oo
i

Ty [

b Bt

Dl

SPACE VEHICLE ENGINE AND HEAT SHIELD
T ~ ENVIRONMENT REVIEW

AZY

YN ., e
[ .- :
5: TATE -
i i

il




SPACE VLLHCL ENGINE AND HEAT Sn*I‘T‘LD
ENVIRONMENT REVIEW

VOLUME ‘I - ENGINEERING ANALYSIS

e By
| S W. B. McAnelly =
_ ‘ - . - C. T. K. Young, Ph.D. .

December 19?3

Prepared For

T:‘RODULSTO\* AND 'T‘H CRMODYNAMICS DIV'ISIO\T .b .

ASTRONAUTICS LABORATORY

GEORGE C., MARSEALL SPACE FLIGHT_ CENTER

HUNTSVILLE, ALABAMA

Contract No. . NASS-27802
Prepared By,

CTRONICS AND ENGINEERING

EDYNE BROWN ENGINEERING
EUNTSVILLE, ALABAMA

=t

T ™
L
—
2L

——an wrra—————— o

o —_— T r3 - g T = ¢ A & T ot 0y Y g e e S A g 8§ Ot ey

e gt ek ot e g E e

i gt s

v ey s T

e e e




ABSTRACT

Results, conclusions, and recommendations derived from an
in-depth review of Saturn rocket base heat transfer are contained in

three volumes.

o Volume I - Engineering Analysis - Discusses some
theoretical and real aspects of-the rocket base
ansfer problem. It presents an in- ds.pc.h critique
he p*obiems associated with instrumentation and
measurements of the inflight base heat Lransfer com-
pares and discusses typical Saturn flight test, scale
model test, and analytically generated base heating
and environmental parameters. It.also attempts to
identi'fy, delineate, and explain the differences between
he experimentally observed and analytlcally produced
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results.,
Y N SR o Volume II - Engineering Data -~ Gives description of the
y/ ' ‘ Saturn flight vehicles, engine specxﬁcauons, and operat-

ing parameters, descriptions of the base instrumentation
K and vehicle flight trajectories.. The 'collected, normalized,
and correlated Saturn Lll“ht test data is > pres ented in
s

this voll.me.

o Volume 111 - Flow T{ev»;rsal Program = Discusses the-
theoretical aspects of the: flow reversal orocrram, and

presents parametric comparison between the base

environmental parameters and experlmentally obtaxned

results.
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OF SYMBOLS - Continued

Oxygen-to-fuel mixture ratio

Pressur

@

Conduction heat transier

Gas constant

Vehi;_le radius

Radius, gas tempé:&atﬁre reco.véry'factor
Gasvtemperature ‘recovery facior

Oéti cal path

Temperature

Velocity

Weight

Characteristic dimension

Absorptivity

‘Ratio of specific heats

&z

missivity
Absorption coefficient
Wavelength

Dynamic viscosity-

Wave number -
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Base
Convective heating, chamber

Convective
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Phas e Change

Normal
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.25 the "Base Heating Problem'. He

For @Rl e TR o e e e

in current missile designs, it is common practice to forn

3
ot
i
)
[¢]

rnain propulsive system by cluster ing jogether several rocket engincs. -
“The clustered engine concept is advantageous ito many missile design

disciplines. in that it tends to.optimize the vemclu. However, this design

)-u

“eates a very complex thermal fluid problem commonly referred to
ieating of the base region results

from radiation which is emitted by the high-temperature rocket exhausts
and’'convection from gases circulating in the base region. As a result,
& severe thermal environment usually exists in the base region. Vital
engine components and sensitive basé structure must be protected from
this environm ent. This is accor mplished by determining the thermal
'respoﬁse of the cor mponents to the base environment and designing an
acdeguate protection system. S'mce this must be accomplished prior to

any flight tests, the ability to predict the environment is a necessity.

~

As a result of experience gained in the deswn of Drevmus rocl\e..
vehicles, several methods of pred;cunD the base region nermal environ-

ment have evolved. . These can be generally cé.fego’r‘ized as:

o -Scale model testing

¢ Extrapolation of previous and related flight test
results :

o Semigmpirical analytical ..ecnnwues.

~

A study of both the theoretical and experimental aspects of the problem

will show, however, that all techniques are still in the development stage.

A NASA-funded review of the base hea‘cmg experienced by the

aturn Apéll_qvehlcles was initiated in .July 1971 The objectives of

this- study were the following:
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o} all relevant
alyti-

o and
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The’

The accomplishments and conclusions

contained in three volumes.

resulting from this study are.summarized in the following paragrapns.

vrn vehicle flight and scale model test data were’

v

, correlated; compared, and are presented in the reports.

The review of the scale model test results indicated the

o Scale model testing of the type used during the Saturn -
program does not predict the full scale vehicle radiant
environment (Ncte: The Saturn model test progi‘am

‘was- designed only to provide information about the

convective environment.) '

o Scale model testing tends to over-predict the con-
vective environment : '

o Test resulis need to be scaled or otherwise altered

base thermal design criteria.

e
caling procedures produce uncertain
iull scale results,

Q
w
O
v
B,
.
]
o
A
(o)

1 test data have been used with better
results in estzblishing the design criteria for upper
stazges than for booster stages

»xviii

the study are
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Work associated with the anzalytical methodologies produced

. o A procedure for predicting the convective cooling
during the aspiraiion phase of flight was developed.

: Comparisons with the flight test results are pre-~

+ sented in the report.

¢ The computer technigue Ior predicting the base
* : : ' environment during ilow reversal was improved,
expanded, and computed results compared to.
ured flight and scale model test data. The

v o
H
e
1]
[¢]

S
om:p ns which are presented in the report gen-

<

o , erally indicate that the program tends fo conserva-

.’ : tively over-predict the base convective flux, over-
tict

the gas teraperature, and under-predict the
o i 2 Iy

N pressure. Coupled with the comparisons contained,
: in the report, the flow reversal program should pro=
- vide an alternate method for developing full-scale -
. ‘ vehicle base design criteria.

o The use of NASA-developed gascous radiation com-
; puter programs appears to-offer an appropriate
: method for predicting piume radiation. However,

this method is somewhat complicated and time-,
o

. _ ' consuming.

simplified radiation prediction technique used
-successfully to nredict the Saturn and Titan base

edge of the plume ground-level emissive power. A
computer program was developed to compute the

radiant flux in the base region using measured plume
wissive ¥ s input. Partially occluded plumes
ckage by nonparticipating surfaces can be
ange in radiation with altitude is
d by extrapolating results measured during
: les, which is one of the
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o

=

R\,v1 ew of the ilight test resulis produced the following:

[

o Use:iul qualitative and cuantitative trends and
charzcteristics can be obtained from thé measured
flight test date.

o All instrumentis us il

d to measure the Saturn inflight

a the potential for

indications. The guantitative accuracy of
' nts could not be determined \le,h

ple

:D-'

e
ent 51milar to "mat a::t1c1pated during the flight, i.e.,
i radiant and convective environment. The

e
ecessary flight parameters can then be evaluated,
approximately, from the calibration data.

The procedures and methodologies for predicting the base

environment and developing thermal design criteria are basically
developed; however, many of the complexities of the problem will

never be significantly simplified. Many improvements can be made

and further research is recommended.
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Areas and specific problems'

uld De studied are listed at the end of each section in Volume I~
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n current missile designs, it'is common practice to form the

main propulsive system by clustering together several rocket engines.
Tigure 1-1 shows two typical arrangements which have been employed.

is advantageous to many missile design’.
disciplines,. in that it tends to optimize the vehicle D) resulting 1“1 a

N

ively compact, minimum weight, and cynamlcally stable system..

However, this design creates a very complex thermal-fluid problem

coh-“-o*lly referred to as the "Base Heating Problem'. The heating
results irom the radiation emitted by high-temperature rocket exhausts
znd convectively from gases circulating in the base region. This phe-=

nomenon is shown schematically in Figure 1-2. In summary, the heat-

ing in the base region varies significantly with zltitude and can be

Characterizedvas follows: at low altitudes, the supersonic exhausts, in
conjunciion with the freestream flow, pulls the ambient air into the base
regicn which provides cooling to offse ¢ the ﬁsually high thermal radia-

tion. At high zltitudes, where the ambient:pressﬁre is low, the exhaust

jets expand and interaction between adjacent engine plumes occurs.

This causes some of the high-temperature exhaust gases to reverse

are nct uncommon.,
As z result ¢f the severe thermal enwron‘nem, vital engine com-
ponents and sensitive base structure must be Dro‘,ected . This is accom-

>

plished by delermining the ¢

-

wermal resnonse‘ of the components ‘to the

base thermal environment and designing an adequate protectlon system.
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the environment is very limited, even though much time

=nd money

to researching the various aspects of the problem
, several methods of predicting
the base region thermal environment have evolved. These methods

can be gencrally categorized as: 1) Sczle model testing; 2) Extrapolation
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test results; 3) Semi-empirical analytical

However, in studying both the theoretical and experimental

it becomes obvious that zll techniques for pre-

ransfer are still in the development stage. This

is not surprising when the extremely complex nature of the problem is

considered. The theories associated with such problems as fully ~

_separated and interacting three-dimensional compressible viscous

fluid flows, multiphase turbulent and chemically reacting boundary

bt
v

~
¢}
L4
&
v
=
[N
0O
e]
[

el
it}
¢l
[oN
&3
™
(o)
o
[
ot
N
e}

n, and conveciion and conduction heat trans-
fer {to mention just a2 few) are currently limited and complicated. How- .
ever, these oroblems are commonly encountered in the base heating

problern. In the development of the analytical techniques, these com-

slex nroclems are solved using much simpler theories which ultimately

oQ

introduce inaccuracies into the calculated results. The basic idea in
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nt is to approximate the insolvable pro-

‘blems by simple theories and then 10 adjust the computed results until

agreement with experimental results is obtained. Thus, the final ana-
lytical model would be a semi-empirical solution to the problem,.
Trouble is encountered using this approcach when considering the

exzerimental data which is to be used as the basis for modifying the.
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viical mocel.
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el test results are used, these results

‘~.g'1-t‘test results because of the inability

pt

oftcz-. do not agree with the £

2k

to simulate fuvll-cczale v che conditions. The

[23)

illoht test results

on tne othier hand, are suspecied of being in error at various times
during the ilights. " As a result, if the analytical models are forced
to zgree with the available experimental data, a general solution of

ting problem is not obtained. What does emerge is a

madel which fails to _properly predict the environment for vehicle con-
ca

*i

itly dissimilar.

Other factors also contribute to the genéral lack of base heat
traznsier predictability. Such realistic factors as multxphc.s (i.e.,
engine wall condensation) engine box.ndary Layers surfaces with tem-
peratures controlled by cryogenic liquids, _a}.nd water absorption by
porous heat shi lc.:'ibr;naterials appear to a_.ffi'ec‘t the base e.nviro’r‘x‘ment
directly. These factors are not the same on all vehicl.eé, and the

prediciability of the effect is often speculative,

In this, study all ava lab e analytlcal techniques, Satﬁrn ﬂight
resulis and scale-rnodel test data were to be reviewed, The
purpose of this review was to determine how well these results agree
RO USRI AP Ik S SR SUPLE ST I SV N SAANE oSS URCTU RSN TR SRR

o provide guidance in establishing acceptable techniques for
~ing the base thermal environment and base thermal protection
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¢ to generate analytica
were compared with flig
data in Task 6.

4

p model test data, including both hot and
cold flow tests, were collected an

, nd reviewed. These data”
were separated and categorized for the required correla-
tions, sceling, and co-**ec tions which were p normcd i
Tasks 4 and 5. '

tal Data -

men
ciated with each stage (S* urn I, 1B,
1

o
aracterizes the base heating phenomenon
evaluation. Off-nominal conditions were
nd invesitigated. Data correlation, correction,
LS ' cnn*_q\ies_were studied. - Errors associ-~
m

ated with measurements and insirumentation were investi-
gzted. The most suitable technique was used to correlate
and compare !

o
A3
the measured daiz. Factors which cause

correl i cate off~nominal
conditions were identified and investigated.
Tack 5 - Scaling of Model Test Data - All existing scC.l

methods were reviewed and evaluzted. The de;1c~.enc1es
of existing scaling metl

methods were determined and improve-
ments made. The model test data were then scaled (by
he best available scaling method) to full-scale flight
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S eport - A final technical
report that describes in detail the results, conclusions,

3
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and recomraendations of the base heating studies has been
e

In Section 2, the basic theoreticzl aspects of the rocket base

heating problem are discussed. The fundamental equations, which show
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ust be known in order to arrive at an analytical

solution of the base heating problem, are discussed.

In Section 3, the problems associated with the instrumentation

used to measure the inilight base heat transfer are discussed. The

design of accurate instruments ior measuring the base heat transfer is

m which has not been solved. Many of the instruments

js}

turn flight tests had the potential for error and appear

measured results which cannot be completely corre-

In Section 4, some typical Saturn flight test results are com- .

pared, analyzed, and discussed,

=t

n Section 5, the scale model fest results are compared to the

o
5
a
v
w
o

red flight data and discussed,
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iagnostic and prediction techniques are dis-
cussed in Section 6. DBase heat fransfer environmental parameters pre-

dictec Ly some of the analytical techniques are compared to the scale
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ned and are listed as References 1-1 through

£dditional information concerning the Saturn base heat transfer
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2.1 BASIC HEAT TRANSTER CONSIDERATIONS
The heat transier to the base of a2 clustered-engine rocket vehicle

is a2 result of incident thermeal radization and convection combined with the

conduction, heat

n

torage, reradiation, and possibly phase changes asso-
ciated with the base region materiais. Consider the differential material

volume arbiirarily located in a2 base region as shown in Figure 2-1. The

(a9
Vi
beby

ferential area, dAg, is assumed to be exposed to the convective flux,

Ge» and to the radiant flux, qjp. Assuming that the material is a porous

medium, such as an insulaticn that could have absorbed moisture, the

thase change which would take place as the ma_‘cer.i_al is heated at the

The reradiation,
1.0 irom the surface to the s_urroundi*zgs‘ will also represent an cnergy l
loss., A sirhply energy balance shows that the .ne{ heat c.roAssing the unit

differential area, dAg, 'is

%n = 9c* @Qir - Al - Qrr -
wanere

Qin - net heat flux cro:s sing dAs

Qe - convective heat flux

qix - incident radiant flux

Qe - reradiation flux

ay - heat loss by phase change

o - surface absorptivit.y.

