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Abstract

The LOVEL computer program calculates the boundary-layer edge
conditions for subsonic and supersonic flow over flat-plate, wedge, and
cone geometries for freestream Mach conditions (M) < 3. Cold-wall
heat-transfer calculations use reference temperature correlations based
on boundary-layer edge Mach number to compute fluid properties. The
first part of this report describes the theory used in the computation of
the cold-wall heat-transfer rates; the second part describes in detail the
input/output format for the LOVEL computer program. Outputs in-
clude freestream conditions, boundary-layer edge conditions, cold-wall
heat-transfer rates, plots of heating rates, and punched-card output for
use in ablation and in-depth transient heat-conduction computer codes.
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Symbols

a Speed of sound (ft/sec)

Cs Skin friction coefficient

Hew Cold-wall enthalpy (Btu/lbm)

Hy Recovery enthalpy (Btu/lbm)

hg Local heat-transfer coefficient
(Btu/ft®-sec-°R)

JANAF Joint Army-Navy-Air Force thermochemi-
cal data system

K Hypersonic similarity parameter

k Thermal conductivity (Btu/ft-sec-°R)

M Mach numbei

r Prcasurc (atm)

Pr Prandtl number

q Heat transfer rate per unit area
(Btu/ ft?-sec)

Re Reynolds numbecr

St Stanton number

T Temperature (°R)

U Velocity (ft/sec)

Greek

8 Included wedge angle factor

v Ratio of specifid heats, vy = 1.4

) Wedge or cone half-angle (deg)

bs Wedge or cone shock angle (deg)

I Viscosity (Ibm/ft-sec)

A Momentum thickness (ft)

Subscripts

C Cone value

cw Cold-wall value: referenced to 536 °R

e Boundary layer outer edge conditions

f Flat-plate value

LAM  Laminar Flow

0 Initial estimate

] Arc location

TURB  Turbulent flow

w Conditions at the wall

wg Wedge value

' Axial location

1IN Conditions normal to and in front of shock

2N Conditions normal to and behind shock

o Freestream conditions

Superscripts A :

0 Corresponding incompressible value

*

Eckert’s reference conditions



LOVEL:

A Low-Velocity Aerodynamic
Heating Code for Flat-Plates,

Wedges, and Cones

Part I: Theory

Introduction

Computer programs to predict aerodynamic heat-
ing on reentry vehicles and rockets at Mg, > 2.0 and
altitudes less than 200 kft have been used at Sandia
National Laboratories in Albuquerque (SNLA) for
several years. Recently, however, there have been
numerous projects, such as reentry vehicle recovery
via parachute deployment, in which the aerodynamic
bodies experienced low-velocity heating or cooling
for relatively long periods of time. Previous heating
analyses of these bodies at M, < 2.0 involved the use
of simplificd hand calculations of the relevant heat-
transfer equations over a flat-plate.

The LOVEL program was written to obtain more

accurate predictions of aerodynamic heating for flat-
plates, wedges, and cones at M, << 3.0. This program
computes boundary-layer edge conditions, assuming
a perfect gas, and cold-wall heat transfer rates based
on a reference temperature. In addition'to computing
the cold-wall heat-transfer rates, program output in-
cludes the freestream conditions, plots of heating
rates, and punched card output for use in ablation

and in-depth transient heat conduction computer

codes.
The following presentation describes the theory
used in the computational procedure, the program

input format, and the various output options avail- -

able to the user. A listing of an input card deck and an
example of printed output are also presented. A
graph indicating the minimum supersonic Mach
numbers as a function of wedge or cone angle, for
which the governing equations are applicable, is
included in Appendix A.

Discussion of Program Theory

Subsonic Flow

To determine the local velocity profile over a flat-
plate or wedge in incompressible flow, one may use
the Falkner-Skan solution

Ufs) = U,s™ (1)
where the exponent, m, is determined from the rela-
tion

m — —— (2)

and 8 represents the included wedge angle factor
(Figure 1) through which the inviscid flow is turned.
8 may be defined by the wedge semivertex angle, 4.,
using the expression

_6w ) 3

ﬂ—%- (3)
/5 M

Uoo P [ Trﬂ
\

Figure 1. Streamlines for Potential Flow Described by Equation

(1)



For conical flow, potential theory states that
Uc(s) = Ugs” (4)

where U, represents the inviscid velocity at the sur-
face of a cone with semivertex angle, §., at zero angle
of attack. The relationship between the exponent n
and the semivertex angle, §., is not as simple as the
Falkner-Skan wedge flow relationship defined by Eq
(2). Tabulated values of n as a function of 8. are given
in Ref 1. For the small cone angles associated with
reentry vehicles (0°=<§,=<15°), n can be approximat-
ed by the linear expression

n =268 - 6§ x107 (5)

where 6, is in degrees. Note that for the angles of
interest, n is very small. Consequently, local condi-
tions are very nearly equal to freestream conditions.
For further discussion on the potential flow past a
cone of semivertex angle 8., consult Ref 2.

After determining the local velocity, the local
enthalpy is calculated by using the expression

(U% - UD) . (6)

H =
e = Ho + 55573 (Us

Similarly, the local temperaturé, pressure, and densi-
ty can be determined from

gl y-1 o, [/uy
LA R A V <) -1 7
G I

P _ U, \2
o)
@ . 2 _Uco
T,
= <T )771 (8)
i U\

LI FU Sl VO (R Y |
Poo 2 U, ’

Te 1
- (T 5 (9)

The local viscosity of air, as determined from the
Sutherland equation, is given as

3

(TE)BIZ

107 (10)
+ 198.6

= 7.30395
Me 3 T

e

whereby the local Reynolds number may be calculat-
ed from the expression :

eUes
Re, = L2 ' (11)
e

Once the edge conditions have been properly

“evaluated, the local heat-transfer rate can be comput-

ed. It is important to note that at the moderate flight
velocities considered in this analysis, aerodynamic
heating is low. Yet, temperature gradients do exist
across the boundary layer and as a result, significant
density chariges may also occur across the boundary
layer. The assumption of an incompressible bound-
ary layer is less valid for moderate velocities (M., <
3.0) than it is for high velocities. The reason is that at
hypersonic velocities, higher temperalures exist, yet
lower gradients appear within the boundary layer;
hence, the gas becomes “stiffer” and acts more like an
incompressible fluid. As a result, to obtain engineer-
ing accuracy in the heat-transfer calculations, all
fluid properties were evaluated at a reference tem-
perature.
For a laminar boundary layer, the recovery en-

thalpy is defined as
H H Pr* 1/2 Uz

» = H, + (Pr") 50,073 (12)

and for a turbulent boundary layer

172
H, = H, + (Pr)B —= : (13)
¢ 50,073

where Pr* = u* C /k*. Appendix B describes the
transition criterion used in this analysis. Using the
empirical correlation of Eckeri,! the reference lem-
perature for laminar flow is given by

T*
T

T.,
= 0.5 + 039 M2 + 05 R (14)

e e

and the corresponding expression for turbulent flow!
is

TT— = 05 + 0.023 M* + 05

e

-~

ﬁ . (15)

Table 1 gives the specific heat and thermal conductiv-
ity as a function of temperature.® These parameters
can be used to compute the value of the reference
Prandtl number.



