calls to FINPKP, The peak heating amplification for laminar and
turbulent is then computed using two calls to FINPKH, The input heat transfer

coefficients are modified nsing the heating amplification factors,

Subroutine SPCHI is always called before the call to FINH to obtain the un~-
disturbed heat transfer coefficient, Note that in MAIN, if NHFLAG = 11, the
heating amplification factor and edge pressure are calculated based on PCT after
the call to TRANS, |
$.18 SUBROUTINE RADEQT

Subroutine RADEQT is called by MAIN and is used to compute the radiation
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equilibrium temperature, The radiation equilibrium temperature is dotermined

via the Newton~Raphson iteration tochaique. The wall temperature is nsed as an

initial guess and convergence to the radiation equilibrium temperature is consi-

dered to be achieved after S0 iterations, or after two successive iterations are

within 0,5 percent of one another. The first of these two conditions to occur

defines convergence.

The argument of the CALL statement for sudroutine RADEQT contsins the fol-

lowing five parameters:

ENC -~ (input) Beat transfer coefficient

HR = (input) Recovery oenthalpy

EMIS -~ (input) Effective emissivity
emissivity

v = (input) Conduction or thin-skin wall temperature which is
used as an initial guess to the radiation

equilibrium temperature in the iteration scheme
TRE -~ (output) Radiation equilibrium temperature

= product of shape factor and
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Table 5.1 ORiuiNAL PAGE Fa
OF POOR QUALITY
STAGNATION POINT HEATING

Stagnation point heating fs based on the theory of Fay and Riddell.

= Ny o i~ Hy
q WW( )

where
N, - 0.76 Pp. (pﬂ;) 1+ (|.e -1)
Ve "t
(:_::g) = 1 r_chT'——): for a sphere and M > 1.22
Pt
= '%ﬁ ’chlPt- QD) for a cylinder and M¢31.12
Pt
= (.5 - 0.378M: - 0.02625 M’; ) for a sphere and M < 1.22
R

* ‘%9 (2.0 - 0.872M2 - 0.328M% ) for a cylinder and M, ¢ 1.12
and the dissociation enthalpy

Hy = Che+ Ghe

h; = 6636.26 Btu/Lbm
h:{ = 14456.53 "tu/Lbm

Nomenclature

Heating Rate (Btu/ftzsec )
1 (slug ft./1bgsec. 2)
32.174 (Lbm/slug)

Density (slug/ft.’)

Viscosity (Lb sec/ft?)

Velocity § sec,
2

‘Q 0O
]

Pressure /ft.?
Enthalpy 1bm)

xvvCcE OW
nen w0
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1 dUe

Velocity Gradient,

Table 5.1 (Cont. 1)
ORIGINAL PAQE 5
OF POOR QUALITY
L, = Lewis Number

Hy = Dissoctation enthalpy of air (Btu/Lbm) '

Ci = Mass fraction of species i (1 = 0, oxygen and { = N, nitrogen)

R = Nose radius (ft.)
P. = Prandtl Number

r

0 = Sphere Body Angle
Subseri ¢s

e = Edge

t = Stagnation (post shock)

w = Wall

© = Free stream
S
=

Meo

References

Fay, J. A, and Riddell, F. R., "Theory of Stagnatfon Point Heat Transfer
;g g;ss?g;ated Air", J. Aeronaut. Sci., Vol. 25, No. 2, Feb, 1958, pp.
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Table 5.2

BOUNDARY LAYEPR, RAREFIED AND
FREE MOLECULAR FLIGHT REGIME CRITERION

M
A = —= Flight Regime Selection Parameter
Ze(Re, )
!
If A < 0.05 Boundary Layer i
If 0.056 < A < 3.0 Rarefied
If A > 3.0 Free Molecular

_ mmlimee o . : e | e e e

where

M, = Free Stream Mach Number

LIV "F X

Re“x = Free Stream Reynolds Number Based on Running
Length or Radius

Ze = Post Normal Shock Compressibility
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ORIGINAL PAGE §,

OF POOR QuUALITY
Table 5.3

RAREFTED FLOW STAGNATION POINT HEAT TRANSFER EQUATIONS

The rarefied flow heating to the sphere stagnation point based on the work
of Engel and Praharaj is as follows.

(1) Tr . (l’ st Tw)/z (Reference temperature)

(2) To . Tﬁ <l + :'-,:,l M.> (Free stream stagnation temperature)

(4

p. UR\ [T
(3) K= e(%z-> (?L) (Rarefaction parameter)
r .

o

I ol §
where ¢ al

(4) Heat transfer coefficient

2
"\ = 2y {!
‘log“(CH) 12% 2, (log,, ZeK ))
a° s «0,235256
‘x = =0,303095

A - -0.0779538

(5) Heat transfer

qQ" p,U.CH(Ho- HH)
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] Stagnation Point Heat Transfer in Low Reynolds Number Flow
L Nomenclature

Stanton Number

[ 2]
x

K H Enthalpy

- M, Free Stream Mach Number

3 T Temperature

. v Velocity

5 4 Post Normal Shock Compressibility
v p Density

. Y Specific Heat Ratfo

5f u Viscosity

- Subscripts

;: ~ ® Free Stream

;, ] W Wall

) : S=¢ Post Normal Shock

2. 0 Total
1 Reference
)
- Engel, C.D. and Praharaj, S.C., "External Tank Rarefied Aerothermodynamics,"
A REMTECH Inc. RTR 022-1, January 1978.
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ORIGINAL P} GE 1D
OF POCR QUALITY
Table 5.4

FREE MOLECULAR FLOW HEATING EQUATIONS -

(1) N= -:7 (particles/unit volume)

(2) s -\Jg-. M, (mlecular speed ratio)

NUeo
2Vms

(3) wve

(4) n=Ssins

() n=y [e"’z + YT n( + erf n)}

= number of molecules striking a unit area per unit time

where n

2

erf n= 2 f e X dx (error function)

m
)

Rational approximation (0 < n < =) from Abramowitz and Stegun

- 2
erfn=1.-(at+ azt‘ + a’t')e N + ¢(n)

-
1+an
a, = 0.47047
a_ = 0.3480242

-0.0958798

0.7478556

le(m)] < 2.5 x 10°
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Table 5.4 (Cont., 1) ORI
st '\4!"\."‘ : -

OF PLKﬂeaQuaL;r;
2
6 .!‘- -n
(6) ¢ 7
7 =g -—Y'LnkT o s* + X n- okt

These equations are based on the work of Oppenheim.

Nomenclature

Boltzman's Constant

Freestream Mach Number
Freestream Pressure

Heating Rate

Wall Temperature

Free Stream Temperature

Free Stream Velocity Heat Ratio

Free Stream Specific Heat Ratio
Accommodation Coefficient

R<Cc—4—+40 VX
§ 8% &
| 2 RN B RN I N B Y ]

References

Abramowitz, M., and Stegun, I. A., eds, Handbook of Mathematical Functions,
Dover Publications, New York, 1965.

Oppenheim, A. K., "Generalized Theory of Convective Heat Transfer In A
Free-Molecule Flow", J. Aeron. Sci., Jan. 1953, p. 49,
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Table 5.5 OF POOR QUALITY

CATO/JOHNSON SWEPT CYLINDER HEATING

The em{:irical correlatfons of Cato for laminar flow and of Johnson for
turbulent flow are given below al

For laminar f ow,

A2 A3
hy = 0.75 n [1 - 1,857 (—.—) +1.097 (-—.)
90 90

For turbulent flow .

he X

The laminar multiplication factor, I(L. s included 1n the definition of bo.

1T+ © - Turbulent B
—IZTI A - Laminar =
M, = 3.7 =
] Brewer, MSFC [

;—*——_;_;—_ B el
A Turbulent Theory ]

—————

b/ll,.ef" _

] [
m————— e

A, Sweep Angle (Deg.)

52
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Table 5.5 (Cont. 1)

Nomenclature

h Stagnatfon Point Heat Transfer Coefficient (Sphere)
hL Laminar Heat Transfer Coefficient

Turbulent Heat Transfer Coefficient

K Multiplier Factor

RN Cylinder Radius

Velocity (Upstream)

Py Density (Upstream)

A Sweep Angle

Viscosity (Upstream)

References

Cato, G.C., "Heat Transfer to the Leading Edge of & Yuwed Wing",
Memorandum A-260-TH-57-115.

