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FCREWORD

This is the second quarterly progress report submitted to NASA/MSFC in
partial fullillment of the requirements of Contract NAS 8-11407. The
report covers activity and progress achieved in the three-month report
period 1 Cctober through 31 December 1964. S&ID personnel contributing
material used in the report include E. P. French (radiation), J. V. Rolley
(convective heat transfer), R. J. Hoffman (jet plume free flow fields with
varying specific heat ratio), and A. Africano (sea level plumes, plume
impingement geometry, and general supervision). The scope covered includes
nrincipally the Fhase II Analytical and Experimental correlation, with some
remaining items from the Phase I Analytical Investigations. The next
quarterly progress report is expected to complete the Phase II Correlation
and begin trhe Phase ITI generation of the recommended Engineering Prediction
liethod. This study program is under the direction of J. C. Cody, NASA/ISFC
Contracting Officer's Representative, and J. L. lloses, Alternate, of the
George C. lMarchall Space Flight Center, Propulsion and Vehicle Ingineering
Division, Huntsville, Alatama. F. G. Stheridge is the Program llanager for
AA/SEID.
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1.

presents the results obtained during the second three-month period
performance under NASA/MSFC Contract NAS 8-11407. The twelve—month
ises three phases, each of approximately four months duration. The
this report falls principally within the Phase II Analytical and Ex-
Correlation portion of the overall study. The objective of the study

" is to correlate available experlmental data with theoretical and empirical relatlons
to arrive at a comprehensiveengineering method for predlctlng,fozge and heat’ load
environments due to rocket jet impingement on space vehicles or” nearby structures

by flat and curved surfaces._

—

Topics discussed include:

A summary of the principal topics covered in Quarterly
Progress Report No. 1.

Jet plume free flow fields as affected by choice of a
fixed or shifting exhaust gas specific heat ratio.

Interaction of the moving jet plume with air at different
freestream Mach numbers.

Approximation of a sea level jet plume and its application
in correlating the impingement and thermal load test data
from SA5 and SA6 launches.

Convective heat transfer correlation for high altitude plumes.

30lid particle effects in plume radiation.
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SUMMARY

This report presents the results obtained during the second three-
month periocd of contract performance under NASA/MSFC Contract NaS 8-11407.
The twelve-month study comprises three phases, each of approximately four
months duration. The material in this report falls principally within the
Phase II Analytical and Experimental Correlation portion of the overall
study. The objective of the study is to correlate available experimental
data with theoretical and empirical relations to arrive at a comprehensive
engineering method for predicting force and heat load environments due to
rocket jet impingement on space vehicles or nearby structures represented
by flat and curved surfaces.

Topics discussed include:

(1) A summary of the principal topics covered in Quarterly Progress
Report No. 1.

(2) Jet plume free flow fields as affected by choice of fixed or
shifting exhaust gas specific heat ratio.

(3) Interaction of the moving jet plume with air at different free-
stream Mach numbers.

(4) Approximation of a sea level jet plume and its application in
correlating the impingement and thermal load test data from SAS
and SA6 launches.

(5) Convective heat transfer correlation for high altitude plumes.

(é) Solid particle effects in plume radiation.

-

SID 65-4k




Section

I

I

11T

VI

VII

VIII.
IX.

TABLE OF CONTENTS

Introduction

Jet Plume Free Flow Field with Varying Specific
Heat Ratio

Jet Plume Interaction with Freestream
Approximation of Sea Level Jet Plume Properties

Impingement Pressure Correlation
A. Apollo Plume Correlation
B. SA5-5A% Plure Correlation

Convective Heat Transfer Correlation
A. Correlation Results for Oblique Shock
Region
B. Theoretical Prediction Equation for
Normal Shock Region
C. Correlation of SA5 Thermal Data

Plume Radiation Study

A. Introduction
B. Molecular Radiation from low-Altitude
Plumes

C. Plume Geometrical Relationships
D. Radiation from Particle-Laden Plumes
1. Cross-Sections for Carbon Particles

F. Cross-Sections and Emissivities of Oxide
Particles

G. Gas-Particle Nozzle Flow

H. Velocity-Lag Correlation

I. Temperature-Lag Correlation

J. Particle Concentration Correlation

K. Radiative Transfer from Sub-Microscopic
Particles (carbon)

SPACE and INFORMATION SYSTEMS DIVISION

1
14

19
19
20

24
24

25

29
31

31
31

32
34
34
35

35
36
36
39
L2

L. Radiative Transfer from Micron-Sized Particles

(41505, ¥,0)
M. Estimated Radiation Heating During Saturn
Launch

Discussion of Results and Recommendations
References
—vii-

SID 65-44

L2
45

L7
49




NORTH AMERICAN AVIATION, INC. ('@ SPACE and INFORMATION SYSTEMSR DIVISION
. &

N

TLLUSTRATIONS
Figure Page
1 J-2 Engine Plume at 200,000 ft, Equilibrium Composition 5
2 J-2 Engine Plume at 200,000 ft, Frozen Chamber Com- 6
osition
3 J-2 Ingine Plume at 200,000 ft, Equilibrium-Frozen 7

(Freezing Point) Composition

L J-2 Engine Plume at 200,000 ft, Constant Specific Heat 8
Ratio of 1.28

5 Composite of Figures 1~4 Showing Effect of Specific Heat 9
Ratio

6 Showing Plume Left-Rumning Characteristic Lines Based 10
on Incomplete Starting Right-Running Characteristic

7 Effect of Freestream Mach No. on Jet Plume Boundary 12

8 Estimated Properties of Sea Level Plume for Analysis of 18
SA5-SA6 Launch Test Data

9 Approximate Dimensionless Distances for Use in SA5-SA6 21

Sea Level Plume Problem

10 Correlation of Predicted Impact Pressures with NASA 23
SA5 Launch Test Data

11 Theoretical and Experimental Heating Rates (Oblique 26
Shock Region) for Apollo S/M RCS

12 Theoretical and Experimental Heating Rates (Oblique 27
Shock Region) in Two Transverse Planes

13 Plume Coordinate Systems for Radiation 33

14 Velocity Lag Correlation 37

15 Temperature Lag Correlation 38

16 Limiting Particle Streamline Correlation 40

17 Particle Concentration Correlation L1

—ix-

SID 65-44




NORTH AMERICAN AVIATION, INC.

Table

|-

4

TABLES

Plume Boundaries and Contraction Ratios Versus Free-
Stream Mach No. at Various Downstream Planes

Typical Sea Level Ratios in Supersoric ard Subsonic
Plumes

Correlation of Impingement Pressures Along Axial
Centerline

Correlation of Impingement Pressures, Transverse Plane
Calculation of Predicted Impingement Pressures

Corrclation of Predicted and Experimental Heating
Rates in the Oblique Shock Region

Correlation of Predicted and Ixperimental Heating Rates
in the Normal Shock Regiorn

-xi-

SID 65-L4




NORTH AMERICAN AVIATION, INC. /@ SPACE and INFORMATION SYSTEMS DIVISION

I. INTRODUCTION

This is the second quarterly progress report submitted by North
American Aviation, Inc., Space and Information Systems Division (NAA/S&ID)
to the National Aeronautics and Space Administration, George C. Marshall
Space Flight Center (NASA/MSFC) on Contract NAS 8-11407 covering the con-
tract performance period 1 October 1964 through 31 December 1964. The
program is a twelve-month investigation of the correlation between
theoretical or empirical prediction procedures and the available experi-
mental data on rocket jet plume impingement forces and heat loads. The
structures affected by the plume impingement may be on the vehicle itself,
other nearby vehicles, or the launch tower; however, all cases are cate-
gorized and simplified by considering impingement effects only on flat
or curved surfaces at various distances aft or radially displaced from the
centerline of the jet plume.