The temperature of the differential volume can be computed by solving

ourier conduction eguation:

~
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pcs ZT_ = V(kVT) + Q ' (2-2)
:-.‘:"— PRCCH R %?- —:a— K25 + Q
Toem U ex 3y 3y oz dz 1

whrere

3 - density

Cp - specific heat

T - temperature

T - time

. thermal conductivity

o3} - Theat lost by phase change or gained because of
heat generation. -

Eaquation 2-1 is related to Equation 2-2 through the boundary
conditions of the problem. For example, the conduction heat flux is

defined as

"

. : oT
g, = - k— .
A ax

At the surface, dAs (see Figure 2-1), this is equal to the heat

flux entering the volume element and gives .the boundary condition;

3T
qx) o= -k} g (2-4)
x=0 9% | o

2-3.

tia n A s e A e W e a3 LT e
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y closed-iorm integra-~

a resuli,- ‘most problems
1such 2s the Chrysler Improved -
particular program is

the eifects of phase

and 2-4, the driving

del
O
[
o
'8
s
)t
f
fomt
<
o
o
(9}
5y
O
I\l
f‘
4]
(o]
u
ol
ol
(o]
oy
o
fv
ot
ot
8}
v
3
0

Ter is the convective and the radiant

heat {lux,  2s opposed to this, in 2 fransient problem, the conduction,

reradiafion, and the hezt loss by phase change are contr o‘lcd mostly by
the internal pronerties of the material. With respect to base heat trans-
fer, itis usually the convective and radiant heating rates which are the
meoest difficuli to speciiy.,

2.2 BASIC PARAMETERS IN CO\V?"‘_‘IV_, HEAT TRANSFER

To show wi -t musti be known in order to specify- 'the convective
flux, consider the following, The convective flux is dg.flned by cwto

inw of cooling as

= h (Ty - Ty) - (2-5)

ic

where
h -  heat transfer coeificient
T - gas recovery temperature
’TW - suriace temperature.

is known that the convective coefficient can be derived using

ied forwm of the Reynolds analogy given as

T _ .m_.n - . :
hn,‘u - C NreNpr ) v (2_/)
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eTe
N:-.u - Nusselt nﬁmber = hx/k
Ny - Reymolds number = puxfu
'T:Z‘ - Prandtl number = pey/k
C,m,n.- experimentally determined coeificients
:G
3 - characteristic dimension
’\ -+ - thermal conductivity
o - gas density
u - velocity
woo - ay.namic viscosity
Cy - speciiic heat.

Because convective heat transier is a boundary layer problem, -

property gradients exist between the ocuter fiuid and that near the wall.

As z result, the evaluation of the transport properties is dictated by

4

correlating experimental data using Equation 2-6. The coefficients c,

be said that solutions to the convective heating are always semi-empirical.

n are also determined as & result of this correlation. Thus, it can

Substitution of the physical quantities into Equation 2-6 gives

e om o, »
h o= (C) . (Cprw mf,:hm ) (Xm-1> - C(2=T)

Further simplification of Eguation 2-7 is possible if the velocity,

and the density, p, can be related to the local freestream variables,
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using ideel ges and isentropic relations. Then,
=S
- 2.8
o = T (2-8)
R Ts -
and
1
w o= M (ygRTg)? (2-9)
v~1
(L, [/=
J 2v o Y
= (T - - 1} gRT;
(¥ Ve )
\\ .
where
Py - . static pressure
0 2, - total pressure
1
Ty - static temperature
v - ratio of specific heats’ .
R - gas constant
M - local Mach number
g - gravitational constant.
Then, using the isentropic relation
vl
Y-:
To  [Po )\ Y
- = =3 / (2-10) "
~s s /- : .
where Ly is the total temperature, Equation 2-7 can be written as
®
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t o, l-mn N
A= CRe T ‘L Rm/Z gmon ! (2-11)
: v-1. =1 _ m/2
) dE (B[R
) To \Pg P,

SR T ’ .
which is : . . '
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ents only one of the many relations which
are possible. This ecquation relates the heat transfer coefficient to the
most basic properties of the flow. . The computation of ‘;:he heat transfer
coefficient using Eqna; 1 2-11 reqa ires the following. knowledge:

The type of fluid must be known in ordei' to evaluate
the transport properties Cp, k, u, v, and R

o

© The flow field must ecither be known or be possible
in order to specify the Lne““oqyﬁarmc
properties Py, PO, To, and Tg
¢ The coefficients ¢, m, n and cnafacter stic dlmen-
sion, %, must be known or assumed.
The 1

atter implies that some geome trically similar problem must have

been investigated a nd correlated using Equation 2-~6.
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With respect to the base heating problem, the following charac-
teristics are known:

© DBecausc the base flow changes throughout the flight,
all terms on the right side of Equation 2-1l.are
transient

o The gas in the base region during the aspiration
phase of the flight consists primarily of the free-
stream ambient air

o During the flow reverszal phase, the base gases consist
primarily of the reversed engine exhaust products

0 Regardless of how it is accomplisnhed, a base gas
temperature and a2 component surface temperature
must be determined in order to solve Equation 2-1.

The
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function of temperature, it can be assumed that these properties will

, the functional

(2-12)

.
b
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Tr(r) = f[TO('r)] .

(2-14)

The relations on the right side of Eguation 2-13 are also time-dependent.
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caiion. However, these ecuations do show, in simple t
be known 1o derive an analytical solution., The analytical model must be

devised so that the transient values of the pressure (P, PS) and tem-

perature (TO, T} can be evaluated irom the known vehicle and thermo-
dynamic conditions, Also, the available experimental data must be

g Equation 2-6) to determine ¢,. m, n, and the charac-

o

.3 ASPIRATION PHASE CONY TEC’TIV“ COOLING

After engine ignition and release‘,_ the v‘e‘hi'cle. rises through the
atrnosvhere with increasing velocity. During the_first phase of the
asceni, the super somc exhaust jets, in conjunction with the freestream,
tend to create an cjector effect in the base region (see Figure 1-2).

the ambient air into the base region. The ambient

“alr's having a relatively low total temperature during this phase of the

irce of convective cooling to offset the usually high
radiztion, The aspiration phase usually persists only at low altitudes

uring the first half of the flight. Because of its positive effects,  con-

scme attempis have been made to more ez:ecuvel‘y uuluc this

lacing sccops and flow deuecLors a*ound the base of the

o

The developmen At of an engineering rqodel of

the convectivé cooling during this phaseée ‘will be discussed in ‘another

2.4 FLOW REVERSAL PHASE CO\VEC"‘TV HEATING

At high altitudes, where the ambient pressure is low, the exhaust
jets exmand until interactions between adjacent engine plumes occur.

A L
-t

s a result of these interactions a very complex shock structure and flow

ignored in base region Lnermal ana;yses.
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£s the supcrsonic jet leaves the nozzle, turbulent mixing between

the jet-irec boundary and the surrounding gas takes place. As the jet
approaches fhe impingement point, the mixing zone has spread to a rela-.

mixing porcess, the velocity (and, therefore, the streamwise momen-

turmn) varies significantly across the mixing layer. As the flow approaches

the low-energy gases in the mixing layer.
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the discriminating "DV streamline in Figure 2-2) which can penetrate

the shock. | This can be established by finding the streamline with a

.

stagnation pressure equal to the static pressure behind the oblique

shock. Likewise, the location of the undisturbed jet boundary (i. e.,
BJ' streamline in Figure 2-2) determines if any of the main jet is
reversed. If the "J" streamline of Figure 2-2 has a stagnation pressure

~

greater than that of the discriminating "D streamline, then the net

flow is out of the base region (i.e., no flow is reversed). However,
when the ""J'' streamline stagnation pressure is less than that of the
D' streamline, then the high-energy main jet exhaust gases are

reversed back into the base region.
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eveloped by studying two-dimensional f'low‘
Zcross 2 rearward facing step. Chapman (Rei. 2-1), studying laminar
flo&v, was the first to develop a theoretical model of the {low reversal
mechanism. Korst,"et' al {Ref. 2-2) developed a similar model for
ulent flows. ~ Goethert (Ref. 2-3), studying flow reversal from

clustered rocket engines, was the first to apply these theoretical models
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“problew, rnany significant

<

iflow problem. The use of back step flow

<

racdcls as diagnosiic technicues for predicting the base environment
piaence because of disagreements obtained

esults. One of the reasons cited - is that

y simple two-dimensional back step flow
medel to the very comuplex three-dimensional rocket base flow reversal

1g simplifications and approximations must be

zde. These are thought to introduce errors in the computed results.

One of the tasks of this study was to C‘.Ct mine the accuracy
and utility of t’nc flow reversal analytical models. For this purpose,
a commnuter program was developed and is“discus sed in detail in
Volume III of this report; Comparison bet‘w)éen the'_analyf;ical flow
reversal model and t he measured resulis obtained during scale model

and flight test are shown in Section 6 and in Volume III of this report.

.many factors. The basic factors ar e assoc1atec with the propellant

combinations and engine operating condltlons. - To achieve maximum
specific impulse (thrust-to-mass-flow ratio); ‘engine operating condi-
tiong are required which directly influence the plume radiation. For

liguid-propellant engines, the maximum specific impulse is obtained

when the mixture ratio is fuel rich. For so‘lid-prooelleint motors,

.
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Large liguid engines also nave very fuel- rLcn turbopump gases dlS-
—-- P SR N 4 A s £ 04 . .
charged into the outer periphery of ;.he main exhaust streams near the

exits. As z result, liguid engines discharge large amounts of excess

(3]
Q)

o

ticles are mixed w.»n the fuel to mcrease the soec1f1c 1mpulse.
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a2t low altifudes and produces a high temperature mantle which sur-
rcunds the exhaust plumes. At high altitudes, the aiterburning either

decreases ic a very low level or ceases aliogether. For liquid engines

where the fuel is 2 hydrocarbon. (RP-’L_)‘;. the chemicélly inefficient com-
‘bustion process (1. e. , excess fuel) taking place within the engine system
produces significant amounts of particzila_te carbon (socSt). This candi-
ition, in coﬁjunctio-n with the éit‘gébﬁrning, causes ;che'plumes to 'fadiat'e
similarly to a high-fémpera'ture blackbody. Because of the solid par-
ticles, the ra&iation from large, hydrocarbon-fueled engines and solid-
p}:-ovellan.‘c.engines is similar. If the fuel is a nvonhydrocarbon"(hydrogcn),

the exhaust gases are semiopaque and the radiation is, therefore, much’

Rocket exhaust plumes are nonisothermal, nonisobaric, and

necous gas bodies, The equation which governs such a

radiating gaseous body is (see Figure 2.3}

iy = fu fw fs p x, Iy, exp (- fsp Ky dS') ' (2-15)
* cos ¢ dS dw dv

where

ir - incident radiant flux

o - local density

Ay - ;pectral absorption coefficiehﬁt' ‘
I.bv - Planck function

S_ - oétigal path
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& - solid angle
Y - wave number
o] - see Figure 2-3.

Comrzruter programs for caleulating the rocket exhaust plume radiation

o
<o
uging Zaguation 2-15 are available (see Reference 2-4 for example).

-Howcver, the compuier programs reguire, as input, the complete

wition of all.thermodynamic and radiation properties along
all optical paths. This type of information is seldom available and is
difiicult to generate theoretically for muliiple plumes with afterburning.

Tor an isothermal, isobaric, and homogeneous gas, Eguation

9%r = Ep€p fA Faas - dap (2-16)

where
Ep = o‘T.L; - plume blackbody emissive power

N
1L

f(Tp, p, £) - effective volumetric gas emissivity

P

: Cos & dw L '
o - =L8 0 W
“dAg - dAy T I view factor between dAg and dAp
T, - vlume te'nperature
L - mecan beam length.

— -

To derive Equation 2-16, the emissivity was assumed to be a function
of the gas temperature, density, and some characteristic dimension (2)
of the gascous bedy. This conce'f)t'd'evelopéd by H. C. Hottel is
discussed in most engineering heat transfer texts. The characteristic

iimension for circular cylinders and spheres can be obtained from

erence 2+~5, The restriction that the gas is isothermal, isobaric,
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and heomogencous severely limits the use of this approach when com-

puting the radiation from rocket exhausts,

»

depth is very short for both hydrocarbon-fueled liquid and solid-propel-

lant engines operating at low altitudes. Therefore, the radiationis very
nearly a surfazce phencmenon. For this condition, Egquation 2-15'can be
reduced to the u i

sual equation for radiation beiween a finite radiating

)

ferential receiver., In finite difference form,  this

ccuation can be written as

(2-17)
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2.6 MISCELLANEQOUS EFFECTS

Considering the discussions of the convective and radiant heating

in a rocket base region, some of the obvious factors which establish

the base enviroament are - :

o Engine spacing

o Base structural arrangement
o Propellant combinzation

G icle overation conditions.

riowever, many other {not-so-obvious) factors also exist which can

influence the thermal enviroament in direct ways. These factors are

often unigue to ome specific vehicle configuration and/or to one specific

flight, Some of these are discussed below
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Bzsc heat shields are usually coated with 2 high-periormance,
tion material, These materials are oifen quite porous.
n with surifaces at or
near cryogenic temperafures, z considerable amount of condensation

I

ic in contact with the vehicle prior to launch. It is oiten possible for

sorme of.this condensate to colleci above the heat shield and/or be

- absorbed into the porous insulation material. During flight the pressure

urrounding the base region is constantly decreasing, and thermal

cnergy is constantly being added to the materials in the base region.

As a result, any moisture changes phase from a liquid to a gas or sub-

limes directly between the solid and vapor state. The heat shield absorbed

moisiure cuigasses directly into the convective boundary layer and
appears 10 influence the convecilve environment during the early phase
of tooster ilights.  Because of the large energy required in changing

phase, the temperature of the heat shield is lower than that which would

Another example of phase-change lated environmental effects

is associated with cryogenically cooled engine walls. Typically, liquid

-propellant rocket engines are constructed of thin wall tubes brazed

together along the axial direction. Wall cooling is provided by pumping

some of the fuel ~nrox.dn the tubes. Since the Saturn upper stages used
{/H, propeliants, Z;yd"ogén was pumped through the tubes. It is
i:hpor*’:ant to the coolant circuit flow rates that the coolant enter and
lezve the cocling circuit as -a liguid. For nydrogen, this means tc*npe*a-

£ PN ‘-t 3 w

tures of approximately -250 to -400°F. AFl-o‘{vi‘ng hydroge‘ at these tem-
;e‘ratv‘.res produces gas side wall temperatures: Well below the satura-
tion temperatures of the mostly water va po emaust prOdLCtS. As a
result, condensation and even soli 1f'~ca‘clon of the watér vapor adjacent

to the wall appezrs ‘to have Lal n place. Since the engine boundary layer
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fluid is the first portion of the fluid which is: reversed inio the base

region, it would appear that the co“densate could have significantly

Y

imbal patterns and/or inoperative engines ¢an
zlso significantly influence the base environment. During a nominal

bal (1. e., pivbt about an apex) only slightly to

ents in the vehicle trajectory. However, such

vield during launch of the Skylab) cause severe: engme movements,

All of these conditions have been experienced during some of the Saturn
ights, When these conditions exist, the base environment is
usually inuucncedsig ificantly. As a result, the vehicle base thermal

protection SYSLCIT design environment is often dictated by one of these

The existence of soot ircmhydrocarbon propellants is another

factocr which compliceates the base heating problem. Since the base

region 1s a high radiant heating environment, it would be very desirable

to use surfaces which have a low 2bsorpt tivity. Although it is customary

,.

to erv 'oy low absorwptivity surface coating, for added insurance, the efiect

n seldom ce relie

O
o
o

Q.

on because of the possibility of degradation result-
ng irom soot deposition. Photographic observations have.shown that

the base region is azlmost engulied in thick exhaust gases just after

engine ignition, and occasionally during the release and launch phases
of the mission. Cther photographic observations of the vehicles at

the cvyiindrical aiterbedy. This is explained by the reversed gas flowing

‘out of the base region and forward along the vehicle in a highly separated

e

¥ L]

' v
O
—
—
[

-

R

™

‘L

]

(-

J

C

(3

L]

(]

-

(

3 0

)

)

[

ey

1

2.