Table 1. Properties of Dry Air at Atmospheric
Pressure
. Thermal

Temperature Specific Heat* Conductivity**

(°R) " (ft-1b/slug-°R) " (ft-1b/ft-hr-°R)

450 6012.3 10.013

522 6015.7 11.45

540 6017.8 11.80

576 6023.3 12.49

612 6030.7 13.17

648 6039.9 13.84

684 6051.5 14.49

720 6064.8 15.13

774 6088.5 16.08

810 6106.7 16.68

846 6126.6 17.29

882 6147.9 17.88

900 6159.1 ©. 1817

936 6182.6 -18.75

990 6220.2 ©19.59

*Multiply tabulated values of C, by 3.9942 x 10° to
obtain Btu/lbm-°R.
**Multiply tabulated values of k by 3.5697 x 107 to
obtain Btu/ft-sec-°R. :

~ To deduce the cold-wall heat-transfer characteris-
tics, flat-plate theory will be imposed. According to
Ref 5, the heat flow at the wall is given by

‘—h‘(H H,) (16)
q_E-_ r w

P

where h, represents the local heat-transfer coefficient
at station s. Employing the definition of Stanton
number,

. hS
Sty = —+ 17)
p*U.C,
where
* . ' (18)
p - pe T,,. ’ I

experimental research indicates that

C .
St, = 3‘ (Pr*)?? . (19)

&

The skin friction coefficient in Eq (19) for incom-
pressible laminar flow is expressible as

CPiam = 0.664 (Re)) ™2 . (20)

Similarly for turbulent flow, the applicable skin fric-
tion coefficient relationship is

CP)rums = 0.0578 (Rel)™S . (21)

After some simple substititions, the laminar and
turbulent Stanton numbers can be shown to equal

St)am = 0.332:(Pr*)?? (Re;)™""? (22)
and

St;)TURB = 0.0289 (Re;)'”f’ (Pr')‘2/3 ) 23)
From Eq (17), it follows that

h, = p *UeC;St;

. from which Eq (16) can be rewritten as

ch = p*UeSt; (Hr - Hw) ’ (24)

where the expression given by Eq (24) is applicable
for either laminar or turbulent flow, the only differ-
ence being in the defining equations for St; and H,.

Eq (24) can be rearranged so that

*

*US .
P = sp(H, - H,) & ; (25)
&

ch=~. *

hence, for laminar flow, the heat transfer rate per
unit area is

4o = 0.332 (R (Pry™ (H, - H,) 2o (26)
s

and for turl:)ulent flow

*
Qdrows = 0.0289 (Re)** (Pr*)? (H, - H,) “T . (27)

Note that Eqgs (26) and (27) apply for flow over a
flat-plate or wedge. For conical flow, it can be shown
by use of Mangler’s transformation that the local
cone skin-friction coefficient is related to the flat-
plate skin-friction.coefficient by the relation



C[)c = \/3 Cl)f ‘ ' ' A . (28)

LAM LAM -

if the local Reynolds numbers are equal. Note that Eq
(28) is applicable only for laminar flow over the cone.
For turbulent flow over the cone, the skin friction
coefficients are related by

C)e =117 C), . B @9

TURB TURB

Consequently, in order to determine the heat transfer
rate over the surface of a cone, Eq.(26) should be
multiplied by the factor \/E,Aif the flow is laminar, or
Eq (27) should be multiplied by the factor 1.17 for
turbulent flow. Note that this should be done for
both subsonic and supersonic flight regimes.

Supersonic Flow

For supersonic flow in the range 3 > M, > 1, the ~

following procedure was used to determine the con-

ditions behind the shock of a sharp cone, wedge, or
flat-plate at zero angle of attack. It is important to
realize that before the boundary- layer edge condi- -

tions are calculated, the shock- angle, 6, must be

determined. Over a flat-plate, the shock angle is,

equal to the Mach Line, which is given by

0., = sin™ 1 . ' . . (30)

In the case of wedge flow in a perfect gas, the

relationship between the deflection angle and the -

shock angle is described by

R L
2 (M2, sin%, - 1)

6 M2, ] : ‘
-1 S @

cot (3,,,) = tan(d,) [

= tan(f,
an{ )[S(M;sinzos-l)

where 0,,; is known and 'y = "1.4. To determine the
correct shock angle, Eq (31) is iterated upon until
O - 67 <« 6

where the superscripts refer to the n+1 and the n*

iterative value of the shock angle, and ¢ refers to some
error criteria (usually less than 10-%). For rapid con--

vergence, a Newton-Raphson iterative scheme was

applied to Eq (31). Appendix C outlines the proce-

dure used in the convergence scheme.