Johnson, W.A., "Turbulent Heat Transfer to a Yawed Circular Cylinder",
Memorandum A2-260-TH-59-218, September 1959.
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Table 5.62

ORIGINAL PACT 15
OF POOR QUALITY

BECKWITH AND GALLAGHER TURBULENT REAL GAS
YAWED CYLINDER STAGNATION LINE HEATING

nolds N

umber, NASA TR R-104, 1961.

uSinA o8 a2
hsy = plli- (4 ¥ (ggmunyee (%.'fs) M
X/ x=0
(gge_) _1.414 (Pe - g,,) “8 (2)
Nomenclature
g 32.174 Lbm/s1ug
h Heat Transfer Coefficient Lbm/ ft? sec
P Pressure Lbf/ft?
Pr Prandtl Number @ Edge Conditions Dimensionless
R Radius of Cylinder Feet
u Velocity Ft/sec
X Distance from Stagnation Line Feet
A Sweep Angle Degrees
M Viscosity Lbm/ft-sec
p Density Slugs/ft?
Subscripts: Superscript:
SL Stagnation Line * §v$1uate at E§k$rt's ]
eference Enthalpy & Edge
e Edge Conditions Dpessure
° Total
o TURBULENT FLOW |- ]
--—] CYLINDER DATA
{ M =37 FROM
8REWER, MSFC
.:E _- - ::- :
2 NLaminar o N e
24— Flow —m—————— -
0 R —_ . — -
0 20 40 60 80
A, Sweep Angle (Deg)
Reference:
Beckwith, 1. E., and Gallagher, J. J., "Local Heat Transfer and Recovery
Temperatures on a Yawed Cylinder at a Mach Number of 4.15 and High Rey-

v
i
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% Table 5.6b ORIGINAL fuiygr.

. 1S
OF POOR QUALITY

P LAMINAR CYLINDER STAGNATION LINE HEATING

h = 0.707 h Cos'' A

hs = Sphere Stagnation Point Heat Transfer Coefficient

h = Cylinder Stagnatfon Line Heat Transfer Coefficient
A = Sweep Angle

s

Laminar Flow
Cylinder Data
M, = 3.7 From

Brewer, MSFC

20 - 40

P - ——
— - - —
— v—— -—
N
2 -
.;1‘_-
PR .. P ! .-
L
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] ROSRRN IRy ————— T U T
N e e LTI _%m_. T ;
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...... — - —— ....‘! —_— ._*_ - -~ e d
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A, Sweep Angle (Deg.)
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ORIGINAL [ram 1
Table 6.7 OF POOR QuaLITY

RAREFIED FLOW YAWED CYLINDER
STAGNATION LINE HEAT TRANSFER EQUATIONS

The rarefied flow heating to a cylinder based on the work of Engel and ) 4
Praharaj 1s as follows: q

(1) Tps Jé- (Tw + T cos?A)

- P
(2) Reg —-ﬂi’:&

(3) Cp=rrle

@ R Re, Ze .
Ay M2C,(cos?A + P_sin?A/p UE) © |

(5) € = cy/(cos*A + P sin?A/p U 2) -

o meAge st et ei. e e e

(6) Heat Transfer Correlation

, . X
log,g & = 150 a4 “°9n'¢z )t ' -

2 s S

8, = - 0.377656
a, = - 0,368580
a, = - 0.0461064

(7) Heat Transfer
q = p.uoc“ (“o' uN)

[N
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ORIGINAL [o:z g
Table 5.7 (Cont. 1) OF POOR QUALITY

C—2 -

e a— e —————
dipdlig ] 1111 CALSPAN CYLINDER DATA
IR ER CTATTIIT T vidad and witeriee (1963)
e nan: 3 L
B B 2 S THT A 0° 1800° K .128 -
- TR T © 0% 2700° K .gag ]
T, '7{ T orrelation . . 973_5 "'2790 K 08 L
Al —FA T AT Ik s
2 o 1 -
KN - U REasm ey AL SRR SR Y N
< 0.1 SRR R L T T T 111113 foundary Layer Theory .ﬁf'ff 5
8 S ”oc DATA - ’ . 0y R l":. ;".v .: . H PR :
k] - Run Gage A Conf. B T e D DR TR e e
- O 4835 29 = o1 T
" Q483 29 1 ~=f-
- O 4837 29 3 =
- O 4882 - = H =5
0 4883 - ki e 1 LTI
0. 01 bt e 3

0.1 100 1000

Cylinder Stagnation Line Heat Transfer Data with Sweep Data Included

Nomenclature

Stanton Number

Enthalpy

Free Stream Mach Number
Temperature

Velocity

Post Normal Shock Compressibility
Density

Specific Heat Rattio

Viscosity

1:-<0N¢:-183:==?

Subscripts

Free Stream e = edge
wWall

Post Normal Shock

Total

o o0 X 8

Reference

Engel, C.D. and Praharaj, S.C., "External Tank Rarefied Aerothermodynamics,"
REMTECH Inc. RTR 022-1, January 1978,
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Table 5.1 ORIEMNTF LT

"PI" SWEPT CYLINDER HEATING  OF POOR QUALIY

The "pr“r" method for swezpt cylinders is defined as follows:

Hne,o = 0-5(Hg + H,) : Pmero = TlMnc,o0 P§)
Z, - - : r, = 0.95(2 °> -0.5

0.5
« = 0.90 [ "stag¥stag
.= 0.
PwHw

Pp = F(Pgs T,)

r
= %p = P“r
FLo " [1 + ro] P, . Fr.o ® [1 s 0.77 1| P,
(. Jz(vi - P,)
AT
1 Y 4
xegLQO R ’ eqT.O e
2Kr?l..o 5'(rt‘l'.o
xeqT,o 0.333
for |
€9 .0
PstagHstag
n =
Pe¥e
58




- “ s . .. «
e g et S B e i e it

0.664

Pk " TRer ooy

r,cyl

Le = 1.4

(NiMihﬁﬁ.flz,"7g

Table 5.8 (Cont. 1) OF PO o ’AL'i““?
4 ‘I .

n
r
Hpe * "mc.o + 0.206(HT - Hi)Pr

= f(Hpes Pg)

, r, = [0.96(2 c).ss -o.s]

%p
EL = (1 + rc)Pr

He\''S (7, + 2000)

UTu = Ur<ﬂ';) HT
TP (-H:)‘l' 200
prurV§3eqL’;f

Fi U%u (XeqL)

R

€r,cyl ©

0.370

cf -

’ Ho,r * flops Ty)

HD.r

i 0.52 _ 4
L =1+ (Le ) _“{_
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_ Table 5.8 (Cont. 2) CLIGINAL PRt i
= OF POOR QUALITY

For Taminar flow, ’
| K 2 Mya Fy y
hy = 0.5 “5rErE Rer,cy1¢fr,1
P Xeq .
e L,0

For turbulent fiow,

KT UT " FX
he * 0-59 ToEr O Rer,cy1®fr,¢
i r, 0
Nomenclature
cf Skin Friction Coefficfent
o h Heat Transfer Coefficient
o H Enthalpy
= Le Lewis Number
K P Pressure
’ Pr Prandtl Number
Re Reynolds Number
¥N Cylinder Rad{us
Temperature
v Velocity -
- P : Density %
i u Viscosity d
 £ Subscripts
I L Laminar
o r Eckerts Reference C
stag Post Normal Shock Stagnation .
Stagnation Line ‘
o Total
- t Turbulent
s References P
lé Nagel et al., "Analysis of Hypersonic Pressure and Heat Transfer Tests :
on Delta Wings with Laminar and Turbulent Boundary Layers,” NASA !
CR-535, August 1966.
:é Thomas et al., "Advanced Re-entry Systems Heat Transfer Manual for
X hypersonic Flight," Technical Report AFFDL-TR-65-195, October 1966. ’
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ORIGINAL Prop 1
Table 5.9a OF PoOR Qu',»,f,ﬁ’

LEES' HEMISPHERICAL DISTRIBUTION METHOD FOR LAMINAR FLOW

Lees' heating distributfon over a sphere for an ideal gas is expressed

as:
2es1ne[<1- ?]M?) e ¢ ?n].?]
" a8

h =

D(e) ]"Lz\[* osin
= e’ | e? - ; 40 + 1 - gosgg

A
+ YMo2 [e" - 9sin20 + | - ggsze]

Nomenclature

h = Heat Transfer Coefficient
Stagnation Point Heat Transfer Coefficient

Free Stream Mach Number
Free Stream Specific Heat Ratio
Local Body Angle

=
(4d
N

Reference

Lees, Lester, "Laminar Heat Transfer Over Blunt-Nose Bodies at
Hypersonic Flight Speeds", Jet Propulsion, April 1856,

€1

B N
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- : Table 5.9b

DETRA-HIDALGO TURBULENT HEATING
DISTRIBUTION

Detra and Hidalgo developed a method of calcuiating the turbulent
distribution over a hemisphere.

h, = 0.029 g—T e [Pe Vel " [1 037 f °°2] r foe
¢ . QW ™ .037 f(6) [1 + 0.58 HT
where
» t(6)0:2 . 12“‘, A
=0
1 A (6 <25 A (8225)
N 1 1.03754 0.96451
2 0.0043776 0.01107
3 -0.6187 x 107°% 0.842558 x 10”4
L Nomenclature
g Gravitational Constant
ht Turbulent Heat Transfer Coefficient
H Enthalpy
KT Turbulent Multiplier Factor
L Running Length
i Pr Prandt1 Number
v Velocity
, p Density
: u Viscosity
f é Sphere Tangency Angle (90 Degrees at the Stagnation Point)
'Q Subscripts
i D Dissociation
B e Edge
e T Total
E]

;_; Reference

n Detra, H.W. and Hidalgo, H., "Generalized Heat Transfer Formulae and
- Graphg“. AVCO Research ﬁepo;t 72, March 1960.