) O

e e oo g e s = e St S ma

g

e

;
:
)
|
?
8

oy

PR

rrerr

e ke me b Sndbomidianty okl

. et e



flow region. This amount of soot deposition along the side of the vehicle

implies an gven larger amount within the base region. Needless to say,
the problern of soot deposition creates serious instrumentation problems
when atiempts azre made to mezsure radiative and convective heating

Several of these effects will be discussed in more detail in the

following sections.
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3. FL'ECHT VERICLE lNSlRUM“i\IA!IO’\ PROBLEMS

(6N}
.
1=t
v
f -

i
O
O
O
2

Because of the extreme complexity of the base heating problem,

insight into

esults. To a

gree, the latter is possible; however, certzain instrumentation-

With respect to efforts made in measuring the base environment,

the Saturn vehicles were probably the most weil-matrumented vehicles

ever flight-tested. Over 200 individual instrument types and locatlons
- R4

were used in the base region. Ma;-y of Lhese were carrled on several
cf the 30 indiv 1dua1 wch—Lnstercnud flight-test vehicles. However,
these ciforts appear to ‘have fal‘c,n shorL of producmo results which can

uate many o’ he parameters Lhax. are Lmoortant and neces~

in understanding the base heating problem. If a single factor could

4]
]
ke
&
o

a2s a major cause for the general lack of understanding of the

base heat transier, it would most surely have to be the inability to accu~

1

rately measure the in-flight base alvxron*nen al conditions. The latter

£ oL

might imply criticism of those ‘esponsible;for the design and selection

of the individual instruments. This is not necessarily intended. The

truth of the matter lies in the fact that conditions existing within the

bzse region produce equirements which are nearly impossible to meet

‘with instruments designed along conventional lines.

he instrumentation used in the base region was intended to serve

a dual purpose. First, it was to establish the adequacy of the base ther-

mal protection system. Second, it was to provide basic information with

I

regard to the base heating phenomenon. The types of instruments used
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ine high regiation and convective heating environ-

CiiCdl

difficult conditions for ine instruments to meet,

, responsive, and reliable instruments were not

[d}
[}
]
+
o

virements. As a resuli, an extensive instru-
ogram was carried on over the entire program at

The instruments used on the later flights represent

eveloped instruments. H

fowever, as will be shown, -even

e desired with respect to individual instrument

Shown in Figures 3-1 through 3-7 are sketches of some of the

probes used to measure gas temperatures in the base regions. Cen-

-

erally, the probes consisted of specially designed and constructed

The probes showh in Figures 3-1 and 3-2 were used in the
Satura I through Saturn IB base regions. These probes consisted of

an insulating case.

rad fort to reduce the effects
of abscrbed radiztion on the temperature reading. On the Saturn IB.
vehicle, the probes were mounted so that the distance from the surface

tc the probe sensing element was varied-as shown in Figure 3-3.
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1gh the heat shield with the distance from the suriace to

the sensing element varying between 0.25, 1.0, and 2.3 inches.
As seen in the figures the designs of the sensing elements of

the S-IC heat shield and engine gas temperature probes are distinctly
differcnt. The engine probe consisted of a bare 0.002-inch-diameter

platinum/10 percent rhodium thermocouple surrounded by a double

radiation shield. he inner and outer radiztion shields were plasma

(6]

soray coated with aluminum oxide to prevent catalytic reactions. Gas

the thermocouple junction by traveling a circuitous rouie

through a 0. 15-inch sqguare hole in the outer shield and through 0.040~

r or 0. 10-inch-diameter holes in the inner shield.

1 3

The heat shield probe consisted of a fine platinum/10 percent’

rhodium thermocouple wire encased in a platinum/¢ percent rhodium

sneath fillicd with compacted magnesium oxide insulation (see Figures

3-5 and 3-8). To reduce thermal radiaticn, the sensing element was-
surrounded by a single cuter shield. To prevent catalytic reactions,
the exposcd suriaces were coated with molybdenum silicide, and the
)

sensing element was coated with ceramic cement. Gas entered the

cutcr shicld through three equally spaced radial holes 0.1625 inch in

igure 3-7 shows a schematic of the gas temperature probe

used in the base region of the Saturn S-II stage. These probes were

o
o

¥
w
bant
iy
s
o]

lded and extended approximately 2 inches from the heat shield

suriace. The design of the sensing element which contained the

‘
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imermocounle was considered prop:ietary by the manuiacturer. How-

shicld probé shown in Figure 3-6. No doubt different materials such as

tne alumineg sheath were used in con Lrucuo‘q ouner\vl;c t‘me design was

5.

Further informetion regarding details of constructing and quali-

fication tesis of the Saturn gas temperature probes can be obtained from -

ferences 3-1 through 3-8.

3.2.2. Gas Temreraiure Probe Accuracy

t
o
n
o

d upon the data available, it must be concluded that the
2bility of the gas temperature probes to measure accurately the tempera-
ture of the base gases is very questionable. For some conditions the

proves may have indicated the true temperature within a few percent,

however, this is a result of fortuitous circumstances. Furthermore,
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discussed in detail in the following sections.

Briefly stated, the gas temperature probe errors appear to be a

resulty of the following factors:

suriaces of the probes to prevent catalytic

s with high radiation absorb-
ivities and caused the probes to be overly sensitive to
'.nc ident radiation and reradiation atf high temperatures.

o

ave had several deleterious eifects:

er path between the gas and the thermo-
reased; the sensible heat capacity of the
insulation/sheath system was considerably

Capsulating the thermocouple inside the insulated sheath- -
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rium conditicons which prevailed. When these probes are used in the

base region some. of the eilects tend to cancel each other, providing
some reason o speculate that the overall accuracy might be better than

that indicated by considéring each source of error separately.

3.2.3 Gas Temvperaiure Probe Theoreticzal Evaluation

Considering the schematic of the gas temperature probe shown
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junction gives

0, = Qr+Qc-Qc N 1 3

Q. - mnet radiziion absorbed orirejected by the junction
Q. - convective heating to the: junciion

Q. ~ heat conducted intc or out of the junction.
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nction to be an isothermal mass, the net heat in the

juniction at any time is the sensible heat; thereiore

-

W= weight of the junction

Cw. - swecific heat of the junction
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- femperaturce of the junction

finite junction ares, AA:, and an arbitrarily picked surrounding area,

NVACT E

Qj_ - net radiant energy emitted by As; an@ absorbed by

A 4
=k
> - radiation interchange factor
j=x ' .
ED_] - blackbody emissive power of AA;

J

The radiation inﬁerchange factor includes not only the direct radiation
betweean ./_\_;.j_a'z-d AA, aut, also, any reflected and rereﬂ.ect_ed energy.
The net r"'fiiavnt energy exchange, i.e., the amount emitted by AA, and
received by AA: minus the amount Ireceived by AA, that"was emitted

by AA; (Ref. 3-9), is given by

. | S (3-9)

Then, if all of the surrounding (which at this point includes the shield, -

wadiant scurces, ctc.) are divided into n arbitrary area elements, the

nect energy exchange between L\.Aj and the n radiating elements is
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pol n ,
= . 2 SN - . A. Fas -
Y Fuoj Af Eye - ), Fy A85Ep; . (327)
Then, using the reciprocity theorem (Ref. 3-9),

LA FKQj - AAj Fj—:«c ; . A (3-8)

gives
n .
= ‘ .. T, - - 3
Qnet, j = AAJ I jex (B “’DJ) : (3-9)
x=1
‘Letting the thermocouple junction be subdivided into m elemental
areas, _\_.Aj, the net radiant energy exchange between the junction

and all of the surroundings is

n : : .
), ALy Ry (Ep - Byy) . (3-10)

Guation 3-10 can be simplified by the following:
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1l can be written as

O
-
»
[o )
«t
al
H
i
-1
&)
I
»O' .
[
o
[}
-
&}
3
W
1
bt

m n T
)l -
Ab. R . o= S A e Buus 2.113
24 E“‘ J 9k TR) L A€ Eby, - (3-13)
j=1 w=1 j=1 »
v
Then, zssuming e). E-hj = g, o‘TJ to be constant over the junction, Equa-
= J

where

(U3
)
[

o~

mn ™
3 bic. Fe. = . g: Fu. AA.
/ .'_\..__3 63 b3 ej =53 Z ‘_._..:xJ
i=1 - . J:l ’
= A.giEn: = A:g:o T4 3-14
3 €3 ) JEIC A ( )
AJ- - surface area of the junction
€; -~ emissivity oi the juanction
Tj -~ temperature of the junction.

Equation 3-14 is the thermocouple radiant emission term and

s for all of the energy lost by radiation that is absorbed by the

1us, the net radiation can be written as

(3-15)
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radizte to the junction. For convenience, this can be subdivide

into the separate sou
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into p radiant sources, the radiation shield into £ sources, and lettin

renresent 21l other sources which radiate to the junction gives

m o) z
Q, = Z ), A8 Fig Bng T ), AAJF_gEps
j=l =1 S:l

e=1
which iz
\ net plume) | [net shield ., fnet surroundings
= 1 e e 0 . . T . .
| \radiation \radxa‘uon ' radiation

The convective heat flux to the junction can be written as .

Qe = A5 (Ty - T3) e o (3-17)

where : ) .

T, = r T,
o

H

-~

- recovery factor .
Then, substitution of Equations 3-2, 3-16, and 3-17 into Equation 3-1

gives

-17
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=
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c
19}

he zpproximate gas temperature. -

aT: ™ )
J A
c A o —
V. Cny: —7 = ’ AA. T, -
7P an 2\ Z j¥i-g Tog
‘-3:'. =4
§4 a
+ S ThoT ) AATR Jo
Z /—\‘“j Fi.5 Fps T L AR Si.e ~be
S=1 e=1
- AL T LA R T - T.) - 3-18
s 2 Fr YIS L L .. 2
J EJ v -L.J J J ( g J) Q‘\ ( )
dividuzl terms of Equation 3-18 represent the following:
dT.
C}j o - sensible heat capacify of the junction
= 48}
i)
>—\ AL R gy - net radiation emitied by the plumes
[, =t tj-g Sbg et ragiaiion cmaitie Yy il T 19
g=1 that is absorbed by ihe junction
2
> AAF. o Eyg - net radiation emitied by the radia~
L T8 TS . e e X .
S=l tion shield that is absorbed by the
junction ‘ )
2
- . . .
>‘ A AJ F_j-e Ehe - net radiation emitted by all other
e=l radiant sources that is absorbed
by the junction
.4 - t radiation i by the juncti
.o T. net radiation given up by the junction
J J . - i .
ho (r Ty - Tj) -  convective heating to the junction
J > :
- conduction heat lost or gained by

the junction .

terms of Eguation 3-18 are identically

, measuring the emi output of the

.,rj‘

or an actual probe,
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all terms
(r T, - TJ) £ 0 (3-19)
o
likewise,
/T 2 b
i g

By studying Eqguation 3-18 it can be seen that in the design of an

accurate gas temperature probe it is desirable to have the following:
o The sensible heat capacity of the junction (or specifi-
cally the mass of the junction) should be as small as
possible [i.e., w; Cp; (dTj)/{dr)~ 0]. This gives a
rapid response to changes in temperature.

¢ The conduction path between the thermoco ouple junc-
" tion and the probe body should be as smal-l as possible.
This reduces the heat lost or gained by the junction via
nduction (i.e., Q. ~0).

absorbed and emitted radiation should

% o ’
) s .

©
'-
™)
(@]
B!
)
&3}

should contact the probe junction with low flow
ocities so that the recov ery factor, r, would be as
s un ruy as possible. . :

¢}
l_
s
[
==t
¥
o)
»

¢ transfer coefficient shouﬂd be made as high
ossible so that the coavective flux to the junction
A e A

(annd therefore the sensitivity to the gas temperature),
would be high relative to the other sources of heat
transier.

Tne requirements for which the Saturn gas probes were designed, such
he ability to withstand high-g, high-frequency vibrations; high-

ty suriace coatings; etc., made these idealistic requirements
o}

3-19
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Shielding the junciion reduces the net eifects of absorbed and i
. A
) i E
reitted radiation. v following the derivation given on page 311 of — k
o : : . : Pl
Reierence 3-9 for the net radiant flux transferred between two shielded t Pl
{0
surfzces, it can be shown thai the nei flux iransierred between the outer — ! S
— 7 :
T ; : ; B A
shield and the inner shield is given by Lt
— — —~ !
” \
Snet, = ) ’ (')"20) L3
-~ v. n . :
' n '>—\ P ;
2 Ly . -
< K:l < § ]} ?
o
— 1
o
! :
where i lt
SR 4R f
. . : B
n - number of suriaces between the junction and the outer -y i
- .. \ 5o 4
shield including boﬁh of these surfaces . 14 ’-
3
E’:m - emissive power of the outer shield : ‘ m L
o - reflectivity i A
1 L
€ - emissivity. bl bl
» . |
Considering a single- and a double-shielded thermocouple (sce i——w N
: o ! ek
Figure 3-9), the effect of shielding the junction can be shown. For the P
[ i
.-
single-shielded thermocouple _]hncucm, Equation 3-20 gives ﬂ E !
ho) — 3 i
Spz v by ’ N
. c 4
Cpes. = . - (3-21) ; { :
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IGURE 3-9. SHIELDED THERMOCOUPLE JUNCTIONS

t cen be seen from Equé‘:ions 3-21 and 3-22 that eve» if the sur-
iace refiectivities were zero (i.e., blaclt'béciy surface), using a double
shicld reduces the net flux by a2 factor of two below that of the Single-
shielded prob.e.' Experimentally, the eiffects of radiation-shielded

thermocouples and conducticn influences are reported on pages 263 and

3.2.4 (Cezs Temrerature Probe Qualification Test Results

Qualification tests conducted on the Saturn gas temperature

A

probes {Refs. 3-3, 3-4, and 3-7) show conclusively that the in-flight
rneasured 'i:emperaturés must be considered q;estionéble. The purpose
of the gualification tests was to demonsirate by actual testing that the
ruments could ‘:ﬁeet the mechanical and functio_nall requirements.
The thermal tests consisted of exposing the,pr-obes to a hot gas flow

and a radiant flux. The orientation of the probes as well as the flow

velocity, gas temperature, density, and radiant flux were systématically

to a flowing gas with known velccity, stagnation temperature, and

density. A test fixture was designed so that the probe could be rapidly

3-21
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trecam once the gas flow condi*ion was established.