The Saturn V Vehicle and Launch Complex is utilized as a reference
configuration-(as illustrated in the first quarterly progress report,
Reference (1)). The "Statement of Work" is also given in detail in the
first quarterly report, together with a discussion of the enviromments
before and after launch, and a general description of the Saturn V solid
and storable propellant rocket engines involved and their locations in the
vehicle.

The theoretical prediction methods accumulated to date have yielded
results giving good correlation for both impact pressures and heat trans—
fer rates due to plume impingement when compared with available high
altitude chamber test data. High-altitude plumes are simpler to calcu-
late and result in simpler impingement envirornments than low altitude
plumes, and better correlation. The successful application of the methods
depends, of course, on the accurate representation of the jet plume flow
field and properties at the altitude under consideration. In view of the
need for investigation of the effects during launch, it was agreed to apply
the presently-available prediction methods in an analysis of two of the
data points for this case as requested in the NASA/MSFC letter dated
2 December 1964 (Reference 2). The principal problem in such an analysis
is to estimate the properties of an (on the average) overexpanded rocket
jet plume for the cryogenic booster engines at the sea level environment.
Available dimensionless pressure, velocity, and temperature decay ratios
from the NADC work of Anderson and Johns canbe used as a first approxima-
tion to determine this plume. The method is briefly described and the
necessary decay ratios tabulated and utilized in the present report for
a preliminary analysis.

A summary of the topics covered in the first quarterly progress report
(Reference 1) follows as an aid in maintaining continuity.

I. Introduction - Program Objectives (reviewed above)

-1-
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II.

I1I.

Iv.

VI.

VII.

VIII.

Basic Surface Environments of Space Vehicles and Launch
Complex Structures (reviewed above)

Jet Plume Free Flow Fields (The Latvala circular arc approxi-
mation and more "exact! methods of characteristics solutions
in use at NAA/S&ID are described and an example of the plume
properties presented in a tabulated condensed version.)

Interaction of Free Stream with Jet Plume (The basic relations
needed to account for the contraction of the free flow field
plume resulting from Newtonian impact on the inviscid gas -
boundary are described.)

Plume Impingement Geometry for Canted and Uncanted Side Plates
(The equations for determination of the true impingement angle
of a streamline on an element of area at any distance and

orientation from the reference nozzle exit center are derived.)

Newtonian Impact Theory for Impingement on a Flat Plate (The
fundamental principle is emphasized that rate of change of
momentum per unit area is the basis for predicting impingement
pressures, and an equation is derived relating such pressures
to the plume Mach number, specific heat ratio, total pressure,
pressuge expansion ratio, and the true streamline impingement
angle.

Convective Heat Transfer Due to Jet Impingement (The available
laminar flow heat transfer equations from prior aerodynamic
heating theory are described.)

Plume Radiation Study (A method of computing total radiant

power incident on a surface element from an axisymmetric ex-
haust plume is described.)

SID 65-44
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Due to the complexity of the method of characteristics solution, it
has been the usual practice to assume some "effective" gas specific heat
ratio at the nozzle exit plane, or nozzle lip (e.g., 1.25 to 1.30) and
keep this constant for the plume calculation. This provided a marked
Improvement in the shape and location of the plume boundary over the
earlier poor assumption of the very low combustion chamber eguilibrium
value remaining constant throughout the expansion in the nozzle and in the
rlume. However, since thz specific heat ratio of all rocket propellant
exhaust gases continues to increase as the expanding gas temperature
decreases, even though the gas composition may effectively become stably
"frozen" shortly downstream of the nozzle throat, some uncertainty remained
as to the error involved by the use of the constant nozzle exit or lip
value.

A full right running characteristic from the nozzle lip to the nozzle
axis with the corresponding varying specific heat ratio values is required
as input for the determination of the improved plume with this variable
considered.

This right-running characteristic can be obtained from Rocketdyne's
¥ernel and Bell Analysis Program (on file at NAA/S&ID as 7N-202) for this
purpose for conical nozzles. For the Saturn S-II J-2 engines, unfortunately,
only a partial starting line was obtained by this program because it does
not handle the internal shocks occurring in sharply contoured nozzles.

This right running characteristic for the J-2 engine was computed for the
following assumed conditions:

(a) ratio of specific heats constant at 1.23,

(b) nozzle area ratio, 27.45,

(e) J-2 contour,

(d) chamber pressure, 632 psia

(e) ratio of radius of curvature at throat to throat radius, 0.392.

The three J-2 cases calculated to determine the effect of the varying
specific heat ratio on the plume include:

(a) chemical equilibrium

(b) frozen chamber composition

(¢) an approximation to the exact finite-rate solution based on
equilibrium flow up to a "freezing point," and then "freezing
point" composition thereafter.

The first two cases utilized equilibrium composition properties and
frozen chamber composition properties computed by a program obtained from
NASA-Lewis and on file at NAA/S&ID as No. 7N~219. The "freezing point"
analysis was obtained from a Rocketdyne program similar to the NASA-Lewis

-3~
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program, but with the added refinement of allowing the composition to shift
until predetermined "freezing point" criteria are satisfied, and then
freezing the composition as the expansion continues. Some extrapolation
below the temperature of 200°K was necessary in all cases. The common
altitude assumed for the plumes was 200,000 ft. Also, a still atmosphere
and inviscid flow were assumed.

Tigures 1 to 3 show the resulting J-2 plumes for the three assumed
conditions of shifting specific heat ratio. For comparison, Figure 4
is included based on a constant value of 1.28. Figure 5 is a composite
of the four plume boundaries, showing an apparently appreciable displace-
ment of the constant specific ratio plume from the other three which
practically coincide. Impingement effects from such tenuous gas exhaust
at 200,000 ft, however, may be negligible even with widely displaced
boundaries. Therefore, an additional composite is included in Figure 5
of the Mach 9 and 6 streamlines. These are close enough together to indicate
that the impingement errors due to assumption of a constant specific heat
ratic might be negligibly small. Figure 6 is included to clarify the
earlier discussion on the effect of an incomplete starting right running
characteristic line,

The constant value of 1.28 is representative of the average specific
heat ratio for the J-2 engine nozzle with its 27.5 area expansion ratio.
Lower values of the order of 1.23 to 1.25 would be typical for lower ex-
pansion ratios, while 1.32 has been used for computing plumes for the very
high expansion ratio of 40 in the Apollo SI/RCS engine.