Table 5.10a
ECKERT's LAMINAR FLAT PLATE HEATING METHOD

Eckert's laminar flat plate heating relation can be expressed as:

h = 0.332 9c¢ p*u
a7 m (1bm/ ft2sec)

where
Rr = £NUeX Reynolds no. evaluated at
e u* reference conditions

The reference conditions are obtained from the reference enthalpy
H* = He + 0.5 (Hy - He) + 0.22(Hy, - He)
and edge pressure. Other reference propertiaes are evaluated as:
p* = f (H*, Pe)
u* = f (H*, Pe)
For geometries other than a flat plate, the Mangler transformation
may be evaluated as:
Tme 1 Flat Plate
) = 3 Cone

Nomenclature

32.174 1bm/slug

Heat Transfer Coefficient (1bm/ft2sec)
Edge Enthalpy (Btu/1bm)

Adiabatic Wall Enthalpy (Btu/ibm)

Wall Enthalpy (Btu/1bm)

kdge Pressure (atm.)

Edge Velocity (ft/sec)

Surface Distance From Origin to Point of Interest
Reference Density

Reference Viscosity

Mangler Transformation

X
[ ]
" 0o

©
»
N " nnon

63




Table 5.10b
SCHULTZ~GRUNOW TURBULENT FLAT PLATE METHOD

Turbulent heating relations

for a plate using the Schultz-Grunow skin |
function law can be expressed as;

0.185¢ p*ue

T i 7 |

where
p*UeX Reynolds number evaluated at Eckert
Re, = " reference conditions

For geometries other than a flat plate,

the Mangler transformation may be
evaluated as

LI 1 Flat Plate
2 Cone

Nomenclature 4

9 = 32.174 1bm/slug
h ® Heat Transfer Coefficient (lbm/ftzsec)
Pra = Prandtl Number at Reference Conditfons

|
Ug = Edge Velocity (ft/sec) g
X = Surface Distance From Origin to Point of Interest [
p* =  Reference Density !

u* * Reference Viscosity
™n = Mangler Transformaticn

Reference

Schultz-Grunow, F., "A New Resistance Law for Smooth Plates," Luftfahrt
Forsch, Vol. 17 (1940), pPp. 239-246: (translatfon) NACA TM 986, 1947

—
»
. e
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Table 5.1

SPALDING-CHI METHOD MODIFIED FOR REAL GAS HEAT TRANSFER
FOR TURBULENT BOUNDARY LAYIS FLOW

— T

(1) Spalding-Chi define Fe, FRo+ FRg (Spalding and Chi) which are
functions of Mach Number ahd Temperature alone such that

172 CeF; = vo(Fg Re ) = v (FpgRe,)

1 ‘e
@ gt [[ @) o)

Where ZT =f (H,P) & H = H, + (H,, - m)(u_u_) - (Hy, = He)(uu_)’
e

e
0772 ,
(3) Fg '(Bﬂ) (Eg)om (Wallace)
6 H" I-Iw

is Re \]1-1
§) C;. = 1/2 1) [InlF, _s . F
(5) £, " V2 exp P g(1) [n(Rs __T_)., 1/2 CF,

m

Where g(1) = 9.2808635

g(2) = -4.7340248
g(3) = 6.6858663 10°}
g(4) = -4.1876614 10-2
9(5) = -5.5054577 10-*
g(6) = 2.8367291 10~*
g(7) = -2.1249608 10-*
g(8) = 8.0162000 10-?
g(y) = -1.5900985 10°°
g(10) = 1.3236350 10~

Re, = Pelg®
“e

T, = Mangler Transformation (Komar)

€5




Table 56.11 (Cont, 1)

Nomenclature
Cf Skin Friction Coefficient
hTURB ieat Transfer Coefficient For Turbulent Flow
H Enthalpy
P Pressure
Py Prandt1 Number
Ree, Reg Local Reynolds Number Based on Momentum .
Thickness © and Characteristic Length s
Respectively
S Inverse of Von Karman Reynolds Analogy Factor
‘ St Stanton Number !
' T Temperature 1
u Velocity 1
Z Compressibility 4
o Density
. J
R Subscripts !
" aw Recovery ’
e Local .
i Incompressible i
b W Wall |
References

Spalding, D.B., and Chi, S.W., "The Drag of A Compressible Turbulent Boundarv
h Layer on a Smooth Flat Plate With and Without Heat Transfer", Journal of
£ Fluid Mechanics, Voi. 18, Part I, pp. 117-143, Jan. 1964.

«r., e

e Wallace, J.E., "Hypersonic Turbulent Boundary Layer Studies at %old %ell |
Y Conditions", 1967 Heat Transfer and Fluid Mechanics Institute, La Jolla, CA )
- June 1967. ,
o Komar, J.J., "Improved Turbulent Skin-Friction Coefficient Predictions Ut{]- ;
PO 1zing the Spalding-Chi Method", Douglas Afrcraft Company. iouglas Report .
N DAC-59801, Nov. 1966. L
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Table 5.12 C Ly

RAREFIED FLOW SHARP FLAT PLATE F Futic QUALIT
HEAT TRANSFER EQUATIONS

Rarefied flat plate heating correlations based nn the work of Shorenstein
and Probstein are given below. 4

(1) Ty =T

(1+I;_‘n:,)

(2) Re, = ,‘.’s..ggi‘.

- W7
(3) C, ‘;:‘-T-:‘

(4) 8 = (T/Ty) 7% M2 CasRe,

(5) Chgy = (0.368T,/To + 0.0684) [’k(c*/ae,)‘la] s

(6) g%ﬁ - -;-['l - tanh (0.91 log, 8 + 1.10)]

M ek e e

for 8 < 0.1 From Shorenstein and Probstein' 1
(7) Heat Transfer | ) l J{TT Tl Il .,L..Li« |
. : J e .;.:. ;‘ i-l: —— e couumm»;

Q= Pulle Cy (Ho = Hy) ] il T R

| S 4 I R E

Nomenclature &4 -+ d {

CH Stanton Number 04 R ot o y

H  Enthalpy o3 AN I ! .

M Mach Number o R ;

;IJ' '\l,'el?peri'ature L L 111 3 dn o \

eloc ty  000r 9503 0008162 40t 003 008 0 ee &9 - 13 ts s ;

X  Running Length JEEE |
0] Densi ty »  Heattransfer rate correlation.