10

A , ‘
 The dependence of shock wave angle on cone
semivertex angle at various freestream Mach num-

. bers is given for conical flow in Ref 6. It is apparent

for low Mach numbers and for cone semivertex an-
gles less than 7° that the shock-wave angle is nearly
independent of the semivertex angle. Reference 5
uses a hypersonic similarity parameter to give an
‘equation for the shock angle as a function of frees-
tream Mach number and cone angle. This equation is
given by '

, 1/2
M_sin 6, = (1 prtl Ki) , (33)

where K, represents the aforementioned hypersonic
similarity parameter defined as

K, = M_sin (3,) . (34)
Note that in the use of the similarity parameter, there
is no.restriction on the cone angle or freestream Mach

number except that

Ki=<é6

“and

M, > 1.0. (35)

- For wedgecs or flat-plates, once the shock angle, 6,
is computed, determination of the normal Mach

" numbers ahead of and behind the shock are easdy

calculated by using the following relations

M;x = M,, sin 6, (36)

and ‘

M2, =. (v - DMy + 2 _ Ml + 5 (37)
U2y My - (v - 1) 7MLy -1

from which the local conditions behind the shock are
given by

P, 29M23, - (v -1 M3, -1

Je _ YN (v ) — IN ' (38)
P y + 1 6

Pe (v + DMiy 6Miy (39)
P (v - 1)M%N +2 M%N +5

Te I:’e P (7M§N - 1) (MfN + 5)

- = = > . (40)
T, P, p. 36Miy



Recalling that

a, = RT, = 49.02 /T, - ' (41)
where the velocity of sound is in units of feet per
second and T, is in degrees Rankine, the normal
velocity behind the shock is given by
Un = My - a, (42)
and the tangential velocity is
Uy = a M, cos 6,

= U, cos 6 . (43)
Consequently, the total velocity is expressible as

U, = \/UgN + U;T : . (44)

The local enthalpy can now be determined from

H, + H_ + % (U - 1Y) (45)

where it folllows that the recovery enthalpy is given
by Eq (12) or (13), depending upon whether or not
the flow is laminar or turbulent.

Note that Eqs (38), (39), and (40) are applicable for
flat-plate or wedge flow only. In the case of conical
flow, the pressure and enthalpy on the cone surface
can be approximated by

x

P, ‘
) = 1.993 (K)"* +.1.302 (46)

" ,
He) = 0.240 (K)"” + 1.119 , (47)

©

and the surface velocity can then be calculated from

U, \? - H,
Uoo (’Y - l)Mgo 2 Hco

5 (1 4 M, H, (48)
M 5  H,
fory = 1.4.

The cone edge temperature is determined from an
iteration of the following

T ). = H./C, (T?) (49)

and the edge density is given by

Pe P, T,

) = f) .= (50)
prJ < Poo c TE [

Finally, the cone edge Mach number is computed
from

U, R
.02 (O 1

U,
Mc = —_— =
ae

and all of the local properties have now been evaluat-
ed. Depending upon whether the flow is laminar or
turbulent, a reference temperature is calculated
through the use of Eq (14) or (15). As a result, u*, Pr*,
Re*, C,*, and all other temperature dependent quan-
tities can be determined. Note that Eqs (26) and (27)
for the heat-transfer rate are just as applicable for
supersonic flow as they were for subsonic flow.

Application

The evaluation of a computer program requires
that the results obtained compare favorably to exist-
ing computer codes which were developed for the
same or similar purposes. In all cases, the computer
program must accurately predict the physical phe-
nomena it was intended to model. Consequently,
verification of computer predictions through experi-
mental data is expected whenever possible.

Investigation of the LOVEL code for accuracy
involved two distinct phases. The first phase in-
volved a comparison between LOVEL and BLUNTY,”
using the same vehicle trajectory. The second phase
involved comparing LOVEL with actual flight test
results. To accomplish both objectives, data were
obtained from a previously flown test trajectory of a
Standard missile. Particular interest was given to two
stations on the cylindrical portion of the vehicle far
enough away from the nosetip to eliminate bluntness
effects. For the test trajectory flown, freestream Mach
numbers ranged from 0.0 to 5.0; and although LOVEL
was intended for M, < 3.0, the Mach numbers were
considered low enough for the purpose of this com-
parison.

Program BLUNTY, currently used at Sandia Na-
tional Laboratories, is a procedure developed for
computing aerodynamic heating on sphere cones at
zero angle of attack. BLUNTY calculations have been
compared with actual flight data and show excellent
agreement for My, > 2.0. For this comparative analy-
sis, the flat-plate option of the LOVEL heating code

11



was chosen to calculate the boundary-layer edge con-
ditions. Figures 2 and 3 show the difference between
heating rate, edge pressure, recovery enthalpy, and
heat transfer coefficient as predicted by LOVEL and
BLUNTY for two different arc locations. Notice that
LOVEL closely approaches the values predicted by
BLUNTY for the quantities considered. Predicted
heating rates differ by less then 6.0% at the front
station for the entire trajectory and show a maximum
difference of 17.0% at the aft station. These differ-
ences are due, in part, to the fact that BLUNTY

40 300

LOVEL
—= =~ ==~ BLUNTY

8

KEATING PATE (Bruftr?-8rc)
N
3

80 120 160
TIME (30c)} TWE (vec)

T tsat T rase) 4
Figure 2. Heating Rate, Edge Pressure, Recovery Enthalpy, and

Heat Transfer Coefficient Comparison of LOVEL and BLUNTY at
the 37.1-In. Station

0 !—

4 LOVEL
H ——e LN Y
:

&

HEATING RATE (BawhP-sec)
3

40

120 180 a «0 120 160

80 80
TIME (sac) TIME (aem)

Figure 3. Heating Rate, Edge Pressure, Recovery Enthalpy, and
Heat Transfer Coefficient Comparison of LOVEL and BLUNTY at
the 66.6-In. Station
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accounts for real gas effects (e.g., dissociation and
changes in entropy through the shock), whereas LO-
VEL does not. Finally, Figure 4 shows the predictive
capabilities of both programs when compared to pre-
liminary flight test data for the peak heating portion
of the trajectory. Execution time for running
BLUNTY was approximately 250 sec as compared to
25 sec for LOVEL. It is evident that the LOVEL
aerodynamic heating code should significantly im-
prove current prediction capabilities in the low-ve-
locity flight regime.

40'0 T T LA L L) L] ' T T 1 ¢ T 71 L} T T I TT T 1 rr 1T T T
r —— LOVEL ]
S L - ==~ BLUNTY ]
3 300 |- ——— FLIGHT TEST DATA |

1
o~ I~ _
E ~ -
2 - J
e - 1
W 200 —
< o 4
o - <
(<] { .
g [ ]
a 100 \"\s\\ —
b4 - -~ -
0.0 7 A I S AT A IH
0.0 100 : 200 . 300

TIME (so¢)

Figure 4. Heating Rate Comparison Between LOVEL, BLUNTY,
and Flight Test Data ’

To ascertain the effects of vehicle geometry on the
heating rate, separate runs were completed using the
flat-plate, wedge, and cone geometry options avail-
ahle to the user. A 10-deg half-angle was used for the
wedge and cone geometries. Figure 5 shows the
results of the study. Given the same flight conditions
and arc location, calculations indicate similar heat
transfer rates for the wedge and cone geometries.
This result occurs even though boundary-layer edge
conditions differ. As expected, flat-plate heat transfer
rates are considerably less than the corresponding
wedge and conical flow values.