Considering the greater effect of the free stream Mach No. on the
free flow field jet plume (discussed in the next section of this report)
it appears that the slight increase in accuracy by use of the shifting
specific heat ratio may not be presently justified, although for high
altitudes and for long plume firing durations, some special cases may
tenefit from or even require its use.
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ITII. JET PLUME INTERACTION WITH FREE STREAM

The added restriction of Newtonian impact pressures along the in-
viscid plume boundary was described in detail in Section IV of the First
Quarterly Progress Report. ‘:During the past report period it was success-
fully incorporated as a subroutine in the Apollo AP 214 jet plume computer
program... Figure 7 shows the marked contraction in the plume diameter for
free stream Mach nos. of 5 and 10 from the original diameters of the free
flow field jet plume in still air (M, = 0). The assumed nozzle conditions
were: exit Mach No. M, = 3.0; constant exit and plume specific heat
ratio k =1.3; and exit half-cone angle ay = 15°, A combined general
nozzle/altitude condition was represented by the total nozzle exit
pressure ratio to ambient pressure, pp/p, = 10,000. Cross-plots of the
data in Figure 7 provided contraction ratios for this set of nozzle con-
ditions for the intermediate freestream Mach nos. as shown in Table 1.

The marked effect of the exit Mach no. of 3 in the above case is
shown by comparing the plume diameter contraction ratios at freestream
Mach No. 5 with the results for an exit Mach no. of 4.

Bound

Poding x/Ri,{e 1120511 |15

Rat

aRlB:/R 377.56 | .50 | .48 | 4T | .45
BO L{-24|.33].40 | .43 | .45

It is planned to calculate similar results for a variety of conditions to
attempt to generalize the trends for prediction purposes.
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Table 1

Plume Boundaries and Conmtraction Ratios versus
Freestream Mach No. at Various Downstream Planes

for My = 3; k =1.3; P'[/Pm = 10,000, and 8y = 15°

Mach D:i;mensionless Radial Distances for
Nos. x/ Re =1 2 5 10 15

o

0 3.2 5.0 9.0 14.2 18.5
1 2.8 L1 7.0 11.0 13.8
2 2., 3.5 6.0 9.2 1.5
3 2.2 31 53 &1 10l
L 2.0 2.8 4.8 7.3 9.1
5 1.8 2.5 L 6.6 8.3
6 1.7 2.3 4.0 6.1 7.7
7 1.6 2.2 3.8 5.7 7.2
8 1.6 2.1 3.7 5.4 6.7
® 9 1.6 2.1 3.5 5.1 6.3
10 1.5 2.1 3., 4B 5.9

Mach Corresponding Contraction Ratios for
Nos. X/Rq =1 2 5 10 15

Mm
0] 1.00 1.00 1.00 1.00 1.00
1 .88 .82 .77 .76 .75
2 .75 .70 .66 .65 .62
3 .69 62 .58 .57 .54
A ..63 .56 .52 .51 49
5 .56 50 48 W47 45
6 .53 L6 45 43 42
7 .52 G4 420 40 .39
8 .50 A2 0 40 .38 .36
9 .50 L2 0 .38 .36 3L
10 49 A1 .37 .33 .32
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IV. APPROXIMATION OF SEA LEVEL JET PLUME PROPERTIES

Anderson and Johns mention a variety of able investigators who have
attempted to develop a satisfactory theory for the mixing of a jet with
quiescent air (Reference 3). The theoretical treatment is highly com-
plex, with the decay in the supersonic region greatly complicated by
shock and expansion-wave interactions.* These authors state that while
significant contributions have been made, a satisfactory theoretical
description of the flow in this region is practically impossible, and
proceed to treat the problem from an experimental and empirical approach
which yielded some very useful dimensionless pressure, temperature and
velocity decay ratio profiles. Typical values of the decay ratios de-
rived from the curves in the paper are shown in Table 2. For convenience,
all five sets of ratios (A to E) are compressed in this one table to be
readily available at a glance while making the empirical computations.

Table (24) shows the impact pressure decay ratio qu/qe, versus the

dimensionless axial distance x/R, downstream of the nozzle exit. With
the nozzle exit conditions established, the basic impingement or impact
pressure on a normal plane can be computed from Pre = 2qe‘= 2 (pe Ve2/2)'

Thus, the maximum normal impingement pressure along the jet axis using
the empirical decay ratios in Table (24) is:

Pr =PI, gﬁf (L)

Table (2B) shows the dimensionless temperature difference ratio,
(Tyye ~ T, )/(T, - To) versus the axial distance, x/Rg. With nozzle

exit temperature T, and the (still) atmosphere temperature, T, , known,
maximum temperature along the jet axis is then (with the empirical tabu~
lated temperature difference ratio abbreviated to rAT):

THDC = rAT Te + (l - rAT) Te (2)

* The location of the first Mach disc or Riemann shock distance was in-
vestigated. Study of the results by Love et al (Ref. 4, p. 90) indicate
that no Riemann wave occurs for a nozzle exit Mach No. of about 3.2 and
an exit to ambient pressure ratio of about 0.6/ (values from one-dimen-
sional flow calculation.) This appears somewhat unrealistic since a
shock must occur, at least starting within the nozzle to bring the
average exit pressure up to ambient pressure at or shortly downstream of
the nozzle exit. Adamson (Ref. 5) emphasizes the "inability of the charac-
teristics method solution of the jet plume to predict the first Mach disc,
inherently, " but describes an empirical method supported by test data for
air at Me = 2. Despite the discrepancy in Mach Np. his graph indicates
that the shock location, if it occurs, would be very close to the nozzle

exit, thus outside the path of the plume over the SA5-SA6 data pointsof
interest.

-1/~
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Table 2
Typical Sea Level Decay Ratios in Supersonic and Subsonic
Plumes ¥
(4) (B) . _(c)
Impact Axial Temperatur Axial | Axial
Pressure Distance |Difference DistancJ Subsonic| Distance
Ratio Ratio Ratio Ratio Velocity I:{ncremen‘l;
Omx/ - Ratio tio
q x/R, T = T, x/R, V;x g, a °
1.00 0 1.00 0 1.00 0
.99 5 .99 5 .90 1
.98 I .97 10 .80 2
.95 10 .95 17 .70 I
.90 12 .90 30 .60 6
.80 15 .85 41 .50 9
.70 18 .80 53 .40 14
.60 21 .75 63 .30 20
.50 24, .70 72 .20 36
.40 28 .60 88 .10 66
.30 33 .50 101 .09 69
.20 L0 .40 112 .08 77
15 45 # Based on empirical data, Reference (3).
.10 51
.08 58 (E)
06 68 Radial Radial Ratios
8; gg Decay R/Ro for R/RO for R/Ro for]
.02 100° ?:I‘,i:f Vagy |V |T-T,
V,&T T T
(D) 1.00 0 0 0
Half-Axial .99 .15 .15 .15
Velocity Radius .95 2L 25 .29
X/ R_/R .90 .32 .34 .40
e
10 (o. .80 45 .50 .50
15 (O.gg .70 .57 .66 .77
20 1.0 '65)8 g?j l-gg l-g
o | a I e A
50 2.6 20 1.20 120 1.80
60 3.2 .%o %.45 %.35 5.15
’58 3:8 -0 1:43 223? 21512
90 éf .03 1.91 2.%30 2.50
| 100 5.8
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Table (2C) shows the empirical axial subsonic velocity ratio to
the sonic velocity (Mach No. 1) at the tip of the "supersonic core
or cone" versus the axial increment Ay/R_, beyond the distance xs/R,
where this occurs. The supersonic cone length is estimated by assuming
that the jet pressure is ambient, P, , and locating the axial distance
xs/R, from the critical pressure ratio

Yher = ,P”/?ms - '1’@/(~his+ i (3)

and its isentropic relation K
= (2/c+1) 7 |
Per = (4)

where k = the specific heat ratio, giving practically the same two
significant-figure values for a variety of exhaust gases:

=1,23 1.26 1.30 1.4 (air)
Toer = .56 .55 .55 .53

The sonic velocity is obtained from the familiar relation

Vo = VgkRyTes (5)

which raises the need for estimating the variation of the gas constant,
Rg, along the axis from a consideration of the varying molecular weight.
Fortunately, this is also a slow-moving variable with the asymptotic
value of 29 for 100% air. The empirical axial subsonic velocity, using
ryg for the tabular ratio, is then

Vgs = Tys Vs

Table (2D) shows the radial radius ratio, Ro/R_, at which the
velocity along a streamline is half of the maximum value existing along
the jet axis. These values furnish the empirical distribution basis
for estimating the radial decay ratios of impact pressure, velocity, and
temperature difference shown in Table (2E) at particular locations in
the transverse planes of the plume. For example, to find the velocity
decay ratio for a point located R/Re = 2 from the plume axis when the
maximum velocity in the transverse plane has already been determined,
first find the reference Ro/Re value from Table (2D) at the x/Re location,
then the desired ratio can be located in Table (2E)when the listed radial
ratio R/Ro satisfies the relation (Ro/Re)(R/Ro) = 2, The radial impact

pressure and temperature difference ratios are found in a similar manner ‘
using simple interpolation as necessary. :

~16-
SID 65-44




NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

The approximate properties of the SA5-SA6 booster engine plume at
sea level calculated in the above manner are shown in Figure 8 for use
in analysis of the SA5-SA6 launch test data in succeeding sections of
the present repcrt. Some Judgement was used in assuming nozzle exit
conditions to account for the average overexpansion. Static pressure
throughout the plume was assumed to be equal to ambient. These assump-
tions either proved to be near the correct values or to have little
influence if incorrect since the resulting impingement pressure corre-.
lation discussed in the next section turned out to be remarkably good.

17~
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. IIPINGEMENT PRESSURE CORFELATION

The equation based on simple Newtonian impact theory as derived in
detail in the first quarterly progress report was used to compare im-
pingement pressures versus experimental values for a variety of cases.
For convenience of reference, the equation is repeated here: '

A. Aprollo Plume Correlation

For the Apollo S/M RCS engines used in the high altitude chamber tests
at Tullahoma, the total (average) pressure at the nozzle exit is very
nearly equal to the operating chamber pressures of (83 to 1Ol psia) measured
at the injector end. A reduction factor of 0.99 was estimated for the
small effect of chamber to throat area contraction ratio. Effective gas
specific heat ratios corresponding to the nozzle area expansion ratios
were used together with a constant assumed chamber gas temperature of
5L00°R for the storable propellants. As an example of the good corre-
lation obtained from Equation (7), except for the peak pressure which
will be discussed subsequently, the impingement pressures for the case
of the cut-down nozzle with an area expansion ratio of 10, effective
exit specific heat ratio of 1.28, simulated altitude pressure of about
250,000 ft (practically a space plume), and an uncanted side impingement
plate located 3 exit radii from the nozzle and plume axis, are shown in
Table 3 for the centerline values, and in Table 4 for the pressures along
a transverse plane.

Table 3. Correlation of Impingement Pressures Along Axial Centerline

Impingement Pressures

Axial Impinge. psia

Distance Hach No. Angle Calc. Test
x/Re My Ox Eq. (7)
1 9.8 70 .05 -
2 7.5 51 .18 -
3 6.8 41 SR 30
L 6.6 34 .21 2
5 6.5 29 .17 .18
8 6.9 21 .06 .07
12 7.4 15 .02 .01

#See discussion of proposed shock angle use to improve correlation.

-19-
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Table L. Correlation of Impingement Pressures, Tranverse Plane’

Impingement Pressures

psia

Cale.
v/Be /Rt O Yooy Eq. (7) Test
0 2.0 22 6.8 .08 .08
1.1 3.2 23 6.9 .07 .07
2.0 3.6 26 7.1 .06 .06
3.2 L5 31 7e5 0L .05
5.5 6.2 L1 8.6 .01 .02
#at x/Re = 7.4

#t2/Re caleulated from Tq. (12), p. 27 of Reference (1)

Following the concept of a critical shock location changing the laminar
convective heat transfer from the oblique shock region to the normal shock
region (Reference (1), p. 32), the hypothesis can te made that the peak
Inpingement pressure is subject to a related interpretation of the apparent
impingement angle. An apparent preliminary correlation is obtained by use
of the maximum deflection angl¢“as a more appropriate effective impingement
angle. Thus, in Table 3, for Mx = 6.8 and k = 1.28, the maximum deflection
angle, from Figure 13, p. 34 of reference (1), is about 48° instead of the
streamline 41°, Substituting sin? 48° in Eq. (7) now yields 0.31 psia as
the impingement pressure, which correlates well with the faired test value.

B. SA5-C44 Plume Correlation

The approxinmate dimensionless distances of the two data points from
the eight nozzle exit centers of the booster engine cluster were calculated
from the geometry of the launch data of Reference (2) and are shown in
Figure 9. Actusl distances were divided by the radius of the nozzle exit,
given as 3.84/2, or 1.92 ft. The corresponding dimensionless axial and
radial distances with respect to the plume centerline as a function of
flight time are shown in the boxed table in the same figure. The nearest
engine plume is seen to be to the left of both data points Nos. 1 and 2,
initially, and then sweeps over and beyond, indicating that the impingement
and heat loads pass through maximum values.

Following the procedure outlined in Section IV, the plume properties
are tabulated or curves plotted as in Figure & and used to determine local
conditions at the different data point positions shown in Figure 9, with

results as shown in Table 5, and plotted together with the corresponding
test data in Figure 10.

* Consistent with the maximum shock angle at the same Mach number and
gpecific heat ratio.

-20-
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t, secs ¥ g 5/Te PTroc Ro/ Re R/ Bo mx PIRx PIabs

Data Point Fo. 1:

3.1 20.0 -2.0 87 1.0 2.0 0.02 1.7 16.4
3.8 31.7 =0.7 10 1.6 0.4 0.81 32.4 47.1
5.1 38.5 0.0 27 1.9 0.0 1.0 27.0 L1.7
L.L L5.3 0.7 18 2.3 0.3 0.92  16.L4 31.1
Duta Point llo. 2:

2.0 c.2 ~-1.1 151 0.5 2.2 0.00 0.0 14.7
2.5 L. - .6 125 0.8 0.8 0.45 56.2 70.9
2.0 20.3 0.0 85 1.0 0.0 1.00 85.0 99.7
3.1 23.4 0.4 70 1.2 0.3 0.91 63.7 78.4
3.8 35.1 1.6 32 1.8 0.9 0.37 11.8 2¢.5
4.1 L2.0 2.5 22 2.1 1.1 0.25 5.5 20.2
L.b 4L9.0 3.0 15 2.6 1.2 0.20 3.0 17.7

Considering the rather approximate treatment (which is all that is
justified in the application of the Table 2 statistical ratios without
knowing what scaleup factors are involved) the correlation of the prediction ‘
method values with the test values is indeed remarkable., Of course, more
check out of the method is in order to be sure the correlation is not
fortuitous.
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VI. CONVECTIVE HEAT TRANSFER

The method of determining the transition point between the oblique
and normal shock regions of impingement on a flat plate was described in
the first quarterly progress report (Reference 1), together with a dis-
cussion of the empirical equation for predicting the convective heat
transfer rate in the oblique shock region. During the past quarterly
report period several cases were evaluated for correlation within this
region, and in addition, effort was devoted to establishing a method for
computing the convective heating rate in the normal shock region and its
correlation with test data.