~

ne termperature of the probe was monitor uniil well after

-

reached.

arc
cshown in Tigure 3-10. After exposure, the probe would rise to a
stcady-state value that was well below the actual gas temperaiure.

The 864°F temperature difierence represents & probe error of approxi-

rmately 24 percent (based on degrees Rankine). - As may be seen in the

figure, the errors are less at higher flow rates and lower temperaturcs
In addition to varying the mass flow rates, the probes were

in !

yjected into-the flow with differen-t orie;i';ca"ciohs- with respec;’c_ to 't};e
centeriine flow direction. Probe *)os;él ons were.varied from: probe

e axis 60 degrees to the flow
(Position II); probel'a:-:is 30 degrees to the flow (Position III); and probe

axis parallel to the flow (Position 1V).

The results cf approximately 44 tests conducted in the hot-gas
nvironment are reporied’in Refercance 3-4. These test resulis were

nine the probe error zs a function of mass flow rate,

wosition, ‘and gas temberature. The test results are tabulated in Table |
apparent steady—state value.

are the average conditions indicated for all

tted in Figure 3-11. Across

e ebscissa of this plot are-shown the aoprommate times that the

Zow in the S-IC base region had the same mass flow flux (pu).
3-z22
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PRELZ 3-1. HEAT SHIEZLD GAS TIMPIRATURE PROSE STEADY-STATEZ ERROR
Tzst | b u Ta 72 R
Bo. L ROSITIONT (1b/7t%) | {ft/sec) su =y {°%) Ta Ta - Tp
s | g.00026 | 2332 2000 Loesis | v 0.316 795
L I C.5030 1435 7.325 1583 1233 0.154 254
47 1 1w G.0lé 934 14,844 1034 S50 0.716 74
I G.045 338 15.27 753 738 0.039 3
| 45, 0.00078 | 2415 1,884 2521 1771 0.298 750
45 1 Ix 0.9050 1482 7.4 1385 1370 0.13% 215
boag Lo 0.0 29 15.024 1014 955 . 0.058 59
43 | 1¥ 0,046 33 15.225 774 752 0.023 22
42 1 i C.C010 1309 1.809 2519 1777 0.295 742
2 4 i 0.0052 1413 7.3726 1 1593 1352 0.126 20
g1 1w 1 0.0%7 052 16.014 1039 978 0.059 81
01 i 0.045 337 15.165 751 765 0.033 - 26
39 0 1t 0.00097 | 1643 1.285 2518 1800 0.285 718
T I 0.00057 | 1928 1.870 2314 1650 0.344 864
36 11 0.0052 1407 7.3164 | 1324 1398 0.117 g6
a5 boIw 0.0352 1467 7.3164 | 1584 1277 0.131 207
b ose Il 0.017 934 13.268 1037 930 0.049 57
R € 0.017 899 15.283 1030 975 0.053 55
T A § 0.046 331 15.226 784 763 £ 0.026 21
T }0.046 332 15.272 732 7560 0.02¢ 22
Phas ) it o0.00085. |- 2220 1.887 2498 1885 0.245 613
) % 0.00085 | 2220 1.827 | 2498 1808 0.275 690
e 111 - 0.0051 1083 7.3593 | 1573 1445 ¢.081 128
o6 I 0.005] 1449 .7.3899 1573 1340 0.143 33
I i1 0.015 950 13,360, § 1023 3§50 0.032 33
HICH i 0.016 951 15376 1022 53 0.063 64
Poch 111 0.046 325 1541 782 767 0.019 15
Cosao I 0.045 325 15.12 781 756 0.032 25
I a2 P 0.00038 | 1517 0.7285 | 24g2 1500 0.395 932
A 0.0052 1404 7.3008 | 1533 1399 0.116 g4
YR S £ 0.018 575 15.50 1024 971 0.052 53
I3 I 0.0%6 324 15.364 785 768 0.022 17
{29 i . 0.0010 1783 1.789 . 2318 1875 0.191 443
{20 i 0.0053 1375 7.2628 | 1345 1460 0.055 35
bo2g | 1 0.016 950 15.260 1 1013 93 0.02& 24
[ 27 1 0.047 326 15.322 769 760 0.012 9
.26 I 0.0011 1728 1.5008 | 2469 2035 0.176 434
; 26 Ty 0.0077 1709 - 1.8759 | 2494 2040 0.182 454
428 v C.0050°. | 1462 7.31 {1580 ‘! 1515 0.041 65
fo26 0 1 " 0.0052 1408 7.2216 | 1538 1460 0.069 108
E v 0.016 955  115.28 1016 1001 0.018 18
P23 ! 0.017 605 | 15.453 1009 980 0.029 29
e v 0.042 353 15,246 782 765 . 0.022 17
to24 i 0.043 358 15,394 777 765 0.015 12

bes bag bt

1 .0.000828
0.00513
0.0163
0.045%

768.2
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I'he ternperature 01 tne champer wall 1s not reporped in Reiference S>-4%;
rowever, some radiation exchange between the pipe wall and the probe
couid hazve influenced the resulis.

During another part of the guelification tests the probe was
cxposed to a radiant flux in the absence’of any forced convection. The
results of these tests are shown in Figure 3-12. Whe o the probe was
irradiated with @ 40-Biu/ft® -sec flux irom all side'.sA the probe indicated

F. Exposure o a 15-Btu/it’ -

flux)

aporoximately 1400°F,

d special reflective
shicld and the end was e:~:posed to a 40-Biu/f{t® -sec radiant flux, the probe

indicated a steady-state temperature of approximately 450°F.

A sgimilar set of tests was conducted using the $-IC engine gas

tomperature probe. The engine probe was exposed to hot gas at vary-
ing flow rates and to cowml “.e radiant flux and gas flow. During the
hot-gas flow tests the gas temperature was varied between 300 and 2100°F

(Figurc 2-13). During the combined radiant and gas flow tests the probes
werc exposed o incident heating rates of 19.3 and 10.6 Biu/ft® -sec in a

gas flow having temperatures of 20 to 60°F. The probe was also exposed

c z 400°%F gas temperature flux in cohjunction with the lO 6-Btu/it* -sec

ased upon the steady-state conditions, the engine probes con-
sistently indicated low when exposed to hot gas flow only, and high when
cxposcd to the combined radiant and gas flow., During the radiation tests,
whaen theprobe was exposed to 2 10. 6-Btu/ft? -sec radiant flux, the indi-

cated error was less when the gas temperature was 400°F than when the
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cas teriperaiure was between 20 end 60°F.  The latler may appear
rmewhat misleading since it indicates improved accuracy at
gher gas temperaturcs; however, these results actxiali)r ihdiéate that
. the probe exposed to 2 10.6 Btu/it°- sec radiant flux the junction

eguilibrium temperzture is closer to the £00°F gas temperature than

to the 20 or 60°F gas temperature. This 2lso illustrates that the probe

. oo . - . s ; ’ . .
crrors tend to be reduced when the probe is exposed to a combined radi-
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zlso tested in a gaseous environment (Ref, 3-7). These tests consisted
cf exposing the S-II gas temperature probes 'to' the flame of a plasmad
spray nozzle. The actual gas {emperature was measured with a so-
called standard thermocouple located in close proximity to the probe
juncticn. All tests were conducted at sea-level, ’ambieht.pressure,

and the results are shown in 'Table-.3-2.> As can be seen in the table,

the temperature indicated by the probe is significanﬂ;:r less than that
wdicated by the standard, particularly at theAhigh-gas temperatlires.
Ancther factor which should be cohsi‘dered.in these tests is the prob-

zble increasé in error which would occcur with decreased density. Hot

gas tests of the other Saturn probes indicated an increase in error as
the mass flux (pu) was decreased. Since the S-II stage probe tests

were carried ocut at sea-level, ambient pressure, it .s probable that
cnsity and likewise, the mass flux (pu), were considerably higher
s that which would have been associated with the S-II stage during

ght., Taereciore, the error in the gas temperature measured by these

probes during the flight might be higher than that suggested by Table

P L ot S

robes (Figure 3-14) were
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CAS TEiiPE DEVIATION
oV Q7 ’ o
[ qi ( I,)

1072 930 142
1233 1210 133

1821 153 291

2172 1800 372

| 2879 2340 539

During this study attempts were made to correct the flighi data
y developing very detailed thermal models of the gas-temperat

probes and surrounding heat shield. The measured flight test data was

sed as inputs to the analytical model.  These attempts

of the variables necessary for 2 solution could not be specified
degree of accuracy and that the computed gas temperature would

be at least as guestionable as the measured value. As an example, the

p

Figure 3-15 shows a dimensionless Nusselt number/Reynolds

number plet of the convective heat transfer to the probe sensing element

ohtained from the qualification test results. Also shown in this figure

pte

5 the convective neating to a cylinder normeal to the flow obtained from

10. As sceen in the figure, the qualification test results indi-

cate (approximately) an order of magnitude variation in the convective
heat transier coefficient. The convective heat transfer to a cylinder
n

wormal to the flow is one to two orders of magnitude above the results.
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tion tests. The large variation in conveciive
IR

er to the probe sensing element was possibly caused by the

he large deviation in the convective heat transier
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FIGURE 3-15. S-IC HEAT SHIELD GAS TEMPERATURE PROBE
. CONVECTIVE HEAT TRANSFER RELATIONS
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Sudunas (Refs. 3-5 and 3-6) evaluated the S- II, as temperature
probe resulis using an alyt‘ca' model of the probe. In this analysm

the Drobe convective coefficients were computed by a 01rcu1tous route

which involved relating the convective flux measured by the heat flux
meters to the probe convective flux, Several importéant 2ssum ptions

peratures were within 2100°F of the measured gas temperatures, The

znzlysis of the S-II stage probes was considerably easier than that

¥

. required for the S-IC probes because of the absence of a radiation shield

and the low incident -radiation in the S-II base region.

3.3 TOTAL SEAT FLUX METERS

During the course of the Saturn flight test programs several
different types of total and radiant heat flux meters were used. Sketches

of some of the different meters and techniques used in evaluating the

Hh

'ms

SN

neezt flux from these meters are contained in Volume II, Section 4 o

report. Briefly, two ’oasic types of heat flux meters were used to mea-

total heat flux in the Sai

n)

rn base rengvxs. Some of the charac~-
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s are presented in the following paragraphs.

Zarly in the program the so-calied slug-type heat flux meter
his instrument comsisted of a thin, metal slug which was
om its surroundings and a thermocouple.attached to the slug.

he neet flux was evaluated by using various calibration methods which

ere related to the slope of the measured temperaturé-time history.
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The slug could not be completely isclated from the mounting structure;
thug, the meters had sizeable conduction losses, particularly at high

ings limited the meaximum temperature to which the meters could be

the meter temperature would

y several hundred

degrces, requiring extrapolation of the calibration curves. This caused
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changes in the surfaceé proverties and the higher conduction losses.
Also, bhecause of the temperatuye hnnitations and the high-g environ-

ment, a rclatively large slug was used. This caused the instrument
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Later in the Saturn program an instrument was develeped which

cdid not appear to have most of the undesirable qualities of the slug-type
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y different principle for
caguring and evaluating the hedt '1_-.u_:‘ This instrurment, schematically
shown in Figure 3-16, Véonsisted of 2 thin, constantan foil disk bondcd

at its periphery to a coppér cé.vity. The copper-constantan formed a
-::;ermocouplé_pair which generated an emf in proportion to the tempera-

ture.difference between the center of tne.foil and the edge. The tempera-

erence is almost proportional to the heat flux incident upon the -

in comparison to the mass and exposed area of the foil. As a resuli,
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oil, The mass and heat capacity of the copper was made relatively large’
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THIN CONS

I

B =1l0.065 in. -

s

N
COPPER WIRE _.L////AJ

TYPICAL SATURN S-IC TOTAL HEAT FLUX METER CHARACTERISTICS:A

0.0645 1in.

S« 0.003 in.

q = 2 A, C" = (Btw
n=0

Ay = -0.102, A, .= 6

‘Ag = 000749, At, =

462, Ry =

SN

0 to 60 Btu/ft?-sec

< B .< 0.0655 in.

£42

= -0.000116, As

B e e

A

e

NTAN FOIL

N\~ THERMOCOUPLE

COPPER SINK

ft?-sec), C - emf output

-0.009538

0.358 x 1075

FIGURE 3-16. SCHEMATIC OF THIN-FOIL HEAT FLUX METER
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center teraperature of the fcil Irom rising more than One. or two

undred degrees above the temperature of the copver sink, which

in hear flux, (The Saturn instruments had fesponse times on the order
ci 0. Another advantage:of this instrument is that the heat
flaw emf over a wide range of heat flux., These
ingtrumeaenis were also calibrated and a cv;‘rv'e fit of the resulis has
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" the calorimeter emi output, & separate thermocouple was attached

between the foil and the copper (Figure 3-16).

o
3.3.2 Total Heat Flux Meter Accuracies ,
When slug-type heat flur meters were utilized, three different
tcchnicues were often used to evaluate the heat flux, Each of these
- techniques gav 1

ve different results which should be compared when con-
1

red flux evaluated using the different methods are shown in

Volume II (see Figure 7-21 for an example), The daia band represented

v inese methods has often been taken as the realistic accuracy of the

individual insiruments, However, based upon the techniques used, it

23 - . .-

would appear that the preflight calibration results should be more
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The siated accuracy of the thin-foil o

=10 percent; however, the qualification tesi resulis (Refs. 4-106 through

ture difference-between the aLr*o nding insulation and the heat flux sur-

of the heat flux m’etei‘,, the gas boundary 1ayer is perturbated as it
crosses the meter; and, since the convective flux is related to the

temperature gradient and thé thickuness of thg, boun ndary layer, it is also
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ot
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vailable experimental and *beo retical-investigation
that tne Saturn totai,té;lérimeters
lux tnan@véﬁld' have actually existed

al and at the same termperature as the

support for this conclusion can be scen

Figure 3-18 shows some of tre ex-oérimental results -repoz;téa in
Reference 3-11, These tests were CO;LdLC ed by mouniing a membrane
calorimeter in zn isothermal surface and using an oxyacetylene flame
<o cenvectively heat both the 1sobner.¢-al surface and the calorimeter.
ne location of the calorimeter from the leading edge was varied from
& tc 31.6 inches. Shown in the figure is the‘ ratio of calorimeter heat

sransier coefficient 1o the undisturbed surface coefficlent. The

, is a result of the tempera-
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was changed from &z slug-type heat flux met

er to 2 membrane-type

ng in a different surface temperature. E 1gurc 3-19 shows

catorimeicr. Xigure 3-20 shows the total hea; flux measured by these

mciers and tends to indicate that the membrane-type meter did give a

hivher indication.