suy T L L L S N W | T=—""T

O FLAT-PLATE HEAT TRANSFER |

3 © WEDGE FLOW HEAT TRANSFER
§ 4 CONICAL FLOW HEAT TRANSFER
o 600 | -
=
g _
¢ L .
£ 400
[+ 4
© | i
Z
-
<
¥ 200 =

0.0 1 Ykl VY f——:—m:ﬁ o= | 4

0.0 400 80.0 120.0 160.0

TIME (sec)
Figure 5. Effects of Vehicle Geometry on Heat Transfer Rate



Conclusion

Using reference temperature correlations based
on boundary-layer edge Mach number to compute
fluid properties, the LOVEL aerodynamic heating
code predicts coldwall heat transfer rates for flat-
plate, wedge, and cone geometries, A comparison
between BLUNTY and LOVEL indicates that the lat-
ter accurately predicts coldwall heat:- transfer rates on
a vehicle surface which is far removed from the

nosetip, thus eliminating the effects of bluntness -
(e.g., on the conical portion of a reentry vehicle). For . '
the particular test cases run, it was discovered that .-
LOVEL reduced the computational time by a factor of
10 as opposed to BLUNTY for predlctmg boundary

layer edge conditions and heat fransfer rates. Finally,
the results of the present analysis reveal that LOVEL
compares favorably with preliminary flight test heat
transfer data. '

13-14



Part II: A User’s Manual for the
LOVEL Program

This part of the report summarizes the input
requirements of the LOVEL program, provides spe-
cific instructions for program operation, and pro-
vides an explanation of the output.

Program Input

The input to the LOVEL program has seven card
sets. Five of the card sets must be present for each run
to execute properly. The sixth card set of the program
is required if the user wishes to input his own transi-
tion time. The seventh card set is required if plots are
desired and the user wishes to input his own limits.

Card Set 1 - Problem Identification and
Page Heading

The user must supply three title cards. All 80
columns of the first two cards, and the first 10 col-
umns of the third card are used to title the first page
of output. The information in columns 1 through 10
on the third card is used to title subsequent output
pages. Any alphanumeric information may be input.

Cards 1-3

Card Fortran

Cols Format Symbol Description

1-8 8A10 TITLE1 Problem identification
1-80 8A10 TITLE2 '~ Problem identification
1-80 Al10 VCN Title

Card Set 2 - Body Geometry and Transition
Criteria

The first card is required to input certain general
parameters concerning the body geometry and to flag
optional exlras.

Card 1
Card Fortran
Cols Format  Symbol Description
1-5 15 N=20 Flat-plate
=1 Wedge
=2 Sharp cone
=3 Sphere cone (not cusrrently
used)

Card 1 (cont)

Card Fortran
Cols Format Symbol Description
6-15 E10.4 DEL = 0.0 Flat-plate
= 8y Wedge half-angle
= & Cone semivertex angle (deg.)
16-20 I5 NTAU = 1 Number of times in trajectory
= 30
21-25 15 IGEO =1 Number of stations along
body =< 15
26-30 I5 NSX = 0 Stations are axial locations
=1 Stations are arc locations
31-35 IS5 Transition criteria based on:
ITRAN = 0 Re,q
=1 Re,q (not currently used)
= 2 Time
36-40 IS Do you wish to input your

own transition criterion
IFLG1 = 0 No
=1 Yes

41-50 E10.4 TRNSTN < 0.0 Flow initially turbulent and
becomes laminar at Re =
|TRNSTN|

= 0.0 Flow remains turbulent
throughout trajectory
> 0.0 Flow initially laminar and be-
comes turbulent at Re =
TRNSTN
= 99E + 15 Flow remains
throughout trajectory

laminar

R1-AN Fi0.4 RN Sphere cone nose radius (in.)

(used only when N = 3)

Card Set 3 - Output Format

This card set designates the printout options for
output and requests plots of heating rates.

Card Fortran

Cols Format  Symbol Description

1-5 I5 IFLG6 = 0  For each station, print

edge conditions for entire

trajectory

=1 For each time in the
trajectory, print edge

conditions for all stations

6-10 . Do you want plots?
15  IFLG7 No
Yes

n
— O
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(cont)

Card Fortran

Cols Format  Symbol Description

11-15 I5 Do you want punched
card output?
No

Yes

Number of card pairs in
card 7. Applicable only
when IFLG7 = 1. Either
a single curve or
multiple curves can be
plotted on the same

plot page. See card

set 7 for explanation

of plotting specifications.

IFLG8

([l
]

16-20 15 NPLOT

Card Set 4 - Boundary Layer Edge and
Freestream Conditions

Program LOVEL reads two cards for each time in
the trajectory. The first card of this set contains the
boundaryv-layer edge conditions and is ignored. The
second card contains the freestream conditions.
These cards can be obtained from the BLUNTY pro-
gram. A maximum of 30 times is allowed in this set.

Card 1 - Boundary-Layer Edge Conditions

Card Fortran
Cols Format Symbol Description Units
1-2 A2 12 12 = -1 on last card of

set
3-10 F8.3 TIME Time sec
11-20  E104  HR Recovery enthalpy Btu/lbm

(JANAF)
21-30 E104 TE Edge temperature °R
31-40 E104 PE Edge pressure psia
41-50 E104 RHOE Edge density lbm/ft3
51-60 E104 UE Edge velocity ft/sec
61-70 E104 ME Edge Mach number :
71-79 A9 ITIL BLUNTY title
80 Al ICON = L Laminar flow

= T  Turbulent flow

Card 2 - Freestream Conditions
Card Fortran
Col§ Format Symbol Description Units
1-10 F10.4 TIME Time (sec) )
11-20 F10.2 U8 Freestream velocity (ft/sec)

21-30  F10.5 T8
31-40 E104 P8
41-50 E10.4 RHOS8 Freestream density

51-60 F10.2 H8 Freestream enthalpy
61-70 E10.4 MU8  Freestream viscosity
71-80 F10.6 M8 Freestream Mach number

Freestream temperature (°R)
Freestream pressure (psia)
(Ibm/ft%)
(Btu/lbm)
(Ilbm/ft-sec)

16

Card Set 5 - Heating Locations

Heating locations are either axial (NSX = 0) or arc
(NSX = 1) distances. A maximum of 15 station loca-
tions are allowed in this set.