A. Qorrelation Recults for Oblique Shock Region

Equation (20) in Reference (1) is reproduced here for.convenience in
referring to the variables involved and the specific cases evaluated:

-9 .5
49 xi0 s 2.39 __.383 -
% e </%;r> T e 2205 ]

where q = laminar flow convective heat transfer, BTU/f“t2 sec,

X, = axial location on the impinged plate from nozzle exit plane,
where the flow changes from oblique to normal because the
streamline impingement angle is greater than the maximum de-
flection angle for which an oblique shock can occur, ft.

X = axial location of point in the oblique shock region, ft.
Ox = density of gas before impingement, slugs/ft3
P, . T reference air density used in original development of

alr  equation to yield a dimensionless ratio with Py-

S
l

velocity in direction parallel to plate, ft/sec.
I, = temperature of gas before impingement, °R

T, = wall temperature, ‘R

Equation (8) was used for computing the predicted convective heat
transfer in the oblique shock region for several cases where experimental
data were available from the Apollo S/M RCS program (Reference 6). These -
computations were made using theoretical values of the Mach number and
impingement angle from prior results of the Apollo AP 21 plume program.
The injector end combustion chamber pressure measured during the tests
was assumed as the total reference chamber pressure. Comparisons of the

24~
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predicted and test heating rates shown in Table 6 and Figures 11 and 12
show good correlation in most of the axial and transverse positions.

Table 6

Correlation of Predicted and Experimental Heating Rates
in the Oblique Shock Region *

Position on Predicted Experimental
Side Plate Heating Rates Heating Rates
Btu/ft< Sec Btu/ft< Sec
Axial Transverse
e MR
2.4 <55 .85 79 .75 .77 .89
2.4 1.65 47 .54 .59 .68
3.7 .55 1.03 1.05 1.10 1.13 1.09
3.7 1.68 .75 .69 .73 .89 .82
3.7 3.85 17 23 W40
. 5.5 .55 1.05 1.11 1.11 1.23 1.28

5.5 1.65 8L 1.06 1.16
5.5 3.85 <33 .35 .38
5.5 4L.95 .20 A6 .24
7.4 .55 .86 .86 .88 .88 .94
T4 1.65 .76 .89 .99
T4 2.75 .58 b L6
Th 3.85 .40 40 .48
7.4 L.95 .27 .30 .21

10.6 =g .63 .56 .59

10.6 CewD -57 .63 .67

10.6 1,85 .38 A .50

10.6 .+ 75 .30 .31 35

¥* For Apo: " RCS plume: area expansion ratio . = 40;

side | _le relative to plume axis & = 10°;

distance or plate from nozzle center in nozzle exit plane,
h/Rg = 3; assumed wall temperature T, = 120°F.

B.Theoretical Prediction Equation for Normal Shock Region

/An empirical equation giving the convective heat transfer in the
normal shock region from the known upstream plume properties and developed
‘ in prior NAA/S&ID Apollo work in this area (Reference 7) is: -

25—
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Fe= e'iiﬁgﬂ/& <‘§') ('\\;'m) ("'?-@(9)

where q convective heat transfer for normal shock,
Btu/ft? sec.
€ = nozzle area expansion ratio
h/R, = dimensionless distance in the nozzle exit plane

from center of nozzle to the impinged side plate

p/psL= ratio of gas density before impingement to that
of standard air at sea level

V/V, = ratio of gas velocity before impingement to
maximum velocity in a vacuum, and

H/H = ratio of gas boundary layer enthalpy at the wall
to total enthalpy.

This equation was adapted from the Kemp and Riddell empirical satel-
lite reentry heating equation (Reference 8), keeping the basic form, but
replacing the value of the original constant (20,800) by 15,200 and the
square root of the nose radius ( vR) in the denominator by the expression
€+ 0.75 h/Re to relate the equation empirically to the engine and test
configuration.

The reciprocal of the square root of the reference air density is,
of course, a constant which can be combined with the 15,200 to give
55,000 as the numerical coefficient. Also, the theoretical ratio of
rocket exhaust velocity to its maximum under fully expanded conditions in
a vacuum is simply the square root of the ratio of the nozzle expansion
efficiencies{%%R =fL - Tx/T,. Finally, if the specific heat is assumed
nearly constant, the ratio of local wall to stagnation enthalpy can be
approximated by the temperature ratio T,/Ty giving the simplified
relation:

_ -5 6
i ) ()T (-) @

Further modifications are desirable to make the relation dependent
only on the impingement gas velocity or Mach number, density, and orien-
tation. However, to permit the Phase II correlation effort to proceed
on schedule, the form of Equation (9) or (10) was used. Upstream Mach
nos. streamline orientations, and constant nozzle exit specific heat ratio
obtained from prior Apollo characteristics solution of jet plume free
flow fields were used, together with the estimated nozzle exit conditions
and density and temperature ratios from the gas tables for isentropic
expansion to evaluate this equation.

~-28-
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Comparison of the predicted and experimental convective heat transfer
rates for this normal shock region are shown in Table 7 for various
positions on a side plate parallel to the nozzle axis and for two area

expansion ratios and wall separation positions.

appears to be good.

Correlation of Predicted and Experimental Heating Rates

Table 7

in the Normal Shock Region¥®

Again, the correlation

Fxpansion Separation Distance { Wall Temp*¥*|Heating Rates Btu/ftz—sec
Ratio ¢ h/R, Z/R, °F Computed Measured
10 7 3.9 0 3.55 3.6

500 3.2
6.1 0 5.4 4.2
500 L.85
5 1.2 0 2.05 2.9
500 2.35
5.7 O Te3 3.2
500 6.6
15 7 5 120 2.55 2.1,2.4
3 5 -3 120 3.1 3.45,3.75

* For Apollo S/M RCS Plume (Cant angle &= O giving Z/Re = x/Re)

% Applies to computed heating rates only; wall temp. for measured heating

rate between 70 and 200°F.

C, Correlation of SA5 Thermal Data

As of this writing, £he convection heat transfer equation which has
been used successfully to correlate predicted values with the Apollo high-
altitude test data in the normal shock region, has not yielded a similarly

good correlation with the Reference (2) data from the SA5 launch.

predicted heat transfer values appear to be low.
transfer rate is not yet available, but is not expected to be large enough

to pick up the discrepancy.

-29-
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The diserepancy in results could be attributed to various causes: (1)
the numerical coefficient in Equation (8) may be too low because the
original aerodynamic test data may not have included the effects of
radiation heating at high enough temperatures (which would not affect
the correlation obtained for the highly expanded gases of the Apollo RCS);
(2) the expression used in the denominator may not fit sea level plume
data; (3) unlike the test impact pressures, the measured heat transfer
rates indicate excessive scatter in both peak levels and times. A small
+ 1 degree of gimbaling could account for some of the apparently in-
correct times, since a calculation of the sweep of the plume at a distance
of (100 +x)/Re indicates a possible radialshift of about + 1 exit radius
and about one second in equivalent liftoff time.