3.2.4 Heat Shield Moisture Effects

The effects of moisture absorbed by the heat shield was another
-factor

or which probably aifected the total heat f.lu:»; meter measured results.
Prior o :_ight moisture could be and probably is absorbed by the porous.
light the decreasing pressure and heat
transferred to the heat shield vapor‘.zeé the moisture. The moisture-
tion enters the boundary layer and contacts
ieter. Since the temperature of the membranc type

n temperature of the moisture (see

rigure 3-19), the possibility exists that the vapor will condense. Con-

Censalion of the moisture

on the calorimeter surface would have a pro-

mounced effect upon the measured heat flux

at flux. This problem was investi-
ASA by The Eoeing Company and the results are reported

.
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mezsured flight radiant flux was discovered. This error is related to
the manner in which the radiation calorimeters are calibrated, the
e H 1 2% 3

During calibration a standard water-cooled calorimeter and a
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re simultanecusly exposed to an electrically heated

@ heater is specially designed to radiate
ike a very good greybody. Both instruments are placed in

close proximity o the plate, giving a view factor of very near unity

U

ront surface of the test instrument is
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unity, not the view factor to the sensing element).

Beczuse of the window transmissivity and its angular depéndence,

the radiant energy reaching the sensing element is much-less than that

reaching the standard calorimeter. Calibration of the instrument is

3 ~

carried cut by equating the emf ouiput of the test instrument to the heat

iux being measured by the standard calorimeter. This equates the

was incident upon the front of the insirument.
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if the radiziion which is excluded from the radiation sensing
clernoent is considered in some detail, if becomes obvious how ihe
crrors occur. First, the spectral {ransmissivity of the sapphire

a
micrometer and A ~ 5.0 micrometers. Beyond tl}ese' w_évelengths the
franwsraissivity rapidly drops to zero; t"ﬁmeref_oi;.‘e,» any radiant energy
emitted by the éaiibraﬁidn source which is lés's, than')\ ~ 0.2 micrometer,
greater than A & 5.0 micr,or.net'ers, and approximately 10 percent of that
Letween these limits is excluded irom the s'énsizfg element by the window.
Second, the sensing element is sii.h‘ﬂy below the front face of the meter
and, therefore, views the calibration s.ourc;e thziougl- a hole. ‘The result-
fective view anglé through which the sensor sees t‘ne'«calibratioﬁ

source for the S-IC calorimeters was approximately 150 degrces. There-

fore, any radiant energy approaching the calorimeter at an angle of more

o
o
o
i3
J
631
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[¢]
Q
"
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[
wn
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o
b
5
o
o]
[e]
a1
2!
v

1 would not reach the sensor but would be
intercepted by the calorimeter housing., Third, the transmissivity of the
sannhire window rmal to the surface is roximately T ~0.9; how=-
sapphire window normal to the surface is approximately .9; how
ever, window transmissivity has an aangular dependence., When the angle

te the normal is 60 degrees, the transmissivity had dropped from Tt ~0.9
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When the angular transmissivity
is integrated over the entire cffective view angle of a radiation calorim-
eter the eifective transmissivity obtained in+ ~ 0,79, Ther~fore, the

between v ~ 0.9 and + ~ 0.79 is an additional amount of radiant

.
3
4ty
(&N
[)
N
@
o]
O
@)
o

energy waich does not reach the sensing element.

When the radiation calorimeters are used to measure the radia-
tion in an unknown environment, the three excluded radiant energy

ources are automatically included in the celibration. If the view

w

fzctor to the radiation scurce is near unity, and the source radiates

like a greybody, then the incident radiation indicated by the instrument
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is avypromimnately correct, However,

ii the instrumcnt 1s exposcd to a

nas & view factor significantly less ihay

..... roduced by the calibration in which excluded radiant cﬁcrgy had been
auto The Szturn heat shield rad on calori ers
crmerichced fhis problem, resulting in an error which has been esti-
mated o Be approximately 10 to 12 vercent.

_i;iz additional error can be introduced if the radiant source does
7o like @ i

temnit like 2 greybody., Greybody radiation suggests that the source

emits radiation which is spccwally 2z constant percent of the correspond-~

The calorimeter window zllows only radiation between 0.2 micrometer

gh; however, the excluded energy
inciuded in the cal 7* bration because radiztion over all wavelengths

is absorbed by the standard instrument. Therefore,. if the test instru-

regions 0. mlcrometer > A,

X 2 5.0 micrometers (i.e., outside of the spectral range of sapphire),

n the calibration., For vehicles

13
)

v or may not be a significant’

However, for vehicles using LOX/

5 propellants, the error could be significant oecause the radiant

not of the g reyboay LY‘:)E: (see Figure 6~13a).

3. 4. Derivation of the Window Anquléir Transmission Effects

hows schematically a calibration test arrangement
ngular trans.-.-ssnr ty dependence. The radiant

A, that passes through the window and is directly

plackbody radiation (i.e., the emissivity is independent of wavelength).
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GQA‘; A, S Ty ©2, NI, (67, N) A4, dw, _, an (3-23)
where

dQs _a - radiant energy emittzd by dA; and’incident upon

A, -A, i T A
da,

T - window transmissivity

I, . - radiant intensity of dA,

deo - solid angle intercepted by dA. as secen from dA,.
1=z . .

Using Lambert’s cosine law

the Stephan-Bolizmann relation

(3-24)

. o . (3-25)

3y making the following substitutions

: h}
oo . aa
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éq ' =
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and {sec Figure 3-23)
. oy = O, = ('33 = 9, = (5
, _, sind -
C-‘M‘ = L" 3 - dem ,
: ces? o
and
72
Lz 2
& B! = z .
: cOSsS” o

Tguation 3-26 becomes

. v T 05 N) Ey (W) cosd sing & 4O dn
a)-aa, T : o -
¢ S (3-27)
whnere
qa, .ga, - radiant energy emiited by A, that is directly
incident upon sensor differential element dA,
9 - angle about the axis (see Figure 3-23).
Touation 3-27 is the basic.equation giving the radiant energy emitted

by the calibration source that passes through the window and strikes

For the standard instrument which is assumed to be a minor

irnaoe Of the test insirument with Tw = 1, Equation 3-27 can be inte-
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absorptivity, and the window transmissivity and reifractive index..
Frorn this figure it can be seen that the transmissivity can be roughly
‘approximated by 2 sguare wave with .

o
A
>
A
(@]
I~
1

|

O

™~ o T
0.2 S NE5.0u, 0.84 5+, 5 0.9 (3-29)
5.0 =\ «, oy = 0

¢ the transmissivity of the window is a function of the polar
is must alsc be considered, Figure 3-25 shows how an inci-
radiation is refracied and reilected as it passes through the

portion of i

ne energy is reflected at both the front and rear

From the theory of optics (Ref, 3-16), the angular transmittance

[(1-0p0)]° (3-30)

o) = e () S (-31)

.y [sing '
6 = sin~} \—S—\—O> , (2-32)
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and

() - angular transmitiance

Te - transmittance in the normal direction

! - ang*.*lfar transmittance without reflections

o (ép.) - angular reflection

pr - norma]T reflection

N - refractive index

w - absor_ tion coefficient

= - thickness in the normal direction.

Using a2 window thickness of 0.020 inch and normal transmissivi- |
tles oiv, = 0. 84 az;d Ty = .9, the radiation calorimeter window angular

transmissivity was co.“puc‘,d sing Equations 3-30 through 3-35; the

resulis are shown in Figure 3-26.
- o

the radiant energy incident upon the
ated directly. Letting v _.-be an effective
elx

rsmiissivity of the window which depends on the geometry of the source

Equation 3-27 can be written as
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b
tv

' . %=5.0 . 0=2% .. bz
, - . de {.7F , s s .
Sa _aa, = S £y (\) ax g — S\ ~1‘_'(Q) cos d sind dod
: o o

S A=5.0 0=27 o2 cOs 6 Sina dy db
= Teff ] El O‘) ax § ™
: Y\=0.2 Y6=0 o, '
A=5.0 .
= Ter Fa,-da, g‘ Ey (M) dh . (3-36)
“2=0.2 - : ’

Then by comparing the first and third equations and integrating over 0

5 4

it can be seen that

N

T(®) cos b sind do
Teff = —— - ' ' ' (3-37)

where 7 -0 is the effective transmissivity of the window considering

angular dependence.

\wnenc 1ly integrating Equation 3-37 over the effective view

o
o
angle of the calorimeter gives
: @ =90)
= - ~ -
.n - 0- 90 [} Aeff - 0.7893
© = 90)
T, = 0.84, Topr = 0.734.
From the results above it can be seen that the transmissivity of the
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g

fl.
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w 1s reduced significantly as a result of the angular

During calibration the standard instrument and the test czlori-
meter are exposed to the same hezat flun and the emf ouupuu of the test

instrument is recorded. By assuming that the standard calorimeter
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was itself calibreated so that it actually indicaies 1t

- -~ .. - LI '~'
3-22), a relation similar tc the

view factor of

vihich gives, for

(& = 90)

and
Tym
where q_‘z -Sen

the true incident flux

calibraiion can be developed., Using a
Equationt 3-36 by the absorptivity

strument sensor during calibra-

: A=5.0 4
~ @S Teif g‘ (N ax (3-38)

a=0.2

‘n -

the conditions v = 0.9, v, = 0.84, and ~ = Ta

1e approximate heat flux absorbed by the sensor

and Eguation 3-38 the calibration relation,

igure 3-27, can be established.” By considering

e flu absorbed by the sensor, both during calibration and during

iderntified and approximately corrected.
.59
U0

nt sensor absorptivity of ¢ = 0.9 (Figure

)
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1, ADn error can be introduced because the unknown

incicent flux is cguzl to the incident flux during calibration only when

the conditions are identical, i.e., when the emitted flux is of the grey-

tyrve and the view factor is unity.

-

Tor the conditions which existed during calibration, the effective

e Sy nm o

ansmissivity of the window has been shown to vary between 0.734 =

cf: (6= 90) £ 0. 7895 because of the a;.qg.ular ‘dependence of the window
(s rissi 7ity.  During exposure i;n an unknown environment it rmust be

assumecd that the instrument will be exposed to a source which does hot

111 the complete field of view of the.insirument. For this condition the

cifective transmissivity is different from that which existed during cali-

bration and, as 2 result, more of the energy incident upon the window will

the sensor. In order to correct for this difference, it is-

»

'
[l
(\
O
w
i
v

Ty to know the emi-incident flux characteristics of the instru-

ment for effective transmissivities other than that associated with the

original calibration (i,e., 0.734 < ro2r (6 = 90) = 0.7395). An approxi-
mate correction procedure can be developed »y determining how the

incident flux. would h

while holding the flux absorbed by the sensor constant.
Sy integrating Equation 3-37 over limits which range from

-

ave varied with changes in the effective transmissivity
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‘/C.} :0
Tors (02) = (3-39)
Q2
cos 6 'sino o
oy =0 4

which becomes

, . 3-40
sin” & - ' ( )

The resulis obtained

by numerically integrating Eqguation 3-40 for Ty =

o
(€]
15N
W
3
ol
-1
1l

n = 0.9 are shown in Figure 3-28.

From thé condition that the absorbed flux must be the same

e for any effective transmissivity, Xquations 3-36 and 3-38 give
o -
A=5.0
(g4, -;Sen)ca1 = | ag Teif b2 = 90) g E; 00 dx

N =0.2 “teal

\=0.2 test
where
(G S=n) a1 T flux a2bsorbed by the sensor during the calibra-
=A, -Sen’cal . . - s :
' tion evaluated from Figure 3-27 or Equation
3-38
Teorslda) - the effective tra

nsmissivity corresponding to
radiation incident upon the instrument window
from a source subtending angle &, .
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s the flux over the interval 0.2 =\

es
‘£ 5.0 that would be incident upon the window of an eguivalent instrument

with Tef7(0, ) during calibration to produce the same absorbed flux.
Knowing the incident flux over the iaterval 0.2 £ X £5,0, it is then

possible to compute the incident flux over all wavelengths using Planck

4

i

o assist in evaluating the incident flux from Equation 3-43, the Planck

iy

unction over the intervals 0 Z X S wand 0.2 = X\ £ 5 is plotted in

e S P 2
Figure 3-29,
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A sc...:ole problem can best illustrate how the indicated flux can

be corrected. Suppori, for the disk of Ficure 3—30, w1 ho, =25
b " o N

degrees, the.emi output of the instrument indicated an incident flux of
flux for the celibration condition would have been

Tn = 0.84, (qA1-Sen)cal = 4.8 Btm./"“- ec

Ty = 0.9, (QAl -Sen)ca]h‘ : .2 Btu/ft* -sec

1

By assuming tha he emi output of the instrument is proportional to

is the same as the above.

For ¢, = 25 degrees, the effective transmissivity of the window

obtained from Figure 3-28 is

-~ ' = 4 v (& : °© = 4
"n 0.84, L UTefs (B, =25°) 0.84
or ‘
— ’ — ! - = o~ : )
Tn'— 0.9 N leff (QZ =25 ) ~ 0.9 .
Then, usiang Equation 3- 42 the true 1nchent radiation function gives

- \=5.0 7
. : 4,8
T, = 0.84, g E () de |
)\=0.2 test v

‘= 6.35. Btu/ft? ~-sec

the absorbed ﬂux, "che flux absorbed by the sensor, when ¢, = 25 degrees,
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bt AT D aben . kit B e A e

5.2

T = Oo 9 » g EK ()\) d)\ =

bel : 0.9x% 0.9

)\.:‘002 LGS‘C
= b.42 Btu/ft*-sec .
. , A=5.0
From the plot of the radiation function, S E; (\) d\ (shown
' A=0.2 :

in Figure 3-29), the correct incident flux can be obtained:

T, = 0.84,

iy = 8.9 Btu/ft?-sec
T = 0.9, . Qip = 9.0 Btu/ftf-sec .