Yy  Specific Heat Ratio
M Viscosity i

Subscripts
® Free Stream
w Wan

Refevgence Total

- Shorenstein, M.L. and Probstein, R.F., "The Hypersonic Leading-Edge
Problem," AIAA J., Vol. 6, No. 10, October 1968.
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Table 5.13

RAREFIED FLOW SHARP AND BLUNT CONE
ORIGINAL PAGE iS
HEAT TRANSFER EQUATIONS OF POOR QUALITY

The rarefied flow heating to sharp and blunt cones based on the work of
Engel and Praharaj 1s as follows:

(1) T, = Ty + (Tg + Ty)/2 - Tg cos?o./3

(2) Rep = Dot

vﬂ
UrT
S -
9C
(4) ¢ = H

(sin®e_ + P_cos®6./p U 2)"*

5) 3 Re, Ze
(6) % = M2Y Cecost,

(6) Correlation Equation

log,, (£) = j 3y (109,.i¢)'
=0

(a2, = -0.344074 (8, = -0.647813

a, = -0.349130 a, = -0,365587
Sharp 4 Blunt { !

a, = -0.104455 a, = -0.0143793

| 8, = +0.022766463 | 8, = +0.003281793

(7) Heat Transfer
q=p, U, CH (Ho - Hw)

68
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g;,'. ., ORIGINAL FAGE By
! \Z : Table 5.13 (Cont. 1) OF POOR QUZ.L[TY

- o = i ic B9 T I TR R PALITLS EN T i
V‘J‘ " AL AL AN AL LA KONGRS LI il e gE & gl 0N ._“; : . X .
" Free Molecular Flow Limit HTf:2 #)0 REEEHI R !
13 Unfty Accommodatfon T ';;
e T S e 3 25 = .
? T3 s PR ] 4 R + e pd 135 B !
« 1.00 b {ﬁ: 1 7‘“515 T m fT':i" . M auda e
i = ¢ e “ ‘ ) 1’;};!«; : e v " b iz?‘ :> + Xt ] 6; r
e ARG e LA e A T Least Cquares A
X .4 3 =pF .!’4.“ ‘g e “ F et g
D =P AL F = SRIEHER =44 Correlation & g
8 = s RO N s = - F iy g &
. iR EESS =
@ == = =
b =2 A LSS E
k3 T= Experimenta) Data
S0.00 b=
3 [ 4-0 5
-3
' 3 0- 6, = 10°) Waldron 1
B ° E ¢ (1967) ~
P é e- °c = 20¢ : 14
- =5 - 0, = 6.3° Wilkinson & FiEE
: -~ Harrington i
; 2 @ 0, = 9° J (1963)
<. E=2
"= 0,01 EEERIEE B0 o4 |41 it

0.0 0.10

el Sharp Cone Heat Transfer Data
L Nomenclature

Stanton Number

Enthalpy

Free Stream Mach Number
Temperature

Velocity

Post Normal Shock Compressibil{ty
Density

Specific Heat Ratio

Viscosity

3
r«vnc-—lszz:{:

Subscripts
Free Stream

wWall
Post Normal Shock
Total

[
o oo xE 8

v, Reference

i Engel, C.D. and Praharaj, S.C., "External Tank Rarefied Rerothermodynamics,"
Ay REMTECH Inc. RTR 022-1, January 1978,
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Table 5.14 ORIGINAL PAGE [§
"DpL" FLAT PLATE HEATING OF POOR QUALITY

The ”pr"r" method was developed by Hanks from Boeing and s 4. ‘mented
by Nagel and Thomas.

For lariinar flow,

h

K
L PripYe
0.332g WIJ_LL—
P .
v

-For turbulent flow,

where

Nomenclature

)
h

H
L
Le

K.
Ky

Pr

185 K £ o kY
hy = 0.185g 2.584
t 0.645 yon .
Prr T [10910 (Re, + 3000)]
0.52 Hp.r
L =1+ (e’ - 1) —f
e
HD.r = f(pr, Tr) and Le = 1.4
uTn b

3/2

; <"r> (T; + 200)
r\H
r -1
) ]

Gravitational Constant
Heat Transfer Coefficient
Enthalpy
Running Length
Lewis Number
Lamirer Multiplier Factor

Turbulent Multiplier Factor
Prandt1 Number
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Table 5.14 (Cont. 1)

Re Reynolds Number

T Temperature

y Velocity

P Density

M Viscosity
Subscripts

e Edge

D Dissociation

L Laminar

r Eckert Reference Condition

t Turbulent

T Total
References

Nagel et al., "Analysis of Hypersonic Pressure and Heat Transfer Tests
:n Deltalggggs With Laminar and Turbulent Boundary Layers," NASA, CR-535,
ugus .

Thomas et al., "Advanced Re-entry Systems Heat Transfer Manual for
Hypersonic Flight," Technical Report AFFDL-TR-65-195, October 1966.
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ORIGINAL PAGE 19 {
OF POOR QUALITY

T
H

Table 6.15
AVERAGE SEPARATED LEESIDE ORBITER HEATING

The average separated leeside heating relatfons are based on correlations of
wind tunnel data for the Space Shuttle Orbiter configuration by Bertin and Goedrich. f
The average leeward heating (turbulent or windward flow) 1s given by:

3, = (1.067<de)+ 0.7905) (0. 00282(Re_..)"0-37)
t S
e v

Re UR

ns = Pelafpef/Vns

Ry

of = 1.0 foot for full scale

E = DQU“ (Ht - HW) .s.t

where the windward to total enthalpy ratio replaces the temperature ratio '
in the original paper.

Nomenclature i
Huwd Windward Wall Enthalpy
; "t Total Enthalpy ';
. H,, Local ¥all Enthalpy :}
Re Reynolds MNumber -
 } R Rad{us g
_;2 ‘ Pu Freestream Density 3
o : K
1‘ Uw Freestream Veloc‘lty Leeward surface area over which the heat-transfer :
e measurements were averaged (0 obiain 87, .
g -
ro q Average Leeside Heating Rate
R
i,‘i ¥ns! Post Normal Shock Viscosity
B
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Table 5.15 (Cont. 1) ORIGINAL P AE I3
OF POOR QUALITY

A comparison of the correlation and data from the orfginal paper are |
given below. /|

1
o M=0 '
open: T SON T
o hett-filled - Toug 208 T, ‘
¢ e filed Tyugw009 T,
22003 T
o3

A

\
|
!
]
37 1
. e 4§ 000262 (Re ] {
) o 1 i
2 °© ] ) j

o ® ‘

e h':ooo 1000 2000 '{

Windward-surface-tempersture effect on the sverage heating A crage Stanton aumber for the leewsrd *“separsted’’ region. 1

in the leeward *‘separated’ region. :

3

Reference !
Bertin, J.J. and Goodrich, W.D., "Effects of Surface Temperature and Reynolds &
Number on Leeward Shuttle Heating," Journal of Spacecraft, Vol. 13, No. 8, 4
August 1976, pp. 473-480. ‘

1
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PEAK FLAP INTERFERENCE HEATING

The procedure for calculating peak flap interference heating follows that of
Fivel except for the separation length calculations.

Flap
Flowfield
TRANSITION
ReG/MZ < 400 Laminar
> 400 Turbulent
where Re6 = Undisturbed B.L. edge Reynolds number based on boundary

layer thickness

6 = Boundary Layer (B.L.) thickness
Me = Edge Mach Number

INCIPIENT SEPARATION (Kessler, Reiily and Mockapetris)

(:p‘l = Incipient separation pressure coefficient

Laminar 3
Iogwcpi e -0.361397 10910 (Rea/Me) - 0.662427

Turbulent
If 2.6 < logioheG/Mz < 3.8

Gy, * 02615 (110g,gRe M2 - 3.81)%5 4+ 0.405




) 1 CICIN L T 1
{:’ Table 5.16 (Cont. 1) OF POOR QUALITY
i 1f Tog,Re, /M > 3.8
106" e ) s 1 /
Cp1 = 0.0354 (logmmaé/ne - 3.8)"*" + 0.405 /I,
DEFLECTION ANGLE
P
i - 2
1 7, 1 +§ C Mg
P 2
it 3 P
i -1 2 3
; 2M. - (Y= 1) - (y+1)
tan’ey ; 5 : ]
; Mg - 341 ( P
Yy+1)_3 +y-1
Cp = Separation Region Pressure Coefficient J
8y = Deflection Angle of Separated Streamline *
Note if Cp = t:p1 = Incipfent Separation Coefficient
—‘ then eD' =0 Wedge Angle for Incipient Separation 54
_ 4
-~ PLATEAU PRESSURE (Wuerer and Clayton) :
B (c ) = 1.60 [Rex(Mz -1) l'”‘ \
' PPLAT), |
(c ) = 1.70(Re,)"1/10 (W2 . 1)1/
PPLAT). )
c = Plateau Pressure Coefficient
PPLAT :
Re = Reynolds Number Based on Distance along a Streamline
X to the Hinge Line
75
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Table 5.16 (Cont. 2) UhBaw e .
OF POOR QUALITY

SEPARATION GEOMETRY

Laminar (Giles and Thomas)

P - P 0098
35 [ (Cr = PeL) . v/a
Ly/6 = 33 <——p——> Re)/ ]

e
Me

Turbulent (Popinski and Ehrlich)