Additional data from other launches would be useful to add confidence
to the results of the analysis. This effort will be continued using the
estimated radiation rates when they become available, and reported in
later progress reports.

-30-
SID 65-4




-

NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

VIi. PLUME RADIATION STUDY

A, Introduction

The previous quarterly report (Reference (1)) described a general
method of predicting total radiant power from an exhaust plume containing
only molecular radiations. The detailed numerical example presented
there applied to a high altitude or near-vacuum plume but the method is
applicable tc any axisymmeiric plume whose temperature, density, and

composition distributions can be specified.

This report contains the results of the remaining analytical work
accomplished on plume radiation. This includes molecular radiation from
low altitude plumes and the new topic of radiation from particle-~laden
plumes., ’

B. Molecular Radiation from Low Altitude Plumes

At high altitudes and in space the exhaust plume may be considered
isentropic and non-reacting. Hence composition can be assumed constart
and temperature and pressure may be simply computed from the local Mach
number, HMoreover, the Hach number can often be represented by a simple
analytical function of axial and radial location (see Equation {41),
Reference (1)), thus yielding a fairly compact representation of plume
properties.

At low altitudes, these simplications are no longer valid. The core
of the plume will, in general, contain a series of expansion and compression
shocks across which gas properties change discontinuously. HMoreover, there
may be large composition changes due to reaction between the fuel-rich
exhaust and the entrained atmosphere ("after-burning!).

Instead of the relatively simple analytical expressions applicable to
high altitude plumes, therefore, the more general expressions must be used.

T =T (X,R) (11)
P =P (X,R) (12)
N =N (X,R) A (13)

In machine computation, Equations (11), (12), and (13) would be represented
by tabulated data with associated interpolation subroutines. In principle,
however, the calculation of absorption coefficients proceeds exactly as in
the case of the high altitude plume. The real difficulty is encountered in
specifying the functions T, P, and N. As pointed out in Section IV of this
study, there appears to be no method analogous to the method of character-
istics by which the properties in a low altitude plume can be calculated
accurately. In the numerical example, given in a later section, rather
rough assumptions of properties are made in order to arrive at an approximate

-31-
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estimate of radiation heating during launch.

C. Plume Geometrical Relationships

In order to evaluate the radiant intensity reaching a surface element
from a given direction, it is convenient to work with the two coordinate
systems shown in Figure 13. The integration of the equation of radiative
transfer through the plume is carried out along lines of sight whose
orientation is specified with respect to a reference plane defined by the
position of the surface element, P, and the plume axis (Figure 134).
Direction is given in terms of an azimuth angle, 5, measured from the
rearward axial direction in the reference plane and an elevation angle
measured perpendicular to the reference plane. Distance, S, along the
line of sight defines a particular location in the plume.

The same system is used to define the orientation of the surface
element at point, P, in terms of the directional coordinates, A, and
8, of its normal.

The temperature, pressure, and composition of the plume from which
the radiative characteristics of the plume are determined, are most con-
veniently described in terms of X and R, the axial and radial coordinates
depicted in Figure 13B. These are related to the previously-described
coordinates by

X=Y+S cos  cos 6 (14)

2 cos® & sin? © (15)

R = 5% sin® ) +'R02 -~ 2R,S cos ¢ sin 8 + 3
Unfortunately, a geometrical error was made in the derivation of
Equation /0in the previous quarterly progress report (Reference 1).
Equation 40, which gives the radiant power per unit area reaching a surface
element, contains the factor cos (% - & r) cos (3 - ¢ _) which was in-
tended to correct for non-normal incidence. This factor is corrent when
either the surface normal or the line of sight cross the plume axis
(@r or 3 =0) but becomes increasingly in error as both &, and §approach
90°. The correct form of Equation 40 is

sz/[s.m ‘Pr sin@ + cos ér ¢os (e—er)][[“l.y Jy]ccs:}dﬁcle (16)v

This error will affect the numerical results presented in Reference 1,
but will probably be significant only for surface elements located within
a few radii of the plume. There has not been sufficient time to recheck
the previous calculations and to include the results in this report, but
this will be reported on later.

~32-
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D. Radiation from Particle-lLaden Plumes

In spite of the fact that radiation from particles generally
has a simpler spectral dependence than that from molecular radiators,
the overall problem of evaluating the contribution due to solid (or
liquid) particles in an exhaust plume is very difficult. First, the
radiative characteristics of individual particles must be determined as
a function of wavelength and of particle size and temperature. Next,
the net effect of a cloud of such particles (not necessarily uniform in
size, concentration, or temperature) must be evaluated, considering both
absorption and scattering of radiation. Finally, and perhaps the most
difficult, the actual particle size distribution, concentration and
temperature must be predicted as functions of plume location for a given
rocket engine. The principal solid or liquid constituents in rocket
plumes are carbon, resulting from the incomplete combustion of hydrocarbons,
and the oxides of aluminum and magnesium which are equilibrium products for
many solid propellants.

E. Cross Sections for Carbon Particles

Stull and Plass (Reference 9) have computed the absorption,
scattering, and total cross sections of spherical carbon particles, using
Mie scattering theory. They considered particle radii from 50 to 1000 §
the expected range for carbon particles in flames according to their review
of available measurements. Although the expressions for cross sections
are quite complex, the resulting values can be represented fairly simply
for wavelengths which are large compared to particle radius. Fortunately
this covers the spectral region from which most of the radiant energy is
emitted at typical plume temperatures. The cross sections are

og =1.12 x 1074 rb th (16)

o Ro, = 6.05 x 10~7 » )['2 (17)

The cross sections are in square centimeters, and radius and wave-
length are in microns. '

In the range where they apply (r < 0.1 p , A > 1.0 u), Fquations 16
and 17 have two important consequences: First, absorption is the dominant
extinction mechanism and scattering can be ignored for most engineering
purposes. Secondly, the product N oy, where N js the volume concentration
of particles in a cloud, is proportional to N and thus to the mass
density of particles. Thus N 0y, which is essentially a volume absorption
coefficient, is independent of particle size and size distribution.

f3h-
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F. Cross Sections and Fmisivities of Oxide Particles

The aluminum and magnesium oxide particles observed in solid
propellant exhausts range in size from less than a micron to several
microns in radius (see References 10, 11, 12). Thus the spectral varia-
tion of radiation cross sections is more complicated than for the much
smaller carbon particles. Typically the total or extinction coefficient,
o4, at a given wavelength increases monotonically with particle radius
r_, for particles small compared with the wavelength. For particles
hgving radii grsater than about one-third wavelength oy oscillates about
the value 27r %, finally damping out at large radii. Referencellgives
total and absorption cross sections for AlZO and MgO particles over a
range of sizes and wavelengths. 3

Morizumi and Carpenter (Reference 10) inltheir analysis simplify
this_complicated behavior by assuming the constant asymptotic value
2Mr < for the extinction coefficient. This represents a rough average
to ghe actual values for particles in the micron range and is probably a
reasonable choice since particle size and size distribution are not
accurately known.

Current knowledge of A120 and MgO particle emissivities, which
can be derived from the absorptlog and total cross sections, is uncertain
at present. Typical values derived from the cross sections computed by
Plass (Reference 11) are less than 0.1 but later work by the same
laboratory (Reference 12) indicates that these values are too low for
particles at plume temperatures and that emissivities probably lie in the
range 0.2 to 0.4. In Reference 10, the value 0.25 is adopted, based
upon an analysis of radiation from actual rocket exhausts.