In this example, the error in the indicated incident flux is

SO 10 -8.9 |
Th = 0.84, e = 100X ~8.9 = 12.4"79'
‘o - _
T, = 0.9 , e = 1oo><-—97—9 = 11.1% .
Fbllowing the same procedure as indicated in the precleding

example, the ratio of indicated incident flux to actual incident flux for
121f angles was computed. (The results are plotted
in Figure 3-31,) As seen in the figure, the difference between the

indicated flux and the actual flux is highest when the included half is
less than 25 degrees and increases slightly with the incident flux.
The included half angles of the Saturn S-IC heat shield radiation

calorimeters were evaluated and are shown schematically in Figure

3-32., The maximum included half angle of the heat shield radiation-
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pansion .vould'be reqguired to increase the in C1L1dx,d angle

beyond 30.5 degrees; therefore, it must be concluded that the S-IC
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_probably were in error by at least 11

to 12 percent th rouanou most of the flight,

An additional error could have been produced by the nongrey

wlum

v
H
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Q,
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igure 3-29 shows th b'ac'\’ooo.y radiation contained

WA

within the wavelength range of 0.2 micrometer =\ .0 micromeceters

compared to the correspondin
)

£

"

blackbody incident flux. If the plume

H
oo
[oR

iation was not continuous but emitited radietion with significant
spectral windows characteristic of radiating gases, then a significant
error could result, Considering the previous example, when the inci-

dent flux was 10 Btu/ft’ -sec, the radiant energy contained within the-

wavelength rang 0.2 micrometer £ X = 5.0 micrometers was 6.35

2 . . . .
Biu/ft™~ sec (with v = 0. 84). 1f the disk were such that it radiated
ecnergy in the amount of 6,35 Btu/ft*-sec only within the range O 2

respond approximately the same as if the disk were a blackbody radiat-
ing at the rate of 10 Btu/ft®-sec. As seen by the difference, this could

product a significant error in the indicated resul‘cs.

3,5.1 Physical Descriptions

The Saturn base pressures probes yonsm;ed of a tube connected

-

to an electfonecnamcal transducer. The transducer ",ran-slated the pres-

n
o
'l
o
o

being sensed by the tube into an electrical signal. All pressure

instruments were calibrated prior to flight use.
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The rneasured pressures are anoiner source.of eTror, W’neii
the raw ilight data'is reviewed, it is seen that the pressure PI'OD&,D
indicate pressures prior to vehicle lift-off and a fter engine cuoft which
do not agree with the known ambient conditions. In some cases, negative
absolute pressures are indicated a:'ter engine cutoii. These measure-

ments are well within the pecified accuracy of the instrumentation, but:

are not suitable for determining the base flow Mach numbers without

Figure 3-33 shows a typical S-IC base pressure measurement.

¥,
5
Lan)
a0
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o
o
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3
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«t
oy
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figure is shown the raw measured data obtained from
measurement D36~ lOo, AS-~ 302 flight. As seen in the Ifigure, the

indi axd pressure is too high prior to lift-off and too low after engine
cutoff. By averaging the measured values taken fromr the digitized.

printout of this measurement, it can be snown tha’t LhC indicated value

‘

prior to engine ignition was approximately 15.025 psia, whereas the

ambient prcssure was 14,75 psia. Likewise, the indicated value at

130 seconds was approximately -0. lBOS.psia, whereas the ambient

3

pressure at this time was 0. 0276 vsia.  The specified accuracy of this

1

instrument was =3 pcrccnt of the £ 11 cale range which gives a possible

error of x0. 6 psia. By comparing the indicated error (i.e., 0.275 psia-

at 1ift-off) to the s*oecn‘ec ac\.uracy, it is seen that the actual error is

“tnuch less and, alunoudn this is pn\.Ouramnd does not eliminate the

probability of _analyzing the flight data.

Cne of the basic parametei—s of interest in analyzing the. base
convective heating is the base flow Mach number. In s-ubs_onic 'com—4.
;pres_'s-'-.ble flow, the Mach number can be computed"if the static and-
total pressure (Pg, Pg) and the specific hea{. ratio {y) are known.

The eguation which gives the Mach number is
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TIME (se;).-' : TIME (sec)
LIFT-0FF - - . CUTOFF

AMBIENT PRESSURE AT LIFT-OFF = 14.75 psia |
MEASURED PRESSURE PRIOR TO LIFT-OFF (D36-106) = 15.025 psia

DELTA PRESSURE = 0.275 psia | |
MEASURED PRESSURE AT 130 sec = - 0.1308 psia

AMBIENT PRESSURE 130 sec = 0.0276 psia

It

TECO 144,39 sec

(et}
rn
(%)
(@)
i

147 .34 sec

AMSIENT PRESSURE AFTER ENGINE CUTOFF - 0.006 > P“)> 0.003 psia

FIGURE 3-33. AS-502 BASE PRESSURE MEASURED AT LIFT-OFF AND CUTOFF
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In bese flow the specific heat ratio is known since the gas is primarily Ll
¥
i
ambient air (y = 1. 4) during the aspiration phase and engine exhaust |
products {y ~ 1.2 for LOX-RP-1) during the flow reverszl phase. ] ; ;
. . . . . ;
Thereicre, if the total and static pressures can be measured during {
: o
“the flight, the Mach number can be evaluated, approximately, using b
. Tt
Tguation 3-44, Tor this purpose, static and pitot probes were located :
13
s , . . s \ . Pl
in the base region of the S-IC vehicles. The pressure measured by I
;
¢ . =S A c o a ke {
onc sct of pitot and static probes during the AS-501 flight is shown in ;
. . . L S
s - : - ; - . s P
tigure 3-34., The ambient pressure and the experimentally obtained ] Pob
pressure in the base of a bluff body are also shown .in the figure. If bt
v . .
_' o - e Pyl
these mezasured vala ues are used in Equati on 3= 44, they indicate a ] i
s pase flow Mach humber 0f 0.1 to 0.2 shor ly after lift-ofi; however, - !
. F
. 2. a1 -t £ ‘i: . M M o d z .:.3 b ~ I oA H 3 ‘.1 ! ! i
he indicated flowdirection is out of the oabe, which is opposite to the S S S
- ! [
P v ;
ristics of the base flow, This trend also persists — -
‘ . ' !
icant time over the first phase of the flight. Obviously, U :
the raw measured pressures are not accurate enough to allow the T Py
: !y 4
: . . © . : . L
computation of the Mach number and flow CL.L?..'GC’C’LO'Q' this sxtua’clon e ' :
can: be improved, however, if the measured valucs can be corr«,cted - —
: Pl
Sinmce the actual »r known r l or to e .' { ‘! )
Since the actual pressure is known \apo oximately) prior to engine {
s ;
ignition and after engine cutoii, these two end points can provide a means ?—-, o
: , SR
of correciing the measured values. The corréction technique is shown ' i
‘ {
vt . by
schematically in Figure 3-35. The ‘ecnmqae consists of deterrnining r———’ o
: _ A { ;
- con s ) _ 3 3 . . 1
the diffierence between the measured value and the ambient pressure —
; S TNy I o fhoaae o P DX U T . . S : Cot
prior to lifi-off and after engine cutofi. If the indicated error is ploited o
* . < . EOE S
: L . H
versus the measured pressure and a linear relation is assumed between — ’
. U
the end points, the measured val can be corrected. The measured ™ (
. . i i
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. _— -
pressures shown in Figure 3

.

2, ’ o SR
-J5% Were corrected

igure 3-36. Because of the nature of the technique, the final

results are only approximately correct; however, the obvious errors

hzve been eliminated.”

The base flow Mach number can 'be approximated irom these

correcied pressures. by assu..k-rg that the maximum absolute pressure .

et
1]
s

the total pressure and the minimum pressure is the static pressure.

v

igure 3-37. The Mach number,

USIONS AND ¥ ECO‘\/‘VI._,\DA‘TTO\S REGARDING

The results of #is study have proaacec the Lollowuw conclusions:

o All instriments used to measure the Saturn inflight
bas eat transfer parameters-appear to have had a
significant potential for erroneous indications.

o The gas temperature probes were sensitive to radia-
' heating and lacked response in a low-mass flow
1T as a result, the indicated gas
temperatures could be higher or lower than the actual
p e e

o The total heat flux meiers v were sensitive to the mis-
hoi nerature between the sensor and ~
s; this could have produced a high indi-
tive flux. Condensation of moisture on
face-of the instrument could have produced a low
Jindicated convective flux. . .
¢ The radiation calorimeter window combined with the
_calibration results to produce indicated incident heat-
ing rates which were higher than the actual flux.

O

The measured.resulis -;-dlcaLe the magnitude of the
individual base heating parameters but, to an unknown
and indeterminable accuracy.
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ith I'CE:J@CL to future flight test instrumentation, the following

ations are made:

the ﬂ;om, it is
a ture probe can

sing a conventional thermocouple.

e accuracy and greater confidence

in the re ults can be obtained by calibrating the

[¢]

instrument In & combined radiant and convective
envircnment and using the calibration results for

<
v

luating the approximate base gas recovery tem-
erature. TFoxr upper stages where the radiant {lux
nd mass f’lovv flux'are both 1o.w, be o*obe sh ould

-t ¥

cbe junction may still cause erroneous mdlca“lons.
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the total heat flux meters,’ a properly designed ring

ich surrounds the instrument at the exposed surface.
uld reduce the effects of moisture condensation and
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face tem'oerature mismatch. This instrument should
also be tested in a combined radiant and convective
environment to determine if emplmcal correction pro-
ccdures are necessary.
IFor the radiant fiux ceter it is doubtful if an instrument
can be develoved wmch does not have errors caused by
variations in the window transmissivity. A method of
approximately correcting the measured resulis has
been outlined in Section: 3.4. This method should be
verified ex‘pemmenta;iy and on future flight vehicles the
instruments should be oriented with respect to the
radiant source so that a correction procedure can be
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AST DNVIRONMENT MEASURED DURING SATURN

LIGHT TESTS

e Saturn flight test data have been reviewed with regard to

‘As anticipated, a volumi-

ncus amount of Saturn flight test data was avall le for evaluation.

asured data was obtained irom the following sources:

fa)

Raw Flight Data - This data, consisting of plotted or
tabulated time histories of the measur ec‘ parameters,
was obtained irom the MSFC Computation Laboratory
flight data microfilm laboratory‘.‘ “In general, this
data was used in the study where possible.
Contractor Flight Reports - For some of the flight.
_tests, the stage contr

thermodynamic fligl

actors published separate aero-
1t evaluation reports. Some of
these data were used in the evaluation, primarily

where the raw flight data was not available.

light Evaluation Working Papers - These
ed of raw flight datz, as well as galibi‘a-
and original flight evaluation not pub-
ese data were obtained
tronzutics Laboratory, Thermal

[
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[¢d
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3
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H

FEWG Reports - These are flight test reports pub-
ished by the MSEC Flight Evaluation Working Group.

These revoris contain a summary of the vehicle's
flight performance and measured parameters.

j ory Reporis - These reports contain the tra-
je: ; :
jectory of the flight vehicle and ambient conditions at

or near the time of launch. These reports are main-

tained in the FC Aero-Astrodynamics Laboratory
files. ‘
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tions could be zti .buited to minor variations in vehicle configuration.

For rosi, however, no obvious reason for these random variations

appeared to exist. Therefore, plotting the data measured at one loca-

—t

tion during several test flights -could be used to identify measurements
which probably failed and/or those which indicated excessively high or

low values during the flight. : _ )

or the upper stages the measured data could be - plotted directly
irom the raw ﬂight test resuits., For the booster'stages, howévér, it
was necessary to normalize the results. This:f_x’vas’found to be n ecessary
because most flig’ﬁt test vehicles flew shght‘y dlffe"e 1t tra_]ecLones.
Eecause the vehicles were at different altit udes., at the same flight

tirne and because a majority of the base neatln(f parameters measured

were primarily a funciion of local ambi ent pressure, these differences

f
n ']
et
e}
@]
o
fu
(¢}
O
(¢]
[
3
ot
¢}
p ']
bty
O
H
ot
¢}
(]
lon
ot
I
A
=]
O

onsi_s‘tent data for co*n,;allson. As a
mecans of normalizing this data, all of the measured "'ecults were relaued

to the Seturn V, AS-501 trajectory by using altitude as the common

™

light test data could be plotied

01 trajectory (for more details
ol the normalizing procedure see Reference 4-1). This was found to

be a painstaking procedure, but resulied in data that could be compared.
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All of the important flight test data was plotted in the manner descridec

dafz for each stage is presented. Ior an alternate ana.lysis,' see

4,2 ANALYSIS AND COMPARISONS OF SOME OF THE MEASURED
SATURN FLIGHT TEST DATA

.1 Saturn 1 Flight Resulis

(_4

Figure 4-1 shows the bands of gas temperature measured in

the base region of the Saturn I, block II vehicle. - The apparent times of

the start of lo,w reversal are also shown in this figure. The time of

“flow reversal can omy be approximately established and the particular

times shown in Figure 4-1 were .chosen because of significant increases

in the measured temperatures.

Typical pressures measured in the base region of the Saturn I,

block I vehicle ave she'm in Figure 4-2. In this figure, it can be seen

‘that the heat shield pressure is very nearly the same as the local ambient

]
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1so seen in this figure that the flame shield pressure

1t from the ambient or base pressure. Since
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icative of the flow field, these measured pressures
apnear to indicate a weak flow field in the region of the heat shield and
a strong flow field in the flame shield region. Another factor which is

indicated by the flame shield measured pressure is the probability of a

A
®
Q.
iy
H
0
€
0
o
3

dition (i.e., condition where the mass flow

e is unaifected by any further decréase in the ambient pressure).
n

. Q.
(‘r

ition is reached the »emye*au.*e (see Figure 4-1),

pressure (see Figure 4-2), and heating rate (s.ee.’Figure 4-3) become

consTant.
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zppear that radiation was the dominant

Typiceal flame shielc heating rates measured on one oif the
Saturn I, block II flight tests are shown in Figure 4-3. The total heat
< 1

lux includes toth the radiant flws: (also shown in the figure) and the

convective flux. The difference between the fotal and radiation flux

gives the convective flux. The resulis shown in Figure 4-3 indicate
tnat a significant amount of convective hezating occurred both prior to

f flow reversal. By observing the results
of tnis figure, it can be seen that the convective heztiing (i.e., the
difference between the total and radiant flux) was much higher after the

flow reverszal than prior to Ilow reversal. However, the fact that the

Py

measured gas temperature is high and the ¢
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lift-oif and continues over the first half of the iflig‘zit .suggests_ that son.e
oi the nigh temperature exhaust gases are bein g versed even at lift-oif,
Figure 4-3 also shows that the radiant flu'x"is'_ the only mode of heat
transfer after 60 seconds. This might not be & completely accurate
conclugion since there we‘”e problems encou red in evaluat ting the

totzal heat flux {x;hich are explained i; Reference 4——3; queve r, it does

2

ode of heat transfer,

Ancther ir -teresting‘ characte.;.is tic.can be observcd in rlﬂurcc

4-1 and 4-2. During one of the flight tests, a center engine was cut off
approximately 20 seconds earlier than thﬁ_e other three engine'é. .The
resulting reduction in the flame shicld temperature and éressure. are
shown in the figures. The gas temperat’d‘r-e dropped approximately 300°F
and the pressure dropped approxim é"cely 2 vsi. Tﬁe heat flux (not shown)

ircpped only slightly and-me choked {low condition appears to have been

-

ures 4-4 and 4-5 are representative bands of
radiaiion and total heat ilux measured in the outer and inner zones oi

the Saturn I heat shield. In the figures, it can obviously be seen that
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Saturn I {
Surnrisingly

ferences existed between the two vehicles

ER2N

e

b
’~

U-I
r‘Y’
.

gurcs 4-5, 4-9, and 4-7 show comparisons between Saturn [ and Sat

this shows

Figure 4-6 is a2 comparison between the

cuter region) and the Saturn V, S-IC Dase gas temperature.

the gas tem and the apparent time of
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4-7 shows a comparison of the radiant flux measured in
incident upon the

n that incident upon the Saturn Il

heat shield. This difference was primarily due to the relative location
of the heat shields and the location of the engines with respect to each
other. The he s

Z. 4 engine radii above'the exit plane, whereas the S-IC heat shield was
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- A cornnarison of the Saturn I and S-IC total heat flux ~-s shown in

Figure 4£-3. e total heat flux is somewhat indicative of the overall
thermal environment since ‘the area under the curve represents the net

it of the latter, a comparison of the
Saturn I and S-IC toizl flux of Figure £-3 would indicate that the S-1IC
}

PABOY

reat shield envircnment was slightly less severe than the Saturn I.