P. \1.025
X n o2 F}]°
' Reexj—Fe' )

L s
H = (w2 \1.17 2.58
("e - ‘) (Tog; oRe,, )

where

Pe =  Upstream Edge Pressure

PPL = Plateau Pressure

PF = Post Shock Flap Pressure

X = B.L. Running Length to Hinge Line

s = B.L. Thickness Upstream of Separation

Geometry
LH - Ls sin (eF - eD)/sin(lao - BF)

ltp = Ly sinep/sin(180 - BF’
76
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Table 5.16 (Cont. 3) OF PCaod VY
PEAK REATTACHMENT HEATING (Bushnell & Weinstedin) ’
Re ] p"UFG:§

shear l.le'ln(eF - 90)

where

UF =  Velocity at Reattachment Region
L Density at Reattachment Regfon at Wall
B, *® Viscosity at Reattachment Regfon at Wall

L.
(6 )y = 6+ 1.6L/13

where

Us = Shear Layer Edge Velocity
Pg = Shear Layer Edge Density i
Mg = Shear Layer Edge Viscosity

PEAK STANTON NUMBER AT REATTACHMENT

- n
(St)PK cSt(Reshear) St )
where ;
Lam Turb |
Cst 0.199 0.0204
st -0.5 -0.2
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Table 5,16 (Cont. 4)

OROne oy o
OF PO O adr

®
10.25— M- .I Ml '.ﬂto
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Table 5.16 (Cont. §)
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1 Teble 5.17 ORIGINAL PAGE 19
FIN-PLATE PEAK INTERFERENCE HEATING OF POOR QUALITY

The peak fin-plate interference heating can be calculated using the ethod ’{
presented by Fivel, which basically came from Hayes. The peak interference
heating occurs along & 1ine near the
. fin on the plate. The peak heating
. angle 1s correlated using:

~ The location of the peak heating Xo  PLAT PLAT.

11ne is given by:

FLOW GEOMETRY ||

The boundary layer thickness W T pxa ‘
at the leading edge of the op e’ ,
fin based cn the running . X Pke__
length to the fin leading ° F/ / s
edge, X , 1s required. < .
v Nl /
TOP VIEW \ / :
:
|
!
* The peak pressure ratio is based on correlated test data
(i
BREA P
pk
( = (Me S‘lnes)"pk
;. "u
P
4
I
o 80 - ¢



Table 5.17 (Cont. 1)

Likewise, the peak heating ratio is based on a correlation of test data

hpk
= (Me Sines -1.0)nst + 0.75
hu
; . The exponent n k and coefficient ngy are obtained from interpolation
é;i of a faired curve tﬁrough data from Hayes.
é 0.0 1.25
| 1.25 1.50
= |, 2.50 1.1
- 3.7% 1.87
! 5.00 1.98
| 9153 g:gg If Xy/8 > 30, ok * 2.4
| 8.75 2.14
| 10.00 2.18 ok is obtained by linear
b 11.25 2.20 P
- 12.50 2.23 interpolation given XA/G.
- ! 13.75 2.25
A 15.00 2.26
: 17.50 2.29
= 20.00 2.32
: 22.50 2.34
: 25.00 2.36
i 27.50 2.38
§ 30.00 2.40
] X./68 n ‘
) 2 st If X,/6 < 0.183, n, = 1.0
i 1.0 1.62 1f 0.183 < X,/8 < 1.0,
- §'g g-gg ngy = 0.35612 Tn(X,/8) + 1.62
;. 4.0 3.57
3 50 3.87 1£1.0 < Xa/ﬁ <7.0
E 6.0 4.00 Nee determined by 1{near
" 7.0 4.05

interpolation given xa/s
If X°/6 >7.0

Ngy = 0.35612 n(X,/5) + 3.357
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Table 5.17 (Cont. 2)

Nomenclature
h Heat Transfer Coefficent
P Pressure
. Me Edge Mach Number Upstream of Fin
Xa Distance Aft of Fin Leading Edge in Streamwise Direction
xo Running Length to Start of Fin in Streamwise Direction
xF Running Length Along Fin
YFP Peak Heating Location Normal to Fin
ap Effective Angle of Attack of Fin
epk Angular Location of Peak Heating
es Shock Angle
é Upstream Boundary Layer Thickness

Subscripts

pk Peak
u Undisturbed
References

Fivel, H.J., "Numerical Flow Field Program for Aerodynamic Heating
Analysis," AFFDL-TR-79-3128, Vol. 1, December 1979.

Hayes, R., "Prediction Techniques for the Characteristics of Fin
Generated Three Dimensional Shock Wave Turbulent Boundary Layer
Interactions," AFFDL-TR-77-10, May 1977
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| Section 6.0

LENGTH AND TRANSITION ROUTINES

This section describes the subroutines which determine boundary layer tras-
sition, running length corrections wad cross flow adjustments,

6.1 SUBROUTINE TRANS AND EDPRANM
The purpose of routine TRANS is to determine if the flow is laminar, tran-
sitionsl or turbulent, The equations for each of the transition criteris are
presented in Table 6.1, If a transition option greater than 8.0 is used, then
an error message is printed from TRANS and the routine returns NERROR = 1 to
i MAIN, This causes MAIN to void the remeinder of this prodblem and read in data
for the next case. If the flow is determined to be laminar, then the heat
transfer coefficient returned from TRANS is equi to the laminar heat transfor

coefficient, If the flow is fully turbulent, then the heat transfer coefficient

L E N <
R S R N PR

returned from TRANS is the turbulent heat transfer coefficient, If the flow is
determined to be transitional, then the heat transfer coefficient returmed from

TRANS is determined by linear iuterpolation between the laminar and turbulent

i values,

The interpolation parameter for TRANS = 1 and 2 is time (TIME). The inter-
polation parameter for TRANS = 3 is the Reynolds number based on ruaning length
(corrected for crossflow) or body diameter and free~stream properties, However,
no correction is made to account for axisymmetric flow, For TRANS = 4, the in-

terpolation parsmeter is compressible momentum thickness Reynolds number,

Transition option § uses

PARA = ¢

as the interpolation parameter, For transition option 6, the interpolation
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parameter is the laminar ruaning length corrected for crossflow and corrected
for azxisymmetric flow (Mangler transformatiop factor), Transition option 7 uses
the input rusning length as the interpolation parameter, Transition option 8
uses Ro‘e /Mo as the interpolation param¢ter, Whenever the flow is laminar, then
PCT = 0,0, turbulent PCT = 1,0, and transitional 0.0 < PCT ¢ 1,0. The parameter
PCT represents how close the flow is to being fully turbulent based on the above
interpolation parameters, The parameter PCT is also used in the output routine
(VANOUT) to identify the flow type. It should slso be noted that the recovery
enthalpy for transitional flow is also determined by linear interpolation

between the laminar and turbulent recovery enthalpics,

The following is a list of the parameters used in the CALL TRANS statement:

ENCL -~ (input) Luaainar heat transfer coefficient

ENCT - (input) Turbulent heat transfer coefficient

PARA1 - (input) Orset of transitional flow parameter

PARA2 - (input) Onset of fully turbulent flow parameter

PARA - (output) For tranmsition flag 4, this is equal to the
compressible momentum thickness Reynolds number.
For transition flag 5, this is equal to the MDAC-
EAST transition parameter. For transition flag 6,
this is equal to the corrected (crossflow end
axisymmetric flow) running length to the onmset of
transition, This is not used for the other
transition options,

TIME <~ (input) Trajectory time

ENC - {output) Heat transfer coefficient

HRE..v ~ (output) Recovery enthalpy

NTR - (output) NIR = 1 corresponds to laminar flow
NIR = 2 corresponds to transitional Zlow
NIR = 3 corresponds to tucbulent flow

PCT - (output) Fraction of turbulesnt flew
PCT = 0,0 correspords to laminar flow
PCT = 1,0 corresponds to fully turbulent flow

0.0 < PCT < 1.0 corresponds to transitional flow
TRFLAG ~ (input) Transition option

EL - (input) Geometric running length

ELFAC - (input) Multiplication factor which, when multiplied times ihe
running leagth to the onset of transitionm, gives the
running length to the omset of fully turbulent flow

ENL = (input) Laminar Mangler tramsformation factor to account for
axisymmetric flow corrections

ELL = (input) Laminar running length corrected for crossflow effects
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Another routine which is closely related to TRANS is EDPARM. Routine ED-
PARM is used to determine the MDAC~E onset of transition parameter solely as &
function of angle-of-attack, The angle-of-attack range is from 0 to 70 degrees.
Thore are six data points in the data tadble (a = 0, 30, 40, 50, 60, and 70 deo-
grees) along with the corresponding values of the transition paramzeter,
Interpolation at angles-of-attack mot in the table is performed with the aid of
routine TBLIN,

6.2 SUBROUTINE VRUNL

Subroutine VRUNL is called by MAIN and is not called unless heat tzransfer
technique 3, 4, or 5 (flat-plate laminar and turbulent methods) is being used,
Subroutine VRUNL insures that the length parameter used in the turbulent heat
transfer equations (when using transition optioans 3, 4, §, 6, or 7) is corrected
for the assumption that the running length should be measuzed from the onset of
transition, The argument of subroutine VRUNL contsins the following parameters:

TRFLAG - (input) May have values 3.0, 4.0, 5.0, 6.0, or 7,0

corresponding to tramsition options 3.0, 4.0, 5.0,
6.0, or 7.0, (It should be noted that VRUNL will

not be called unless a positive value is stored in
location 29.)