Card Fortran
Cols Format Symbol Description Units
1-80 8F10.5 XorS$S Heating locations (in.)

Card Set 6 - Time of Transntlon and
Relaminarization

This card should be used only when ITRAN = 2.
When this option is chosen, the user should input a
transition or relaminarization time.

Card Fortran
Cols Format Symbol Description Units
1-10  F10.5 TRNTIM Time of transition (sec)

or relaminarization

Card Set 7 - Plot Limits Card

This card set contains limits for heat-transfer rate
plots and is required only when IFLG7 = 1. There
must be two cards for each plot page desired. The first
card determines the limits on the axes of the graph.
The second card defines the initial and final station
numbers, as determined from the heating location
input list, for which curves are to be plotted on the
graph. A maximum of five stations per graph is
allowed. Repeat cards 1 and 2 for each additional
graph desired.

Card 1 - Axes Limits for Graph

Card Fortran

Cols Format Symbol Description Units

1-10 F10.1 XMIN Minimum time; sec
usually 0.0

11-20 F10.1 XMAX Maximum time sec

21-30 F10.1 YMIN Minimum heat-transfer  Btu/ft2-sec
rate usually 0.0

31-40 Fl10.1 YMAX Maximum heat-transfer  Btu/ft?-sec
rate

Card 2 - Station Numbers To Be Plotted on Graph

Card Fortran
Cols Format Symbol Description

1-5 I5 INIT Initial station number on

graph
NOTE: INIT < IFINL



Vi

Card 2 - (cont).

Card Fortran

Cols Format Symbol Deséription

6-10 I5 IFINL Final station number on
graph
NOTE: IFINL - INIT < 4.
For single curve per
graph
INIT = IFINL

Punched Card Output

The punched-card output contains heatmg pa-
rameters at each station which can be used as input

for the CMA and ASTHMA ablation and heat con-.
duction programs. This option is used only when

IFLG8 =

Card Fortran ) .

Cols Format Symbol Description Units
1-2 A2 LST -1, flag on last card for

each heating location
3-10 F8.3 TIME Time - sec -
Btu/lbm

11-20 E104 HR Recovery enthalpy
: (JANAF)
21-30 BLANK BLANK Not used . . ]
31-40 F104 CH Heat transfer ibm /ft?-sec
coefficient - )

41-50 E10.4 PE Local boundary-layer atm
edge pressure ' )
Local boundary-layer  ft-/sec
edge velocity ’
Identification marker
from third title card
71 BLANK BLANK Not used
72-79 F8.3 STN Station location in.
80 Al IFLG3 = L Laminar heating’
=T Turbulent heating
= S Stagnation - point
heating (not currently
used)

51-60 E10.4 UE

61-70 A1l0 VCN

Output

The first page of output from the program consists
of heading information and a playback of data and
options which were supplied to the program as input
(Figure 6). The second page of output (Figure 7) lists
the freestream conditions as input by the user. Subse-
quent pages of output list the computed boundary-
layer edge conditions and heat transfer rates. De-
pending upon the option chosen, output is printed
either at all times for each station location or at all
stations for each time in the trajectory. Figure 8 shows
output obtained using the first option. When
punched cards are desired, a listing of the punched

-deck follows the boundary-layer edge conditions
- (Figure 9). Figure 10 is an example of the type of plot

obtainable when requested by the user.

Concluding Remarks
" This report has presented the equations, operat-

' ing procedure, and details of the LOVEL aerodynam-

ic heating program. This program is currently opera-

“tional on the CDC 7600 computer at SNLA. The

control cards to execute the program are listed in
Appendix D. Several modifications and improve-
ments are being made to the program to make it more

-accurate. These subjects will be discussed in future

reports on the LOVEL program. The program source

.deck is available from the author upon request.

_LOH VELOCITY MEAT TRANSFER CD)Z

WRITTIN BY

(LOVEL)

Ae Le THORNTON

DIV 5633 :
SANDIA NATIONAL LABORATORIES

ALBUQUERAQUE Y

NEU MEXICO

COMPUTES THE Bil. T3GE LUNULILUNS FUK SUBSUNIC AND SUPERSONIC FLOW
OVER A FLAT PLATEy WIDSEy OR SHARP CONT (0 oLE. MACH NOs oLEe 3)o .

COLD-WALL HEAT TRANSFER CALCULATION USES REFERENCE TEMPERATURE TO CIMPUTE FLUID
PROPERTIESs PERFORMS CALCULATION OF LOCAL RECOVERY ENTHALPY AND STANTON NUMBEFR FOR
LARINAR ANUZUY TUHBULINT FLOW AT DESIGNATED STATIONS (TRANSITION--OPTIONAL).

Ly e R e Rt e L R A R Ry L N R R R A R e e )

THORNTON 05-12-81 LOVEL
THE FOLLOWING RUN IS FOR VEHICLE °®TEST®
*TEST®

T R R R R L R e R L Ty

THE FOLLOWTNG ANALYSTS IS FOR WEDGE FLOW AT ZERO ANSLE OF ATTACK VITH WEDBE HALF-AVBLE EQUAL TO 10,000 DEGREES.

HFAT TRANSFFR (81 CHLATIONS WERE MADL AT THE FOLLOWINC ARC LOCATION3

99109
TRANSITION CRITERIA BASED ON AN ARC LENGTH4 REYNOLOS NUMBER
TRANSITION REYNOLDS NUMBER = ,1000E+08B

Figure 6. Heading Information and Summary of Input Variables
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TINE

(SEC)

Oe
«400Z+01
«500E+01
«600E«01
«640Z+01
«660Z+01
«T00E+0L
«B800E+01
=100Z+02
»120E+02
«150E+02
«175E+02
«2002+02
©350Z+02
«400E+02
«4502+02
+480E£+02
«5102+02
«550E¢02
«650Z+02
« 700202
« 7S0E+02
«B800E+02
«900E+02
¢9502+02
«110E+03
«120Z+03
«130E+03
«l40E+03
21512403

VEL

(FT/SEC)

«300E+04
«250E¢ 08
«316E+04
«3B6E*04
«411E+04
ed11Ee DA
«A40SE* 04
«392€+04
«3TBE+04
«368E+04
«361E+ 04
+362E+04
«363E+04
«415E+Ds
*441E+ 04
«dTLE+0QA
«489E+ 04
«S00E<*04
e498E+04
«492E+04
=489E+08
«48SE« 04
«46TE+ 04
e 449E 0N
«407E*04
«359E+04
«317E+04
«259E+04
«189E+04
«1434E+ 04

TENMPERATURE

(0EG R)

+321E¢03
«SLGE+D3
«SDIE+03
«499E+03
»433E003
+431E+D3
«837E403
+433E03
+453E+03
*431E+03
+402E¢03
«379£+03
+3STE603
«393E+03
«8D1E+03
«40TEe03
«810E+03
«#12E+03
«AL3E+03
+413E+03
+4L1ESD3
«408E+03
+404F+03
+330ED3
+384E+03
«362E+03
«373E+D3
+436E¢03
+ATBE®DS
#527E+03

*se FREESTREAM CONDITIONSaesé

2RISSURE

arm

»130E-05
+762E+00
»T0LE+00
+63LE«QD
+SOLESOD
+586E+00
+562E+00

«S3TE~00.