» convective heat {ransier, the flow velocity is an important

paramecter, In compressible flow the velocity can be computed if the
gas temperature, toial pressure, and static pressure are known (sce

Ry
Iy

Fguation 2-9). In order to measure the static an

[eN)

totzal pressure, pitot
¢

static tubes were located in the base region of the Saturn S-IC vehicle.
The resuiis measured at twH locaiions in the S S~ IC bese gion are shown
in _‘-_'1_ e

zures 4-9 and 4-10. The measured resu l‘s_?l,own in the figures
indicate that the ireesiream ambient air would flow into the base region
during the first half of the flight (i.e., the base'pressure being lower
thazﬁ the ambie;;t‘pressure indica-’:es inward flow)., Likewise the base
preséure being greater than the ambient pre.ssux after 75 seconds indi-

cates reversed ficw back into and cut of the base region. The evaluation

4,2,3 Saturn S-IV Flight Test Results

Two of the Saturn upper stages had clustered engine arrangements
1.0

and both used LOX/hydrogen as the propellants. The Saturn I upper stage

six RL-10 engines clustered zbout a co'nk.-on center. The
umentation in the base region consisted of black and gold~coated.
neat ilux meters and static pressure probes. Becaase of the LOX /

hydrogen propellants, the radiant flux.in the base region ,wa.s negligible -
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and coulcg not be éet”—cte'd by combining the two different type heat flux
meters., Engine ignition occurred at such a nigh altitude that the choked
Tlow condition was esiablished almost immediately. -The heat shield
neat Ilux rmnezsured at verious radial distances from the center are
shown in Figure 4-11. Bec...hse o; the very low density of the base gas

heating rates are less than 2 Biu/
i~ sec. Another factor which zlso affected the base environment on this
. in of & nelium heater nozzle in the center of the heat
shield. The purpose of the helium heater was té warm the helium which
was stored in the liguid hydrogen tank for_'usé in pressurizing the liquid

oxygen tank. The heater consisted of a low temper

Py

ature combustion
chamber/heat exchanger combination attached to a swuall nozzle. The
nozzle discharged gas into the base region at 2 flow rate of 0.05 1b/sec

and 2 temperature of 800°F. The seconda flow from this helium heater

3
e]
N
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o
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o
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w
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me e ff ect upon the base convec tive heating. The eifect would

appear to be a reduction in the heating rates.
- c ° -
Shown in Figure 4- 12 are heat shield static

tic pressures measured

[y

s

ocations duri g one of the S-1IV stage flight tests.
, the pressures are low and indicate th the

choked flow condition is reached shortly after 1“n1’c10n.

4.,2.4 Saturn S-1I Fliight chults
‘Shown in Figures 4-11 through 4-19 are typical gas temperatures,

heating rates, and pressures measured in the base region of the Saturn V,

S-II upper stage. This vehicle had five LOX /hydrogen fueled J-2
engines. The environment measured in the base reglon of this stage

shown in Figure 4£-11 consisted o;.approxima'tely 3 B_tu/ztz- secc total
1“;eat flax, & 1 B’cu/ftz—sec.radiant_ﬁux, and a 1000°F-gas temperature.
The resulting convective flux is.shown in Figures 4-14 and 4-15. A
ith a diameter the same as the basic vehicle

exiended approximately 7 inches below the engine exit plane. This
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drastically when i

it was jettisoned (see

pressure on the heai shield was also higher durin

slightly lower with the interstage on than with it off (see Figure £-15).

Anbther characteristic which can be seen in-these figures is
the decrease in heating rates and pressures associated with the shift

Jin mixture ratio. The J-2 engine mixture ratio was shifted from the

initial O/F = 5.5 to an OF = 4,7 late in each flight. The decreases

can be seen in the figures at flight times corresponding to 400/450
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ae radiation measured in the 'b'a.sfe region d~~ring the Saturn
boozter stage test ilights was cqrrela?ed‘; The correlation cons:sted
of c’;e'f:e:“;tzining the ratic of rac zticn measured at any time"durzi'ng. the
flight to the measured ground level value. The ground level value was
chosen ziter the vehicle had clea:jed the iau_nch pad so that the effects
be eliminated. The resulting ratios are

oresented as a function of vehicle altitude in Figures 4-20 through 4-23.
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limensionless radiation ratio obtained from the
Saturn I measured data for two diffierent zones of the heat shield. The
kI (SA-1 through SA-4) and Saturn I, Block II (SA-5

through SA-10) are both shown in this figure. The radiation ratio

obtained from the Saturn S-IB flight test data is shown in Figure 4-21.
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This frend was probably CaLde by slight changes in the vehicle configu-

:ows.the radiation ratio for the Saturn. S-1 and S-IB
at shield data tands are also shown in this
igure, the Saturn S-I and S-IB flame shield

ately the same up to an altitude of approxi-

ztely 15, 000 feet and decrease at 2 much faster rate than the heat

ield radiation. Beyond 13,000 feet a completely different trend is
erence can be explained and resulted from cha*moe

exhaust gas discharge. The Saturn I turbine exhaust gas

wes discharged overboard through ducts on the sides of the vehicle.
This was changed on the third Saturn S-IB and s bsecue;-b véhicles.

For these vehicles, the turbine exhaust was discharged mto the flame
ghicld zrea. The sharp increase in radiation shown for the S-I flame

‘shield incides with the beginnine of flow reversal, Thi e trend
shield coincides with the beginning ow reversal, This same trend
(i, e, slight huw il ) t less significant, can be seen in the

S-1znd S-1IB heat shield data bands. The S-IC vehicle had five LOX/RP-1,
i

¥-1 engines. The ATLAS had three engines in-line, and the two outboard

£-3%2

ndicates that the radiation is being

neat shiceld, the ATLAS, the JUPITER, the TITAN III-C, and the Saturn
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-feet. Beyond this altitude, th

had only one engine, which was also the same as the Saturn S5-I engines.
The TITAN IIi-C hac two solid oropeliant engines. Two of the intcrest-
irg trends shown in this figure are the JUPTITER and Saturn S-IC resulis.

sore indication of the engine clustering effects. The Saturn S-IC resulis
are approximately the sarme as the Saturn 5-1 up to an altitude of 35, 000
1e S-IC radiation ratio shows a sharp increase

to a value well above the ground level radiation. This also coincides

of flow reversal.

Because of the very complex nature of the problem, accurate

The technique used
he tazse radiation for the Saturn boosters was a2 semi-
1gly upon experimental results.
The radiation at sea level was computed using Equation 2-17. The
emissive powers and plume shapes were obiained irom rezsurements
gine test firings. The radiation

rom one class of vehicles to

shown in Figures 4-20 through
ing censervative -estimates of the sca
level radiation, this technique would have led to serious underpredic-

An example of this can be

1

seen in Figure 4-23 by ¢

¢

omparing the Saturn S-IB radiation decay to the

aturn S-IC radiation.
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level is plotted as a function of altitude, this essen-

.:J.
o
o]
1

:3“

rzdiztion varies with ambient pressure. Wi
ratio ig used fo exirapolate the ra dia:ion from one vehicle to the next, the

zssumniion that is being made is that the plume emissive power and

vicw factor will vary with pressure in the same general way. This,
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ume temn rature, emissivily, and shape
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8
o
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it pressure in this same general way. DBy consider-
ing Figure £-23, this is obviously not a valid assumption. By comparing
‘the radiztion characteristics of the JUPITER and Saturn S-Iand S-1IB

ield (Figure 4-22) where the

o]
“t
pap
M
ct
0

lustering has a significant

Furthermore, considering
atarn S-1flame shield radiation when ilow reversal starts

lepproximately 20, 000 1) and Equation 2-17, it appears that the after-

.
burning is either flushed back into the flame shield or starts to burn

much closer to the e€ngine exits at this time. In comparing the Saturn S-I

’

flame shield radiation to the Saturn 5-1IB with the flame shield turbine
exhaust discharge, it would ear that dumping this relatively large

taking pilace. In-comparing these resuits to J’le S-IC radiation shown in
Figure 4-23, if appears that afterburning and flow revefsal efic cts also
caused the increase in radiation on this vehicl-e.. ‘In comparing the

aturn S-IC radiation ratio to the Saturn S-1 heat shield radiaticn in
igure 4-23, where the clustering arrangement is not too dissimilar,
terburning and flow reverszl efiects take

place in very complex ways. It must also be concluded that extrapolat-

ing the radiation from one vehicle configuration to another should be

approached with caullon.
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with much of the Saturn flight data have rnade the correlation of the flight
results very difficult. Such resulis as gas temperatures indicatling con-
.v::cfive heé.'tix-g simﬁltaneousiy with the heat flux meters indicating
ccoling a_re.factors which reqﬁiré serious explanation in correlatin

the fiight data. The $-1IC flight results are typical of the problems which

A

v

"Figure 4-24 shows the base gas temperatures measured during

a'typical S-IC flight test. The results shown are from probes which
were mounted through the heat shield with the sensing element located
. .

from: G.25 to 2.5 inches below the heat shield surface. Alsoc shown

The rmembrane center temperature was computed from the measured

total heat flux and the calorimeter sink temperature using the following

.2
‘o : .
T - T = gp —— ' (4-1)
c” "o 1t 4K :
whete
- .

c - *toil calorimetler center temperature

T, = ZIcil calorimeter sink temperature

ro, - radius of the foil
X - thermal conductivity of the foil

. .l L3
5 - {icil thickness. i : : C

1-related problems associate

n the figure is the center temperature of the total calorimeter membrane.

d

P

e e

e ——

. e -

e e e o

. v m Ty  + o o e it

e e e ey 34 7 ey

RS USSR

i m e ey

o



.

X

- -—

"

(]

HONI

HINT

(%
Ll

PUNLYYTdu L

e s

(1 [

1

[ I e R

SHUNIVYAHMIL SY9 (TIIHS L¥3IH J3I-S

(085

03

L

Ve

*p2-y TN9T4

L]

) IWIL

09

e

0 LU

B

(.-

ov 0¢

JOVAUNS ¥ LW I
{
_.\
NN ERAEN] /
TYLOL WYIYLST T /
AOVRINS WOMA TN '
G270 0INSYIH L \
/\ \\ \\
/ s\\\ / '
Vo
VI
< !
| NIV IAHTL SYD —
VAN WOV ,/// S
0°L INSYIM N
s :///// ! |
]
JOVRINS HOMA !
G2 OIUNSYIN ;
/. oo
. //:!\.\
U S, Y s B

MSUFATY

j V‘\‘}Ku'\

_ 454
i ]
Q
.J...AMHH.:,; /\
- - 002
- ooy :
—
Ty
Jooy 3
im
)
=
[ oo
)
I
Joos
)
4000l
o0zl
: , .
e D e
. H
it

..4._ - @ovf.—v



I
ot
U
@]
[
"
(o]
pe
o]
3
[&)
33
o
bty
o
0Q
I
1
o
o
I
&)
]
ct
(o]
ot
fu
o
o
[
4]
ot
o]
[¢]a}
jo]
V]
(e}
(@]
:
ot
o
3
el
[¢]
o
[y
t
e
o
O
e,

D
S-IC fiight tests. Included in Figure 4-25 is the adjunction (denoted by
wlus signs) in the radiation band which would account {or the error in

tion in window irans-
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hown in Figures 4-20 and 4-27 are the convactive heating rate
(with some of the obvicusly erroneous data d ted) evaluated from the
heat flux meters at two locations on the S-IC heat shield. The convective

~{lux is shown for both the uncorrected radiation (i.e., as measured) and

ior the measured radiation corrected for angular variation in window

By comparing ihe results of Figure 4-24 to Figures 4-25, 4-26,
and 4-27 during the aspiration phase of the flight, the disagreement in

measured data becomes obvious. ZFigure 4-24 shows the measured
&s temperature to be n-gn than the highest femperature of the -

-

calorimeter beyond 40 seconds. Prior .to 40 seconds, the measured gas

temperature is approximately egual to the calorime‘:e’r-temperatur‘e.
The implied result would bc convective heating of the calorimeter at
least beyond 40 seconds. Howevezj',:- the result obtaineﬁ by evaluat'i-ng.
the convective flux using the measured 'heating rates is jﬁst the dpposite,
i.¢, signif cant convective \,oohnd c\.rm.cr the first 75 seconds of flight

igures 4-26 and 4-27).
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This disparity must be e:».nxa.nec before it is possible to corrclate

c
o If ¢l beyond A = 5.um were negligible
(i.e tion significantly different irom a
gre ' ional error in the measured
radiant flux would exist (see Section 3.4.2).
¢ The possibility of moisture vaporized irom the heat
shield condensing orn the total calorimeter surface
exists and could have .caused a low indicated total
flux (see Section 3.3.4).
The possibi -.y of explaining the disagreement on the basis of the

has been rejected. Using the semi-empirical solu tions’ which have been

derived for computing the heat {ransfer coefiicient across a surface
temperature discontunity, negative heat tfa.'nsfer coefficients can be

computed for speécified conditions. However, negative heat transfer

cocfiicients cannot exist in reality because of viola’:ing the first law of

('x‘-
¥

temoerature of the boundary layer fluid which influences the heat transfer

near the ciscontinuity is 2lso changing. These changes in recovery

temperature nave not been included in the solutions of the surface
teraperature mismeatch heat transfer, If this could be included in the

solutions, negative heat transier coefficients should not be possible.