ELTRAN - (ountput) Running length at onset of tramsitionm with or
without crossflow correction

ELL - (input) Eanivalent running length with or without crossflow
correction for iaminar flow '

ELT - (input) Egquivalent runairg length with or without

and crossflow fur turbulent flow and is corrected inm
(output) VRUNL to sccount for virtual origin from the onset of

transition

ELTP - (output) Equal to input value of ELT

PARA1 - (input) This parameter denmotes the onset of folly
transitional flow

PARA2 - (input) This parameter denotes the onset of fully turbulent
flow

ENL - (input) Laminar multiplication factor

If PARA2 < PARA1, then PARA = PARA2, If PARA2 > PARA1, then PARA = TARA1.
It TRFLAG ¢ 3.0, then MAIN does not call VRUNL, Therefore, VRUNL is really only
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mesningful for TRFLAG = 3.0, 4,0, 5,0, 6,0, or 7,0, The values TRFLAG = 1.0 or
2.0 correspond to time dependent transition and are handled through the main
routine, If TRFLAG = 6.0, then VRUNL calls EDPARM as a function of
angle-of-attack to detormine PARA, The value of ELTRAN is given by
ELTRAN = LTR'
If TRFLAG = 7.0, then the logarithm (base 10) of the transition Reynmolds number
RELG, based on edge conditions, is determined as a function of edge Mach number
Me from a built-in table (North Americanm Rockwell technique). The value of EL-
TRAN is given by
ELTRAN = (10Re'rR u /e u
e''Tee

The interpolation to determine log‘OReTR is performed with the aid of routine
TBLIN. If TRFLAG = 5, then ELTRAN is the same as for option 5., However, the
value of PARA = PARA1 is input through the routine argument to define tranmsition
onset instead of being determined by EDPARM, If TRFLAG = 4, then the raunning

length at the onset of transition is determined based on the compressible momen-—

tum thickness Reynolds number:

* 2

Rce ue 1

ELTRAN =
.664 P YU

where PARA = Rn; is input to define the onset of tranmsitiom., If TRFLAG = 3,

then the running length at the onset of transition is determined bised on the
Reynolds number computed using boundary-layer edge conditions:

ReLue

p.u

where RoL = PARA,
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After the running length at the onset of transition is calculated, the tur-
bulent running length is stored (ELTP = ELT) and a check is made to determine it
ELL < ELTRAN. If ELL < ELTRAN, then ELT = ELTP. If ELL > ELTRAN, then ELT =
ELT - ELTRAN. Thus when VRUNL returns to the calling routine, ELTP contains the
input value of ELT and ELT may or may not contain the input value of ELT depend-
ing on whether ELL < ELTRAN or ELL > ELTRAN., If ELL > ELTRAN, then ELT contains
the turbulent running length measuzred from the onmset of transition,

6.3 SUBROUTINE CRSFLW

Subroutine CRSFLV is called by MAIN and the purpose of this routine is to
account for the effects of streamline divergence on basic geometries at
angle-of-attack., Two types of geometry are considered in this routine: a con-
stant width shape (rectangle) and a sharp-edge triangle (delta wing). For each
of the two geometries it is possible to get an jdeal or recl gas calculation for
both lemincr and turbulent flow. In each circumstance, & correction factor is
applied to the inmput geomtric length, and this corrected running length is used
in the flat-plate heat transfer equations in place of the iaput geometric
length, The parameters in the argument of the CALL CRSFLV statement are listed
and defined below:

CFFLG - (input) Type of crossflow correction selected

¢ Constant width rectangle assuming ideal gas
chordwise velocity gradient

¢ Constant width rectungle using a real gas
chordwise velocity gradient

¢ Sharp-edged delta configuration assuming ideal
gas chordwise velocity gradieat

¢ Sharp-edge delta configuration using a real gas
chordwise velocity gradient

ELL - (output) Laminar running length corrected for crossflow

ELT - (output) Turbulent running length corrected for crossflow

EL ~ (input) Ph .ical geometric runmning length input into MINIVER

ELMBDA - (input) Delta sweep angle

DSUBO - (input) Rectangle width

(ORMR =~ (input) Rectangle cormer radius

UE - (input) Velocity at the edge of the boundary layer
PE - (input) Pressure at tho edge of the boundary layer

87




R T R L A ST
R i B e E

U A

RHOE - (input) Density at the edge of the boundary layer
PU -~ (input) Pressure upstream of the previous shock (if no shock,
then freestream pressure)
ALPBA ~ (input) Surface effoctive angle-of-attack
UDOT ~ (output® Designates the nondimensional crossfjow,
stagnation-point, velocity gradient at a point on
the centerline (of the wing) as a ratio to the
velocity gradient at the stagnation point of a
sphere with a diameter equal to the planform width
(input) Velocity upstream of the previous shock (if mo shock
then free~stream Mach number)
XMACHU - (input) Mach number upstream of the previous shock (if no shock
then frecstream Mach number)

vU

Having entered CRSFLW, the first check that occurs is to determine if ALPHA
£ 0, if so then ELL = EL, If ALPHA ) 0, then the decision is made as to which
crossflow option should be used, If CFFLG = 1, the necessary program input is

v
CORNR and DSUBO, The routine then proceeds to compute the parameter Zi. .

If ;! < ]0’5 » then no crossflow is used. This indicate: the velocityngrn-
dient ois so small that crossflow is insignificant., If .xyv > 6 » then the
routine shifts to a simplificd calculation of ELL and ELT (tgis sitnation cor-
responding to the case of a very large velocity gradient).
If ]0-5 < ;! < G%hen the standard crossflow correction expressions rie u-ed
to compute Eti and ELT and then CRSFLW returns to MAIN, If CFFLG = 3, thez the
ideal gas crossflow correction for a sharp-edged delta is used tv compute ELL
and ELT. When CFFLG = 3, the only necessary input is the delca sweep angle,

ELMBDA,

If CFFLG = 2, then the crossflow correction for a constant width rectangle
using a real gas chordwise velocity gradient is used to compute ELL and ELT.
The tequired input are DSUBO and UDOT. If CFFLG = 4, then the crossflow correc-
tion for & sharp delta configuration using a real g§as chordwise velocity gra-

dient is employed to compute ELL and ELT the required inputs arc the delte s eep
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normal component of upstream Mach number XMACHU is less than one, If XMACHU ¢
1, then a subsonic technique is used to compute the crossflow correction, If
XMACHU 2 1, then a supersonic technique is used for crossflow correction,

However for CFFLG = 1 or 3, no distinction is made for XMACHU ¢ 1 and
IMACHU ) 1.,




Table 6.1
TRANSITION OPTIONS

Thare are currently eight transition options 1n the LANMIN code consisting

of the tollowing:

1.