«383E+00
+303E+00
»216E+00
s 162E+00
+121E+0D
+299E-01
+219E-01
+173£-01
s 1STE-01
»s146E-01
+139E~-01L
+ 140E-01
+1S0E-01
+ 165E-01
+197E-01
» 341E-01
+8418E=-01
«B6B8TE-D1
+143E+00
*»321E¢00
+512E+00
+8360E+00

Figure 7. Freestream Conditions Used As Input

TIME

(SECS)

0,000
4,000
S«000
6.000
6400
6+600
7.000
8.000
104000
12,000
154000
17.500
20,000
35.000
40,000
45.000
48000
51.000
55,000
65,000
70.000
75,000
804000
90.000.
95,000
110.000
120.000
130,000
140.000

UEDGE

(FT/SEC)

«282E+04
«226E+04
e293E+04
»363E+04
«388E+098
«388E+04
«382E+04
0 IT0E+OS
«356E+04
e3ATE«DA
«340E+04
»JA2E+04
«343E+04
«39SE+04
«420E+04
+A49E+ 0
«d6TE+04
«84T9E+04
+476E+04
«AT0E+OS
«46TE+ 0N
s 463E+04
e 446E*04
«428E+00
«386E+04
¢ I39E+04
2297E+04
»237E+04
e l63E+08

TEDGE

(DE6 R)

«410E03
+612E+03
«627E03
«641E+03
+646E+03
«643E03
«636E+03
. e626E+D3
+SB6E+03
«S57€¢03
+522E+03
«4965403
«84T2E¢03
+5322¢03
*552E¢03
«S71E+03
«581Z¢03
«388E¢03
«SBAE+03
+586E03
«5825+03
«STBE+03
*565E£+03
+582E¢03

«318Ee03

«ATEE+03
e4T3E+03
«5255+03
«5552¢03

MEDGE OR CONE ANGLE EXCEEDS

DENSITY VISCOSITY
(LBN/FTI) {LAN/FT-SEC)
+159E-06 +B11E~05
«5842-01 +120E-04
*544c-01 » 119E-04
«S00E-01 +117E-04
«4812=01 » 1L6E~-04
«412E-01 + 116E=-04
+4S6E=01 +115E-04
«440E-01 . +114E=-04
«3402-01 +108E~-04
«278£-01 . « 104E=-D4
*212E~01 +983E-05
“e169E~01 + 336E- 05
*134£-01 »830E-05
«301E-02 *964E=-105
«216E~02 »981E-05
« 168502 «993E-05
+151£-02 +998E~-05
‘e 140E~02 +100E-0¢
» 133E-02 » 100E~D4
«134E-02 +» LODE-08
*144£-02 +100E-04
«160E-02 +995E=8S
«193E~02 »986E=0S
©346£=02 +957E-05
«431E-02 » 945E=05
+¥512-02 +899E-05
«158£-01 »922E=05
«291E~01 «105E-04
«423E-01 +113E-0%
«645£-01 «122E-04

LR NN A R B A A N AR L R I R R B N

RESULTS AT OFATION LOCATION = .4921E£-02

PEDGE IHO0EDGE

(ATH) (LBM/FTY)
¢298E-05 «278E-06
«135E+01 +»87SE~01
s140£e01L +BA3E-0L
«143E01L +BB5SE-01
o144E<01 +879E-01
+140E+DL »863E-01
s134C001 «B31E£-01
+125€+01 » 790E-01
«902€+00 *5609E-D1
oJOLE<DD s 497E-01
«506E¢00 «383E-01
«38BE0D »309€-01
«293E+00 »250E-01
«T90E=01 «587€~-02
+602E-01 o 431E-02
«501E-01 »34TE-02
-+8463E~0L «318E-02
+444E-01 *299€-02
«420E=01 2282E-~02
v417E~01 »282E-02
s 845E-0L «303€~02
«¥33E-01 » 334E-02
«563E-01 «397E-02
«965E-01 o« T04E~-02
«110E+0D +336E-02
¢167E+00 +139€-01
«325E000 »272E-01
«60LE«DD s 452E-01
«847E0D +604E~01

MUEDGE

(LBM/FT-SEC)

«995£-05
«136E-04
«139E-04
el41E-04
«142E-04
»141E-04
«140E-04
«139E =04
o 132E~04
«127E-04
«121E-00
«116E-D4
o 112E-00
+ 123204
«126E-04
«129E-~04
«131E-04¢
ol132E~0%
*132E-D4
«132E-04
¢1315-D¢
*131E-04
«128E-04
«L28L-0%
«120E-00
o112E=D4
«112E-D4
«121E-04
«127E-0 4

HE

(BTU/LBM)
CJARAF )

~e302E402
e186€¢02
«222E002
«255E¢02
v26TE+02
e261E¢02
e244E+02
e219E+02
«123E+02
«S48E«0D1
~e299E¢01
~s924E+D]
=e151E+02
=eS598E+00
«406E+01
eB62E*0D1
«l11E¢02
w127k 402
e 129E+02

e122E¢02.