G. Gas-~Particle Nozzle Flow

There have been a number of numerical studies of the behavior
of two-phase flow in rocket nozzles and isentropic plumes. The results
of such calculations are presented in References 10, 13, ard 14. In
general the velocity and temperature history of the particles are com—
puted from the drag and heat transfer exerted by the gas stream.

In all the references cited, the calculations are based upon the
assumption of spherical particles. Drag and heat transfer are evaluated
in the flow regime where viscous behavior predominates (Stokes flow).
References 10 and 13 include corrections for rarefaction effects.
Reference 1), also takes rarefaction into acoount and in addition employs
corrections for compressibility and inertial effects which can be important
for large particles and large relative velocities.

No similar computer program is available at the Space and Infor-
mation Systems Division of North American Aviation and it is not within

_35..
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the scope of the present study to develop one. As an alternative, the
numerical results of detailed calculations have been correlated to

provide engineering expressions useful for the estimation of the radiative
properties of gas-particle clouds.

H. Velocity lLag Correlation

In general, the axial velocity of a particle will lag the
velocity of the gas stream during acceleration through the nozzle and in
the external plume. The amount of this lag depends upon nozzle shape
and size, particle size and density, and gas properties. Since carbon
particles are found to be very small, only A120 and M_O particles in the
micron range are likely to exhibit appreciable %elocit lag. The densities
of the latter two are fairly close sothat, in practice, only particle
size need be considered. Again, it is reasonable to expect that nozzle
contours and gas composition and temperature variation through the nozzle
will be similar for modern solid propellant rockets. Thus, as an approxi-
mation, the significant variables are nozzle scale and axial distance
along the nozzle.

The velocity lag (l-—k, where ¥ 7 Vp/Vg) can ’pe successfully
. N—5 r
correlated with the parameter r_(r”)72Z*% where r_, and Z represent the
particle radius in microns, the nozzle throat radfus in centimeters, and
the axial distance downstream of the throat in centimeters, respectively.
This correlation is shown in Figure 14. As may be seen, there is con-
siderable difference between the curve which includes corrections for

inertial and compressibility effects and that which includes only rare-
faction effects.

I. Temperature Lag Correlation

An examination of the numerical predictions for particle tempera-
ture lag (Tp - Tg)/T o~ T%), where T _ is the gas temperature in the

combustion chamber, shows that lag re§ches an asymptotic value within
the diverging portion of the nozzle and remains essentially constant
thereafter. Thus, the value of the temperature lag at the nozzle exit is
apparently not sensitive to nozzle length. In fact, a reasonable satis-
factory correlation of the data from References 13 and 14 can be made
using particle radius alone (see Figure 15).

Unlike the situation with the velocity lag, there is no consistent
trend identified with the consideration of inertial and compressibility
effects. It should be noted that the apparent lack of influence of nozzle
scale is based on the data used in Figure 15 which covers nozzle radii
from 1.5 to 3.5 centimeters. For much larger nozzles, the temperature
lag at the exit must certainly be less than the correlation indicates.
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J. Particle Concentration Correlation

As Kliegel (Reference 13) points out, particles tend to travel
in straight lines in the diverging portion of the exit nozzle and in
the plume, and in fact exhibit conical flow regardless of nozzle contour.
This observation is used as the basis for an approximate method of speci-
fying particle concentrations in the plume.

Assume that particles in the plume are confined to a cone
centered on the nozzle axis whose apex is at the nozzle throat and whose
half angle f; is determined by the limiting streamline for a particular
size. Assume further that the particle concentration N  is constant
in magnitude and directed along streamlines perpendicular tc the apex.

Under these circumstances the particle mass flow Mﬁ through any sur-
face X = constant becomes

ﬁp =L4/3 I‘p3 op N, Vp A (x) (18)
The area A (X) becomes

A =27 X (1 - Cos e )

~ 2% 62, (op small)

The particle concentration may now be expressed

N = 1 (19)
ne 2 o2
P 4/3 o Vg rb3 Kz< ¢

The term in brackets depends upon the particle size and nozzle
geometry. The particle velocity may be taken as the value at the nozzle
exit and is obtainable from the gas exit velocity through Figure 14. The
limiting streamline angle @ may also be correlated with particle size

as shown in Figure 16. ¢y, varies inversely with the square root of the
particle radius until it exceeds the nozzle half angle, after which it
remains roughly constant. :

No published calculations of plume particle concentrations
have been found in which enough information is included to allow a direct
test of Equation 19. However Reference 10 presents calculated concen-
tration distributions for two particle sizes, 0.79 and 3.95 u, which are
assumed to have equal mass fractions in the exit flow. Thus the term
outside the bracket in Equation 19 1s constant, and N should vary in-

versely with r 3k R ¢:<. Figure 17 shows that the calculated concen-
trations do obgy this r%lation fairly closely.
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K. Radiative Transfer from Submicroscopic Particles (Carbon)

o
Because of the small size (r, < 1000 A ) and high emissivity
typical of carbon particles in a rocket exhaust, two important simpli-
fications can be introduced. First, scattering of the radiation from
one particle by adjacent particles can be ignored and the simple ex-

pression I (/\) _ BO‘ ,T) D - sz(-OZ NP 5)] (20)

gives the intensity received by a surface element (normal to the line of
sight) from a uniform cloud of particles S units thick and having par-
ticle cross section oy and concentration Ny per unit volume. (See
Equations 25 and 26, Reference 9). From Equation 17 and the formula for
the mass of a sphere of radius r

5.
P= 7 T am8 X%

Thus the particle cloud can be considered to have an effective absorption

coefficient, Pps which is proportional to the mass concentration of

carbon W, (in grains per cubic centimeter) and inversely proportional to

the wave length{in microns). For a non-uniform cloud, the difference
form of Equation 20 should be employed:

L ke L) o

Secondly, the correlations described previously show that submicroscopic
particles are, for practical purposes,in equilibrium with the gas stream
and their velocity, temperature and concentration can be treated in the
same manner as is done for molecular constituents.

L. Radiative Transfer from Micron-Sized Particles (A1203, MgO0)

Morizumi and Carpenter (Reference 10) have carried out calcula-
tions of radiative heat transfer from Al,04 particles, including the
effects of scattering. They make the assu%ption that total cross section
is a constant, 2 nr <, thus making it possible to work with total rather
than spectral intengities. They compute apparent emissivity €, for two
particle geometries, an infinite slab and an infinite cylinder. Both
yield the same limiting value of apparent emissivity ¢, = when the

€
optical thickness T = Nj o, L is very large. L is the thickness of the
slab or diameter of the cylinder. At small t

€n = 2/3 €p T (for a cylinder)
€4 =2 ep 7 (for a slab)
~)2-
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At all values of 1, their results can be represenf.ed fairly
accurately by the expression

€, = € V“[;-. exp (- e 8T) ]

(23)
where C equals 2/3 for a cylinder and 2 for a slab. The radiant heat
transfer to a surface element from a small portion of the plume is
given by : -4
a” P (24)

where AF is the shape factor between the portion of the particle cloud
in question and the element. The total radiant heat transfer is the sum
of the individual contributions. No computer program has been developed
at S&ID to apply Equation 24 to the geometry of an actual particle cloud
of micron-sized particles. However, its use is straight forward pro-
vided the correct values of €) are available.