Time Dependence: Laminar to Turbulent

t <t Laminar
t >ty Turbulent
t

A

t < tII Transitional

t-t, Percentage of Fully Turbulent Flow
ti-t

nsi

Time Dependence: Turbulent to Laminar
t

A

tI Turbulent

t > tII Laminar
t

A

t < tII Transitional
. tII“t

I1°"1
Reynolds Number Dependence

n Percentage of Fully Turbulent Flow

Rep = 20U R/u, for Swept Cylinders
Rex = peUeXIue for Plate Options
Re < Rey Laminar
Re > Reyy Turbulent
ReI < Re < Rey; Transitional

'Re-ReI Percentage of Fully Turbulent Flow
" ReRe
Compressible Momentum Reynolds Number Dependency
Reg = 0.664 [p¥iRe,

PeMe™L

Compressible Momentum Thickness
Reynolds Number

an

o et
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Table 6.1 (Cont, 1)

Re; < Regy  Laminar
*
Rey > Regll Turbulent ':
Reex <*Ree < k‘el! Transitional
Ree - ReeI Percentage of Fully Turbulent Flow

n-
Regrr - Regp

5. MDAC-E Transition Parameter

This transition option was developed by Masék and Kipp

b = Rey / [Ma(pgly/ug) ™)

V< Laminar
V2 ¥ Turbulent
V1 < ¥ < ¥y Transitional
V=¥ Percentage of Fully Turbulent Flow :
n&‘!
Yr-¥p 4

6. MDAC-i Transition Table Look-up Dependency

The built 1n tabular function of angle of attack from Masek and Kipp
was developed for conical flews. Transftion 1s based on the parameter
y from option 5.

a 10910 wTR ‘
0 1.0 |
3Q 1.0
gg }:?ggg Linear Interpolation
60 1.30103 s used

20 1.69897

Once the transition onset parameter, Yrpo 1s calculated, the transition
length 1s determined:

1.6

2 .4
(WTR" ) o) U
. e/ Yo He
LTR. 2.26

P*N*Ue's
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Table 6.1 (Cont. 2)

If a crossflow option has been flagged, the following procedure is used:
Since the transition parameter y was derived for complex shapes using
the laminar crossflow length in the calculation of Re®, 1t 15 necessary
to remove this correction factor so that the resultinf transition lenqgth
can be compared with the geametric length.

For crossflow options for rectanqular shapes the transition length 1s

For delta wings options the transition length is

Lrg = Blyge

When the Mangler transformation, T is used, the transition length 1s

bir = T b

Two methods for treating the extent of transition have been provided.
The first {is rather simple in that the fully turbulent length, LFT' is
a factor times the onset length

L

2 S R S

The second method defines the factor Ko in terms of the boundary layer
edge Reynolds number at the onset 1engI§, which is defined as

peuel'TR

Re
TE e

The table, which is built in, consists of

10970 Rey “Te
5. 5.64
6.518 2.
6.778 1.702 Linear Interpolation
7. 1.605 is used
7.301 1.535
10. 1.535
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Table 6.1 (Cont. 3)

The state of tlow 1s determined by

ber 2 Yy Laminar

ber 2 ber Turbulent

LTR = LLCF < LFT Transitional
ber - Lier

n = Percentage of Fully Turbulent Flow
Ler = g -

Since the transitfor criteria was developed for 2 conical shock flowfield,
some judgement nust be used in applying 1t to other situations.

7. NAR Transition Parameter

A criteria developed by North American Rockwell is based on edge Reynolds
number as a function of edge Mach number. The buiit in table is

&

10914 Reqp

5.30103 )
5.54407
2-3829‘ | Linear literpolation {s used
6.00 |

6.07912
0.25527 J

NN OMO,m

DNEWN) ~— O

Lir * Reqp ue/(peUe) Transition length

The transition extent is the same as for option 6. The state of flow
det-rminatici 1s based on LGeo rather than LLCF'

8. Compressible Reg/Me Dependency

p*u*  Re
Re* = (0,064 -
® Pe¥e L
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Table 6.1 (Cont. 4)

Rf = Reg /Me
Rf ¢ Rey Laminar
R¢ 2> RfIl Turbulent
ey < Rf < Rgpp Transitional
R¢ = R
n e M
Rerr - Rfl
Nomenclature
8 Cross Flow Parameter
L Length
I Mach Number
t Time
v Velocity
Lubscripts
D Diameter
e Edge
Geo Gecmetric
1 In1tial
11 Final
References

Percentage of Fully

Nominal Values

Re1

= 150

Rerp =N2 Ryl

Turbulent Flow
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Section 7.0

APPLICATION TECHNIQUES

The purpose of this section is to provide some guidance to the engineer in

applying

the LANMIN code in the prediction of heating conditions, In order to

help schieve this objective, several sapple cases are shownm, These cases con~

tain experimental wind tunnel data compared with different options availadle in

LANMIN. Based on these results and past experience with the code, 8 set of re-

commended options are given,

7.1 GENERAL APPLICATION

In order to achieve the best prediction method using the LANMIN code sever—

al key parameters nced to be examined.

1.
2.
3.

4.

Determine the shock option which establishes the boundary layer
edge entropy level,

Determine the geometric Manmgler transformation which gives the
appropriate running length adjustment for the givon geometry.
Determine the pressure option which best matches the surface
pressure,

Dotermine the heating method and associated Reynolds anslogy
factor which best fits the oxperimental heating data,

The shock option is usually seleoted by determining which option produces

the approzimate shock angle which processes the boundary layer flow. This is

usually established by using wind tunnel schlieren,

The Mangler transformation nsed in LANMIN is the geometric transformation

of the running length for a body into the equivalent length for a flat plate,

The mathematical relations which can be used for 8 compound geometry body which

is axisysmetric are &8 follows:
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where r is the radius of the body normal to the axis of symmetry and s i3 the
surface distance from the nose to the point of interest on the body. The
preceding equations can be numerically integrated for compound body shapes to

obtain the laminar and turbulent Mangler factor as & function of running length.

Selection of the pressure option and Reynolds anslogy facter for a problem
is based primarily on experience, In order to document some of this experience,
several sample cases will be examined. Figure 7.1 shows & comparison of wind
tunnel pressure data with the LANMIN tangent cone option and a method of cha~ac-
teristic (MOC) calculation, The data and theories are for the cylinder section
of the Space Shuttle externmal tank at zero amgle of attack, For this situation,
the tangent cone option does mot predict the data well, This option would also
correspond to the modified Newtonian pressure option, The MOC results do com-
pare well with data, Thus, results from a more exact theoretical method should

be used as input to LANMIN, where available, to establish the edge pressure,

Hoating results from LANMIN using both pressure options are sheva in Figure
7.2 using the best heating prediction method., The overpredictivn irerd of the
tangent cone optiom, shown inm Figure 7.1a, is translated iuto an over prediction
in heating as shown in Figure 7.2. Likewise, when the pressures from the more

accurate MOC solution are used, the heating is more accurately predictcd,

The Reynolds analogy factor effect is examined in Figure 7,3. The Colburn
auslogy factor is shown to overpredict the data and a unity Reynolds analogy
factor undespredicts the data, The von Karman anaslogy factor when used with the

Spalding~Chi heating method with accurate pressures provides the best comparison

with data. This trend is substantiated further dy the results given in Figuse
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7.4. The pressure at small to moderate angles of attack slong the windward
stzeamline is predicted well Ly both the tangent cone optiom and MOC solutioss.
Thus the heating data in Figure 7.4a compares well with calculations using both
pressure options. The theory and dats comparisons in Figure 7.4b and ¢ demon-

strate that the von Karman Reynolds analogy factor gives tho best prediction,

Results from the Spalding-Chi option using the von Karman Reynolds analogy
are shown in Figure 7.5 along with an independeat heating theory for a different
geometzry, Heating data for a sphere-come-cylinder (SRB) btody are showa. The
DIRLIN results are from an integral nonentt;n solution based on the work of Dis-

ling (Ref, 7). The two theories are in good agreement and compare well with

thb wind tunnel data.

Another application of the LANMIN code is shown in Figure 7.6. This case
is a sharp wedge at three angles of attack, Three-dimensional effects on the
wedge produced p:ounn; higher than the two-dimensional wedge pressure option,
By using the wedge shock entropy and inputting the measured pressures, the LAN-
NIN results compare well with data and results from an independent theozry of

Dirling (Ref. 7).