«114E¢02
+103E+02
«733Ee01
o186S5E¢01
~a404E+01
~s142E+02
~o183L4D2
~e223E+01
oA T9E+01

ENTHALPY

CBTU/LBN)

» TT4E+02
e 124E+03
«123€+03
e 120E+03
+119E¢03
«118E+03
s 117E+03
e116£¢03
+109E+03
» 108E403
«JEIE02
+913E002
v861E+02
¢ 9ATE 02
*966E+02
«381E+02
e FETE+02
e 951E+02
»995E402
*994E+02
e 990E+02
»984E02
«973Ee02
'« 929E 02
o928 +02
«8 J12E+02
e 85T7E+02
«105E+03
+115E+03
‘e 12TE+03

QaDovy

(BTU/FT2~SEC)

«168E=-02
0236E+02
e 418E+02
e 650E+02
«T41E+02
o 7124E¢02
«6T73E«02
+594E+02
+A08E+D2
«306E+02
«216E+02
e 171E+02
«135E+02
«T82E+00
¢ TI9TE <00
«8S6E«00
«S0SE+00
eYIIES0D
«89TE+00
« 869E+00
« 885SE+00
+907E <00
«892E+00
«104E~01
¢ T94E+01
«820E+01
e 1UDL UL
«113E+02
«ETL1E*01

MACH

«341E+01
«224E+01
»28SE+01
©352E+01
«3T7E+01
«377E+02
«3T4E+01
«363E+01
*362E+01
«361E401
*366E+0L
«378E+01
e391E+01
«827E+01
e 448E+01
«475SE+01
«492E+01
»502E+01
«499E+01
«493E+01
*491E+01
«489E+01
«4T73E+01
«463E+01
«423E+01
«384E+01
«334E+01
©252E+01
e1TEE+OL
«128E+02

MACH

+284E+01
e186E+01
«239E+01
«292€+01
»312E+02
«312E+01
«309€+01
»301E+012
«300£40}
«300E+02
«304E+01
«313E+01
«322E+01
«349E+01
»36SE«OL
«384E+01
«395E+01
« #0301
«400E+01
«396E+01
+395€+01
«393Ee01
0382E+01
«3732+01
«346E+01
«317E+01
e249E~0i
«211E+01
el41E¢01

THE MAXIMUM FOR GIVEN FREESTREAM MACH NUMBER OF 14281 SHOCK IS DETACHEDe

Figure 8. Computed Boundary-Layer Edge Conditions
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. PUNCHED CARD OUTPUT

TIME L3 CH PE uE VCN STN
G.000 »1023E+03 o1641E-04 o2882E-05 +2316E+D8 *TEST® 49+109L
44000 «1088E+03 «216T7E+00 +13S4E+01 +2257E¢04 °TEST® 4941097
S«000 »1733E+03 «2306E+00 o1399E+D1 «293L1E+08 ®TEST® 4901097
64000 25732403 «2526E+00 «1435E+01 +3626E¢04 "TEST® 4541097
64400 +2325£03 | #2533E¢00 «1437E*01 «3885E+04 “TEST® 4541057
6600 »2312E 403 ¢2485E200 +150%E*01 +3BBDE+DS “TEST® 4941097
74000 «2320E+03 ¢238T7E+00 L1336E*0L +3B24E¢04 ©VEST® 451097
B4000 ¢2627E+403 «2260E+00 +125LE+D1 o+3636E+04 PTEST® 49,1097

104000 +2360E+03 o1 729E+00 «9023E+00 «3560E¢04 TTESY® 451097
124000 ¢2130E+03 oL406E+D0 +7012E+00 +34653E+04 *TEST®™ 491097
15000 +201%E+03 . «LO7SE*00 +SOSTE+DD o3401E+04 ®TVEST® 45.1097
174500 «1973E+03 ¢3649E~01 +38B3E+00 +3417c+04 °STESY® 451097
20000 «19337+03 «5963E-01 42986E+00 o3432E+04 =TEST® 4541097
354000 «2566Z903 o3048BE~02 «7900E-D1 +3945E¢04 “TCST® 49.109L
200000 +2943E+03 0270SE=-02 +6021E~01 +41ITE+DS =TVEST® 4941090
45000 +34112+03 #2509E-02 +S5015E~01 «4492E+04 °®TEST® 23501090L
484000 «3709E +03 ©2499E-02 +4879E~01 »3670E+04 STEST® 494109L
51000 «3502E+03 «2392E-02 +9490E-01 .4737E+04 “TVEST® 49.109L
554000 «3862E+03 «2324F-02 o 419SE~01 .A761E+04 =TEST® 451090
55000 «3759E+03 e2312E-02 +4175E-Dt +4698E¢04 ®TEST® 4901091
T0.000 «3707E+D3 023B8E=-02 +4465E-01 +95670E¢04 *TEST™ 49.109L
75000 +3640E5+03 02393E-02 +48BTE=-D1 <4632E¢04 °*TEST® 45+109L
B0s000 +»3343Z+03 e2665E-02 ¢5682E~01 +4457E¢04 *TEST® 491091
900000 »3036E¢03 ©3436E=02 +9649E-01 ¢4278E+04 “TEST® 49.109L
954000 +25912+03 »3066E-01 +1095E¢00 +386LE*04 *TEST® 4941097
1104000 +1875E+03 24325E-01 «1663E+00 +3333E¢04 ®TEST® 4941097
1204000 «1415€+03 oTA0SE~D1 «3258E¢00 «2571E¢04 “TEST® 491097
1304000 +9752€+02 «L154E¢00 o600TE+OD 22371E+04 *TEST® 4951097
1404000 »51855+02 e1295E¢00 +84Y5E+00 <152BE+04 °TESTS 491097

WEDGE OR CONE ANGLE EKCEEDS THE MAXI[MUM FOR GIVEN FREESTREAM MACH NUMBER OF 14281 SHOCK IS DETACHEDe

Figure 9. Listing of Punched Card Output

80 [T T T T
Station (in.)

70
60

Legend
D = 49.1090

50
40
30
20

Heating Rate (BTU/FT**2-S)

10

paana b s leaaabaia s lasaglyaagboyaalagy

0 200 40 60 80 100 120 140 160
Time (5)

Figure 10. Sample Plot Obtained From Program LOVEL



APPENDIX A

Minimum Freestream Mach -
Number for Attached Shock as a
Function of Semivertex Angle

If the freestream Mach number goes below the
" corresponding minimum Mach number (Mp,;,) for the

wedge or cone angles listed in Tables A-1 and A-2,
respectively, the shock becomes detached and the
governing equations for supersonic flow are no long-
er applicable.