As an illustration of the use of Figures 14, 15, 16 and
Equations 19, 23, and 24 to obtain radiant heat transfer, consider the
following idealized case. The surface element in question is oriented
so that its normal is perpendicular to, and passes through the plume
axis. Moreover, assume that the element is lacated just at the edge
of the plume 40 nozzle throat radii downstream of the throat. Under
these circumstances the shape factor AF is unity and the plume properties

—d 7 am PN
UU UU U.DW .L.l-l LMHQU.LUJ..L -Lq, al’'c DL&UDG Uk«bu.tl.-l—l&s AV L ™ VL e

Let the exit temperature be 1000°K, the chamber temperature be
3000°K, and the gas exit velocity (at Z =10r%) be 3 x 10°centimeters
per second. Assume a nozzle throat radius of 5 centimeters and a total

mass flow of 5 x 104 grams per second of which 20 percent is made up of
3 micron A1203 particles.

The veloclty lag parameter st the nozzle exit is
t;,/[(r*) z%* ] = 30/[ 5"(5x10%) = 0.60

from which 1 - K = 0.065 from Figure 1,. (At larger values of the
parameter the lower curve from Figure 14 is probably more accurate.)

The temperature lag at the exit is found to be 0.32 from
Figure 15 at : J__
=3 =

= + — .
Tp tg (Tgo Tg) x 0.32

= 1000 + (3000-1000) x 0.32 - 1640°K

43~
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Since both drag and heat transfer are greatly reduced in the
plume beyond the exit due to rapid gas expansion the exit values of
temperature and velocity can be assumed approximately constant thereafter.

The limiting conical half-angle for the particle cloud in the
plume (at 1/ =0.58) is 9% =13.1° from Figure 16. Taking the particle
density at the room temperature value 3.85 grams per cubic centimeter,
the particle concentration can be evaluated at 2 = LOr¥* from Equation 19.

N =_ 0.2 x5 x 104 1
P L/3m* x 3.85 x 3 x 10° (3 x 10 %)°(1-0.065) (40 x 5)°(13.1)?
57.3

=1.26 x 10* cm3

(Note that 5 must be in centimeters and g in radians in Equation 19.)

The optical thickness 7T is proportional to the local diameter
of the conical particle cloud.

=2 Z tan er,
=2x 40 x 5 x .2325 =93 em

Thus

3 2
=N =
=N, o L Nb x 2 nrp L
=1.26 x 10% x 2 (3 x 1074)2 x 93
= 0,66

The effective emissivity can now be calculated from Equation 23. Taking
¢p = 0.25 and C = 2/3 (for a cylinder)

1
ey = 0.25% [} - exp (-2/3 x .253/L x .66)J
= 0,102

The radiant power received is then obtained from Equation .

AP = 1.0 x 0.102 x 5.66 x 107 x (1640)L’
= 5.15 watts/cm2
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M. Estimated Radiation Heating During Saturn Launch

The methods described above are being used to make representa-
tive calculations of radiant heat transfer during sea level launch of the
Saturn vehicle. As described in Section V, total heat transfer measure-
ments made on the launch structure are available which may be compared
with analytical predictions of radiative and convective rates.

The instrumented locations chosen for initial radiation cal-
culations are designated 15Bl, 2 (Data Point No. 2). The procedure
employed was to calculate heat transfer from the nearest engine plume
only and to multiply this by a factor estimated from the additional
solid angle subtended by the other plumes and the assumption that each
plume is optically thick. The relevant geometrical factors for three
different launch times are as follows: '

time from launch (seconds) 2.0 2.8 3.8
axial location of 15H1, 2(x/Re) 9.2 20.3 35.1
radial location of 15Hl, 2(R/Rg)(-)1.1 0.0(+) 1.6

factor (for miltiplume estimate) 1.0 1.0 2.0

Calculations are being carried ent naing the nrogram RENIET and the cub
program REDRAD. In addition to making the geometrical correction re~
ferred to earlier, these programs were modified to accomodate the
special features of a low-altitude plume.

Properties were handled in the following way. Temperature was
taken constant at any axial station and assumed to vary linearly with
axial station. Composition was taken to be constant within the plume
and submicroscopic carbon particles were added as an additional con-
stituent. The properties assigned at two axial stations were as
follows:

Axial station (x/Rg) 0 50

Temperature ( °K) 1670 1390

Pressure (atm) 1 1

Plume width (R /R,) 1 1.5
~45~
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Axial Station x/R, O _50

Gas composition (Mol fraction):

H20 .38
co .38
CO2 12

Carbon concentration
(assumed weight fraction) .01

.38
.38

012

.01

The results of the plume radiation calculations will be given in a later

report.

L6~
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VIII. DISCUSSION OF RESULTS AND RECOMMENDATIONS
FOR FUTURE WORK

This second quarterly progress report includes a major part of the
Phase II Analytical and Experimental Correlation, together with a number
of the remaining topics of the Phase I Analytical Investigations. The
latter include the effect of shifting specific heat ratio on free flow
field jet plumes, the construction of sea level plumes and curves of
properties, and radiation from solid particles.

The results of the shifting specific heat ratio study indicate that
an appreciable decrease in the width of the plume boundary occurs com-
pared with the boundary width obtained by use of an assumed constant
specific heat ratio. Apparently, the principal cause of the shift in
level to higher values of the specific heat ratio is the reduction in
temperature as the gas expands; hence, little other difference resulted
from the choice of equilibrium composition, frozen chamber ocomposition,
or a combined equilibrium frozen case where predetermined "freezing
point" criteria caused the program to shift from the equilibrium to the
frozen condition. Some additional study is needed to conclude that the
constant nozzle exit value of specific heat ratio will provide accuracy
adequate for most applications.

The equations presented in the first quarterly progress report for
incorporating the Newtonian impact pressure of the freestream as an
added restriction for computing the jet plume for a mowving nozzle were
used successfully with the Apollo AP 214 program during the past report
period. The resulting compressed jet boundaries were converted to
dimensionless contraction ratios in order to show trend effects for pre-
diction purposes. Continued effort is recommended to obtain sufficient
data to generalize these trends. .

The empirical sea level plume decay ratios for pressure, temperature
difference, and velocity were abstracted from seven experimentally-based
distribution curves in the key psgper on the subject by Anderson and Johns
and are given in the present report in condensed tables on one sheet
for ready reference while making computations. That accuracy was not
lost by this practical conversion is demonstrated by the remarkably good
correlation obtained between the resulting predicted impact pressures
and the test data for the SA5 launch. Not such good correlation was ob-
tained for the predicted convective heat transfer. Continued analysis is
recommended to improve the correlation.

The question of the plume radiation contributing a larger portion of
the total heat load measured than accounted for in the equations was in-
vestigated. The radiation from solid particles is considered, with a
sample case worked out in detail to clarify the parameters involved. The

-47-
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study is not yet complete; however, the level of radiation flux is expected
to be far smaller than obtained by convection heat transfer. Continued
investigation in this area is recommended.

In general, the present predication methods appear to give reasonably
good correlation with plume impingement data obtained in high altitude
test chambers, and also for the impact pressures for sea level plumes.
However, because of the largely empirical nature of the methods, further
study is needed and recommended to improve them, particularly in the
heat transfer area for low-altitude plumes.

-8~ v
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