All preceding results and comparisons have been for turdu’ent flow. The
laminar method of Eckert in LANMIN is compared with wind tunnel dats i- Figuze
7.7. The tangent cons pressure o;tion was used for this calculation. Using
more precise pressures would have slightly lowered the predicted values in the
range 0,08 < X/L < 0,22 and slightly ipcreased the values in the range 0,22 ¢
X/L < 0,60,
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Other comparisons of data and theory have been presented in the tables of
g”' Section 5.0, These results along with other experience were used to determine s
| recommended sot of heating options, These options are given in Tuble 7.1,
7.2 GENERIC ORBITER APPLICATIONS
Hosting to s generic orbiter geometry can be calculated by s numerous com-
binstion of options for a specific location on the vehicle., The success inm ac-
curately predicting the heating to any given iocation is determined in large
part by the proper selection of options and the enginesring skill of the user.
A general approach is given herein for orbiter application, Specific geometsries

and flow situations may require modification of the guidelines given,

The approach taken follows the selection of the four key parameters given

3 in Section 7.1 as specifically applied to a generic orbiter shape, Figure 7.8

’i gives the selectod genmeric orbiter design methods in summary form., The approach
; taken was to select methods which would best represent measured data., If a

gj design conservatism is to be introduced, it should be introduced as a known con—

; stant multiplier, In order to demonstrate nnﬂ help explain the optinus seiect-
é od, s discussion is given of three of the principal areas on an orbliter,

f* Nose Resion

. The heating to the bottom centerlinme of an orbiter mose can be calculated

using the options in LANMIN by determining an effective sphere valuve. Thg ef-

fective sphere valuo is calculated with normsl shoock entropy. The heating

ficient is determined by

X h Ro h
% . ovr —F; Lees
. : 98

mothods of Lees and Detra-Hidalgo are used for laminar apd turbulent flow

A} respectively., Consider the laminar case as an example. The heat transfer coef-

Y e T e T

e m MM dm e m e e

i




where
ho is the Fay and Riddell value for radius Ro
£ is the local radius of the body
h/ho is the Lees distridbution ratio at the local body anmgle plus anjle
of attack
An exzample of this method being applied to a sphese~cone geomotry is given in
Fig. 7.9. The Lees distridbution value on the comne is oevaluated at
90 - 20 - 15 = 55 degrees, and the local radius, r, is a fuzction of azial loca-
tion., This rather simple method provides quite good agreement with the data

shown,

This method was slso applied to the nose region of am orbiter configuratioa
as shown im Fig. 7.10. The area of application was 0 { X/L < 0,05 on the ox~
biter bottom centerline where theory and data sgree for all threc angles of at-

tack.

Thus by inputting the body angle and local radius an effective sphere dis~
tridbution value is calculated which reprosents the nose region dottom center-
line. The effect of angle of attack is accounted for by the program calculating
an effective body angle,

Bottop Centerline Heating

In order to seloct a usable method for LANMIN for tho bottom centerline of
an orbiter, each compoment of the calculation must be considesed. The compari-
sons given in Flg, 7.10 for X/L > 0.05 are sample trials of different options,
At one angle of ettack, a given set of nptions may agree with dats dut not agree
with data at other angles of attack. This approach confounds the effects of the

different options in a set., Thus, final agreemant for ome case doee not assuro
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applicadility over a wide range of conditions,

Let us consider the shock shape which controls the boundary layer edge con-
ditions, Figure 7.11 presents s correlation of shock shapes first published for
dolts wing data by Dunavant (Ref., 14)., The generic orbiter data from four
sources wore added in the present study. Virtually a1l of the data agrees with
tangent cone shock theory for angles of attack from 10 to 45 degrees, Jost all

orbiters fly in this angle of attack range during the highest heating period.

‘Thus the shock option to be used is the tangent cone option,

Determining the coriect running length to use is the most complicated and
most critical decision to be made, The LANMIN code bhas cross-flow correction
options and Mangler transformations to assist in correcting the actual running
length to an equivalent running length.‘ For some geometries these running
length corrections can be quite accurate and easy to select. This is not the

case for gemeric orbiter geometsies,

Another approach is selected here based on the modification of enclier work
by Pond et al (Ref, 135). aninar heat transfer data are used to calculate-the
of foctive running length to the body location of interest. This procedure finds
the actual flat plate equivalent running length which is required for iaput iato
LANMIN, This effective running length is them used for flight prediction calcu-

lations. A sampic case is described to provide details of the approach.

®

Other analyses have developed complex streamline tracing methods which go-
quires an accurate and smooth pressure distribution input, These methods are
out bsyond the scope of the LANMIN approach,

100

> -
. e i e




A
T. o .. Ry B M A A SRR e S eI
A PR $ o L ST POt = " > .. ..
e e - A PO B : M

Pond et al (Ref. 15) tested the geometsry shown in Fig. 7.12 to obtain
heating data. The heating data were used with Eckerts heating method to calen-
late the equivalent running lengths shown in Fig, 7.13. For tbhis geometry it

is evident that the equivalent running lengths are & strong function of amgle of

attack and axisl location.

]b:k by Dunavant (Ref., 14) which was later amplified by Newmann and Ren-
froe (Ref. 16) deait with obtaining an outflow correction for the tuﬁntng
length, For hypersonic flow, this correction can simply de written as

Zs = X(tan s/tan a) (7.1)
where

Xs = oquivalent ruaning length

X = gotual running length

@ = angle of attack

s = 90 - sweep angle
By looking at the geometsry in Fig., 7.12 a single value to use for ¢ is not evi~
dent, However, by taking the data in RFig., 7.13 and using it in the preceding
oquation, & can bde calculated, The results are shown in Fig, 7.14, All of the
20, 30 and 40 degree angle of attaca data collapse to give an effective sweep
angle compiement as a function of asial location, The a = 10 dats is for an in-
flow condition and is thus not expected to correlate., The data for a = 55 exhi-~
bit a trend which is aot completely understcod and may bde due to lack of quality
paint data for the original heating data, Since the preceding relation does
collapse the data in the primary range of ihtoxoot. it can de used along with

l1imit’d wind tuncel data to developy equivalent running lengths for iaput,

To complete the explanation of the procedure, the equivalent running length
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data in Fig. 7.13 was used in LANMIN for a completely differcnt orbiter shape.
The sresults from LANMIN are compared in Fig. 7.15 with dats from a phase B or-
biter geometry., The compsrison is quite good snd significantly improved over 4
the comparisons made in Fig, 7.10, Note that the tangent wedge pressure option ' {
v was used. Unfortunately, pressure duts are aot available for comparison.
However, Mach number data on orbiter shapes are usually overpredicted when wedge
pressures are used. Thus, wedge pressures are most likely too low. This uwight
v, explain why the theoretical results are slightly lower than measured in Fig.

7.15.

e Thus far only laminar equivalent lengths and results have been discﬁ:scd.
The laminar heating rates are more semsitive to the equivalent length |
c /3 F' :
v (h ~ Xe / ) than turbulent heating rates (h ~ Xe* ). The laminar and turbulent .
equivalent lengths are different. For example on a cone the differences are: :i
B from Mangler zelations
x’t = X/2
‘Jﬁ : Thus an adjustment must be made to the laminar equivalent length to obtain :
Lt a turbulent equivalent length, Since nd dats were available for tarbulesnt
~§t§f equivalent lengths, the cone ratio was used
Xeo t 3X0L/ 2 i
to obtain input to LANMIN for the case shown ip Fig. 7.i6. Tle comparison of

data and thoory is quite good, Note that a 50% increase in the :nnnini longth

when used in turbnlent heating equations only reduces the heating by 8 percert, .

The procedure to use the equivalent running length approach i3 as follows:

‘,;7 (1) Obtain laminar wind tunnel data for the genmeric orbiter of interest,

'?EI i (2) Use LANMIN parametrically to gemerate laminar equivalent running lengths.
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(3) £ data are available, repeat step (1) and (2) o verify the lsminar to
tocrbulent transformation,

(4) If limited dats are available, use equetion 7,1 along with an effective s
based on the limited dsta to expand the angle of attack rapge.

(5) If no wind tunnel dats are available use Fig. 7.13 or closest geometry
equivalent length data (Note a set of plots/tables of equivalent lengths
for a set of goometries should be doveloped as a data base),

(6) Use the equivalent running length in LANMIN for flight applications along
with the same shock, pressure and heating rate options used to generate the
equivalent running leugths,

This metbod has been discussed in terms of the bottom centerline, However, it

has a muck Hzoader application, This method may be applied to any body location

which is not influenced by separation or shock interference,

Xing Leading Edge
The stagnation line of & wing is approximated well by swept cylinder theo-

ry. The shock lies parallel to the wing over a comsiderable portioa of the wing

as shown in the schlieren of Fig. 7.17. The 1s:ainar flow data apree well with
the correlation in LANMIN, A comparison for turbuleat flow of

Bookwith-Gallagher with data is given in Table §,6a.
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Table 7.1

RECOMMENDED METHODS

)
HEAT TRANSFER
GEOMETRY HEATING OPTION OPTION NUMBER
SPHERE Fay and Riddel 1

SPHERE DISTRIBUTION Laminar: Lees 8
Turbulent: Detra and Hidalgo

SWEPT CYLINDER Laminar: Correlation 6
Turbulent: Beckwith-Gallagher

CONE, WEDGE, Laminar: Eckert 4
OGIVE & ORBITER Turbulent: Spalding-Ch{ with
BOTTOM CENTERLINE Von Karman Reynolds Analogy
ORBITER LEESIDE Bertin and Goodrich 9 ‘f L
FLAP Bushnell and Wefnstetin 19
FIN INTERFERENCE Fivel n
ON PLATE
3
¢
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Laminar Equivalent Runniig Length To Body Length Ratio, X /L
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