Table A-1. Minimum Mach Number asa Functlon
of Wedge Semivertex Angle

4 (deg) "Mmin.
0.56 ‘ . 1.05
1.52 . 110 .
267 - 115
3.94 o 1200
529 . S - 125
6.66 .. ... 130 -
8.05 ’ .35
9.43 140
10.79 "1.45
12.11 1.50
13.40 . 1.55.
14.65 - ... 160
15.86 . 166 °
17.01 1.70

Table A-2. Minimum Mach Number as a Function
of Cone Semivertex Angle8

4 (deg) Mmin
5.0 1.0129
7.5 1.0294

100 1.0528
12.5 1.0828
150 11193

75 | 1.1622

Tables A-2and A-3 areshownin graphxcal form in

, F1gureA1
"2:0' url]|||||1l|l[||r|||||l]lrll[lrrl]]ln[lll’l[lIll
‘1 o MINIMUM MACH NUMBERS
§ ) O WEDGE FLOW
Z 18 - L . © CONICAL FLOW i
z
s 1.7 —
<
LIRICE o -
=
ﬁ 1.5 —
£
@ 14 i
E 14
s 18 n
3 e
Z i.2 )
>
1.1 —
1.0

00 20 4.0 60 80 100 120 140 160 180 20.0
SEMi-VERTEX ANGLE (degrees)

Figure A-1. Minimum Freestream Mach Number for Attached
Shock as a Function of Semivertex Angle
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APPENDIX B

Boundary-Layer Transition or
Relaminarization

One of the most critical elements in estimating the
heat-transfer coefficient over a body is in determin-
ing whether the flow about the body is laminar or
turbulent. Papers written on this subject agree that a
transition-relaminarization criterion is dependent
upon many parameters (surface roughness, free-
stream disturbances, external pressure gradient, etc).
For the particular problem of aerodynamic heating at
low velocities, it is more conservative — in the case of
temperature predictions — to have relaminarization
occurring at higher local Reynolds numbers since
convective cooling is less for the laminar boundary
layer. Reference 9 suggests that on a flat-plate, transi-
tion takes place at a distance S from the leading edge
when the local Reynolds number is

p. US
He

Re, = = 3.5x10%to 10° .

X

Reference 3 gives a range of local Reynolds number.
for transition of '

Re, = 3.0x10°t0 5.0x 107 .

Other means have been suggested for determining
the point of transition-relaminarization. The authors
of Reference 3 suggest that a Reynolds number based
on the momentum thickness, A, is a better criterion
for determining the critical point of transition, When
integrated along the surface, the value of A is appro-
priately influenced by freestream disturbances, pres-
sure gradients, or mass transfer at the surface. For the
purpose of this analysis, it was decided that a
Reynolds number based on the arc location with a
value of

Re, = 1.0x10°

8

is satisfactory for determining transition. If the flow
is initially turbulent, as in the case of a sounding
rocket exiting the atmosphere, a relaminarization
Reynolds number of

Re, = 1.0x10

is used instead.
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APPENDIX C
Newton-Raphson Method

vaen a function, f(x) = 0, it is the user’s desire to
find the value of x which satisfies the equatlon Use.

of the Newton-Raphson (N-R) method allows one to
solve for the correct value of x, using a very. simple
and systematic approach. Essentially, the method in-

volves little more than a local linearization of .the '
function about some initial guess for the root of the -

function; call it x,. In the neighborhood of x,, one can
approximate the function by the f1rst two terms in the
Taylor series expansion:

) = fx) + (x - %) £.(x) . . (CD)

This is equivalent to-apprdximating‘the function

by the tangent line. The next approximation to the

root (call it x,) is taken to be the root of the linear
approximation Eq (C-1), so that

f(xo)
T W)

X, =

(C-2)
Having this improved estlmate one can sxmply re-

peat the procedure using. the formula

£(x;)
Xjpo1 = X5 — ’

] fl(xi)

until |x;4, - x| < ¢ where ¢ < 102,

R 90 - 60(M,, - 1) + 4,
fo), =

©3

In order for the N-R method to work properly, a
good initial guess for x, is imperative. Hence, to

- determine the shock angle, f,, define from Eq (31),

- S C
“f(6,) = C, - tan (8,) {ﬁz 2 - - 1} = 0 (C-4)
-'whére :
-G = cot b,
SRR i R ) 6 \r2
= —M, =-=-M

B = M, sinf .

~ Multiplying Eq (C-4) by (82 - 1) and differentiat-
ing, one obtains

_f’(ﬂ,.)v = (C, + tan8) MZ%sin20, + (82-1-C,) secd, . (C-5)
- To obtain an initial estimate for the shock angle,
the following relations were used

forl<M_ =<2
for2<M_ <3 .

30 - 10.53(M,, - 2) + 0.758,,
' ' (C-6)

Ué‘ing Eq (C-3), the iterative process can continue

- -until the desired convergence is obtained.
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APPENDIX D
System Control Cards

In order to have the LOVEL Program accepted on

the secure NOS/Scope 2.1 operating systems at
SNLA, the following control cards are necessary:

JOB,ST---,T50.
USER(USERNUM,PASSWRD)
CHARGE(ACCOUNT) .
PFGET(LGO,LOVELL,CL=UNCL,AU=ALTHORN)
COPYCR,INPUT, TAPES.
REWIND,TAPES.
COPYSBF, TAPE5,OUTPUT.
REWIND,TAPES.
PFGET(DISS,AU=PLOTLIB)
BEGIN,DISS,DISS, HC1, E=NOGO,F=F4.
DISSABS,PL=50000.
PFGET(RHCNBPC,AU=PLOTLIB)
BEGIN,RHC,RHCNBPC,TAPE?7.
COMQ,TAPE76, HC1,CS=XX. .

(where XX=R]JET SITE, e.g., C5=R7)’

E-O-R

To use the source code and to obtain a listing of

the program, one should use the following control
cards:

JOB,ST---, T50.
USER(USERNUM,PASSWRD)
CHARGE(ACCOUNT)
PFGET(OLDPL,LOVELS,CL=UNCL,AU=ALTHORN)
UPDATE(F,W,C=SOURCE)
COPYCR,INPUT, TAPES.
REWIND,TAPES.

COPYSBF, TAPE5,OUTPUT.
REWIND,TAPES.

FTN,I=SOURCE,R=2.

PFGET(DISS, AU =PLOTLIB)
BEGIN,DISS,DISS, HC1,E=NOGO,F=F4.
DISSABS,PL=50000.
PFGET(RHCNBPC,AU=PLOTLIB)
BEGIN,RHC,RHCNBPC,TAPE77.
COMQ,TAPE76, HC1,CS=XX.

E-O-R
E-O-R
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