I the reasons proposed, none can be conclusively-ruled out.

igure 6-13b)] indicate that large LOX/RP-1 fueled rocket

e¢rngine plumes do tend to emit greybody type radiation. Condensation of

surface temperature mismatch has also been suggested. This reasoning

-ez:’nocynafn cs. The situvation which probably exists is that the recovery

However, aveailable speciral z adla.uon measurements [ Refs. 4-3 and 4-4
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the Saturn S-IC base heat shield convective heat tranfer

during the aspriation phase of the ilight was developed using the following:

o The freestream total temperature (see Figure 4-24) '{" }
. i
N

vas used as the base gas recovery temperature.
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¢ The base flow velocity was evaluated .as discussed
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¢ DBecause the flow was into the base region during this . .
phase of the flight, the charzcteristic dimension was
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er was evaluated every 5

M
]

seconds for each heat {lux meter and the results —t
joired by a straight line in Figures 4-28 and 4-29..
: )
~ ‘ : - Pl
Before correcting the measured radiation, most of the Saturn b
fiight results apoear to fit between lines A and B shown in Figure 4-28. 3
. . - . i . : . . g 1
.\ The resulring correlation equations obtained for Lines A and B are: -
[
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3 4y
st Nypy LT Te . _ (4-2)

4s cpposedto this, the correlation equations which were obtained for

es 4£-28 and 4-29 range as shown in-

!3 REFERENCE 30DY TYPE CORRELATION EQUATION

| a7 _ + Cylinder, cross flow 1 Hot = 0,19 Npg=2/3

? -8 Flat Plate, normal o Ngt = 0.28 Nre'l/3

| £-8 Hemfsphere Ngx = 0.22 Npg~1/3
i-p ‘ ' Medge, side p!atgs - Ngg = 0.135 flpg=0-#

4-6 - | ledge ' | Ngp = 0.23 Npmi/2

4-9 Theory (Spalding) Net = 0.15 Npp=0.*
L a0 Theory (Virk) - 1 Ngy = 0.59 Npg=0.S

Obyviously,  the correlation-equations obtained from the base

neating flight test data are rauch higher than those associated with any

e
"in the figure, the corrected Saturn flight test data indicates that convective

heating is 2 to 10 times higher than that of a flat plate in parallel flow or

in the separated regions of similar bodies. Further reduction in the

A
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1
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might be justified by the calorimeter-heat shield suriace
temperature mismeaich, I the measuredresuits shown in Figure 3-16
zre typical for membrane calorimeters, the flight data might be reduced

vaporized heat shicld rnoisture could a2lso account for the higher heat
frangier shown for the flight data.

1. - = 3 M < - M PR A pe ‘o £ ) N PO
Because cooling exists during the aspiration phase of the flight,

wgc ¢f the corre late would give conservative
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heat shicld design data.

CONCLUSIONS REGARDING THE FLIGHT TEST RESULTS

AN
.

(O3
3

Some of the conclusions regarding the flight test results are as

¢ The attainment of quantitative values and comparisons
3 : - . . . C‘f‘ 1
o

directly from the measured flight data should be con-
gsidered with caution in light of the instrumentation~
3 a 1 .a i \

&}
t
o
[@]
o
w
o]
o
pmt
=
3
¢l

cessary convective heat {ransfer parame-
ters musi be evaluated and included and because the '
o similar convective
lopment of the Stanton-
should be the ultimate
' At present,

relation
tation of the
~correlations can

ng ght-related data, serious questions
regarding the measured data will cont

ntinue to-exist.
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ince the most sericus’'problems with the flight test

(&)
n

ad with the instru-
could be well

the Space Shuttle vehicle,
evelopment of
1:neasurement g

pend the time and money necessary o develop
new instruments with improved accuracy
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5. SCALE MODEL TESTING OF BASE HEA

-1
=i
A
2=
=
w
1
)
~

In zddition to the problem areas associzted with ro

plume /vehicle interactions is the recuirement for knowledge of the
comulete integrated system periormance characteristics throughout
-t trajdctory. Such information is often required both during

the desiy stages for purposes of optimizing new vehicle designs and

later during flight fest phases to account for variations between observe

icle models which have been scaled down to

<
o
:

R} :

some convenient size and operated in a simulated flight énvironment

periormance data for studying the base heating problem.
Certain limitations exist in scale modeling such as the size and

the lack of understanding of the base heating problem which results
in tk
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program. These were designated as the long-duration and short-duration

he long-duration technigue consisted of mounting a gcaled

a wind tunnel test section and operating the

ulated flight condition. In order to carry out such

model experiments on a continuous (or semi-continuous) flow basis,

sroblems ericountered in the

freling, combustion, cooling, "ignition, etc. of small rocket engines

nad to te solved. Also, maintaining a continuous high altitude

a
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NVUMDINE canas

cY.. 4 1

costly to be considered for normaeal laboraiory testing of Saturn vehi

Lecause of the difficulties with 2 continuous flow rocket test, a short-

- S T Im o2 wmetiitee cRorn D R feq ad
YLoall G tne base regicn in a vacuum cngmder.ana esiing at'a st

R (=4
lztea altitude. The acreal test time for this technigue is in the ordex
of &2'lcw milliscconds, comparced to the several seconds oi the long-

a millisccond. Steady combustion is maintained during the time

required for the expansion waves created by the rupiure of a diaphragm

{o travel the length of the supply tubes and return to the combustion

1

One of the advantages of the short-duration technique is the
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tablishment of a2 hot, steady flow, lasting

for a few milliseconds, which has permitted the use of simple models
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resulis but at 2 lower price. Saturn'i long-duration tests cost from

h

To illusirate model scaling, consider some arbitrary di

ential avee in the base regior < was shown in Section 2.1, Figure 2-1.,

convective flux (g
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pears to give the same

fer-

y energy balance shows that the total heat flux (g¢) must equal the
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L

G: = G T @Gir (5-1)

The convective and radiant flux can likewise be wriiten as
_ T 3.7
e - n(lr - Tw) (3—"')

and
= "’f‘ E 7';'\ . >3 3T - "'_
:g_r J pc‘ d_ALl ‘—’d.AAp J/ Ep(flp axs d‘A‘l —’O‘Q.p (3 3)
A
‘"\“p Ap
The definition of these terms can be found in Sections 2.2 and 2.5,
Eguati

ions 2-5 and 2-16, respectively.

Tor the sake of brevity Equation 5-3 has been simplified and
n as if the plume radiation were a surface phenomenon. In

some cases, -the radiation can be treated as a surface phenomenon;

byt
o]
-53
e
<
I
(51
v
o

general, it is a gaseous probliem and must be treated

-t
]
3
.
]
%)
[
e,
b

neat transfer testing, the obvious objective is to
reduce the physical dimensions of the prototype to some size which

an be conveniently-tested. A relationship between the model and
prototype can be established to relate the model heat transfer to that

of the prototype. However, with heat transfer problems as complex
=s base heati h ing | edingl icated. T

zs base neating, the scaling becomes exceedingly complicated. To
identiiy some of the problems which exist, the following is a discussion

.

I factors which must be considered.
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region of both

the model arnd proteiype must satisiy the well-known Nusselt eguation

- mo . 10 ~
Npu = C Nye Ngy (5-4
wi.ere :
Npw - Nusselt Number = hx/k

- .Reynolds Number = pux/p

The ideal model assumption 1ead§ to t}}e further assumption
that the base gas cu*s-:, {p), velocity (u) and transport properties
(%, ¢, ) are also identical or very similar. Thus when the model
and flight veéhicle convective heating rates are compared.using
Eguation 2-7, a relationship is estéblis’ﬂ.ed, giving

o

.. 1-m
Bmodel [ ®flignt (5-5)
- = ¥ » - 3—
“fiight \ *model
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zn additional relation follows. Since h is not directly measured

it is convenient fo express Zcuation 5-5in terms which are measurable.

Ecuvaticn 5-2, using Newton's law of cooling, becomes

a . / o 1-m
‘model K “~ilight (5-6)
= . -0
. Qflight “model
It has been assumed hat. the temperature differences for model and
flight are equal e., .
1
(r-\" - .~ - ~ (an)
- iw )model = (Tr 'Lw)flight :

When dealing with convective modeling in.the past, it was

assumed that the base region could be approximated by a flat plate
{(Refs, 5-2 and 5-3), Under this assump"’cion, the Colburn equation

[z
o)
o
8
¥
o)
»

12
~N
1
O\
i,
o)
H
g

rbulent flow over a fla.’c plate is used (Ref., 5-4),
his equation has the Reynolds number raised to the 4/3 power

(i.e., m = 4/5). Eguation 5-6 then bec’omes

P

where X /% z5: 2. is the scale of the model used in the test.
model iiign
As an example, 2 suramary of the models used in the Saturn

1

prograrm is shown in Table 5-1. By using Equation 5-7 and the scale

given for each model, the following scaling factors resulti:
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rocket engines overatgymost eriiciently-when the propellant ratio is .
Zucl-rich, the exhaust products contzin unburned fuel. At some

gas

[@x}
[

wificiently mixed with the ambient zir such that the unburned fuel

(see Figure 2-1). The

racteristics of a prototype
suite different. This again

issgive power foxr the scale model

orotoiype. In addition to the above, other factors such as carbon

rocarbon propellants, the

be expected to affect

a
between the radiation

neo
T

cause -of instrumentaticn difficulties, the 'r'ecovery temperature

‘the model cannct be determined direcily. Therefore, some techniques

developed that give an indirect method o1c determining the

recovery temperature. One e':ample of these techniques is the

w
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“Hot-Dase Technicue' (see Rei. 3-3).

based upor Newton's law of cool‘ns which 1s

>

is, independent of temperature. Under this assumptiion a direct mcans
of determining T. becomes evident, i.e., by varying T\, the
pasc temperature, over a wide range in order to produce a significant

change in the measured g . Now, since thec gas recovery

temperature is identical fto the adiabatic wall temperature, Ty can.

Actually, h'is a function of the temperature; therefore, a lower
T, would be indicated (Tract). _ Thi‘ technique, howcvcr

dees give a good indication of the gas temperature and can bc used to
indicate trends and possibly magnitudes.

5.3  SOME APPARENT LIMITATIONS IN SCALE MODELING

In practice, realistic limitations exist insofar as what can be
scaled and wnat_ is beneficial to scale. Some examples of these

limitations will now be discussed.

Certain functional varis and components of the engine and
icle are not duplicated. Examples would be. the wal1 thickness of

the rocket eagines which, if scaled a,ccura‘tely, would not contain the

flow passages inside the wall. Therefore, the engines were generally

larger than the ideal scale.

PR




ature is related directly fo nozzle boundary

related to the engine size, contiour, and

varies betweén model and.

bine exhaust would more ‘1c“‘ly
condition on the pr uotyDe, however, to obtaln
aring combustion, the turbine

initiated prior to ignition. Also, for a

- N

nere ethylene was used it was found to burn

and cozat the heating gages with soot. For these reasons, hydrogen

scale model enginés., - Th-s is expected tc be a serious 1imi'tation'

in the case of theé upper stage engines (i.e., J-2 engines), where the

cffects of condensation on the inside nozzle wall can greatly influence

the amount of energy wnich is reversed into the base region.

Additional discrepancies which exist between scale m_odel_'
and profotype include the use of gaseous propellants as oppobcd to

iguids, combustion chamber injector design, and the omission of

low in sorne of the booster svta'g-_fe runs.

It zopears that with Lre pr'esent state of the art of scale model
testing, one model whlcfl su\.cess vely_ reproduces, or models,

both the convective and radiation Hea*'md pheno‘fneuas is not available.
s simulated only at the expense of the other. Therefore,

in modeling vehicles, two different criteria need to be considered:

onc for radiation and the other for conveciion.
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1 the base region as mentioned in the previous section. It has been

assumed that the heat transfer ¢an bé correlated with an equation of

irnilar surface {low processes between rocket nozzles and base

region, it can be shown that a functional relationship of the forms

Qs ‘ C‘-_’ P t
“base cham

~
W
H
o
—

he major disadvantage of this method of correlating data from
is that it is culy true for the same engine shape and

ple where the proportionality has been used in

criteria was in the base regions of the $-1, and
-1 engines used on the vehicles went through a

L its thrust from 165, 000 1bf on the

ased
ust of 200, 000 ibf on the S-IB.

From data taken by the Cornell Aeronautical Laboratorv. {CAL)

lation obtained
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IMimuire 3-1,7 {te cuponent (n) of Zguation 5-8 is seen o vary between

G.75 0 0.G5. Tre common value of the exponeént associated with turbu-

the agsumption that recovery temperature was constant in developing -

Zquation 5-8 was apparently incorrect.

sing the Nusselit-Colburn type equation with Pr = 1. These results
igure 3-4. Figure 5-4indicates a turbulent variation
(L_TReo'a) in heat transfer with Reynolds number over & Amajor nortion
of the base region. However, the scatter in the data at the lower values

Re indicates a possible correlation with laninar flow theory where

Nyy o Ny 97,0 A similar anomaly was observed on the five-engine

uriderstand the flow phenomena occur-
some very detailed model studies -,
s of cne such investigation are

uring these tests probes were inserted

ir-engine configuration. These probes

measured the static and impact pressure as well as velocities. The
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"Scveral interestiing observations can be made in situdying thesc

figures, Figure 5-7 shows ithat supersonic flow can a;
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“increase &S the flow approaches the heat shield (e.g., compare the 0.5~

. 8.,
inch curve with the 1.0-inch curve in Figure 5-3). This trend, if not

e, is in agreement with what ;;i}ould be anticipated with
supersonic flow conditions (i.e., a standing shock abbv'e the heat shield).
Measurements taken along the base plaé_e also indicated sonic velocities
wed the vent area. _E.fforts_ to show the existence of

the base plate standing shock Ls-ng a laser- Dopplm‘ technique (Rc;.

5-8), however, did not orovide concre ’-e resuhs to connrm ’cnc ex 1stchu,

resulis is the following. Iséntropl ilow is normally assuz;ned in the’
base region; and ise‘n‘t;o fWow relations are used in the analytical
models. In iscrniropic flow, no change in total pressure occurs unless
he flow is «supersonic and moves through a shock wave. As the

flow moves through the shock, the entropy changes. In che cking

correspond to the entropy change across a normal shock., What i
found, however, are entropy changes which are 3 to 10 times greater

than the entropy change across 2 normal shock., This could mean

i

~-17

o emy— -

e m ey

v —

[ I S

e e mmeme v cw mw o v L




e ke P

£ i

i

s

sl RN R ws R

L3

e e

oy

100 T O A

o

L]

0. x 107

ot

- s et - v

5./b =
Pe/Py

= 100 psia

O

v

N / .
N . \
o N :
- -
EEENE
RN y /
— N o
< NIRRT AT S N
Ll = .
ot N " \
o S
AN IHW
(a1
N o
N A
il
- d
" F.U. )
N
. SISV SN SRR

N o) ™~ LW 1

}

[ LR TN

e} . Ly

o . O - o O . )

o~

ol OTIVILS
@

oAt WAL MRAR feet N W e 2w T dnis e

48] o

1.2

1.0

0.6

0.8

<}

(SN

0.0

0.2

o—

e

.



4
-19

0.8
IN REVERSE JET (from Ref. 5-7)

0.6
Y (in.)

oy
-

MPACT PRESSUR

]

-

Ld
_a .
~1
~
(@)
=
>
. A
-r . .
Lo 9
e
~— %) .N b
Q. N :
e
o Muu |DL N Lud
[SY I 134 N o
' . — N =
it i g A
2 R =
. o : .
D.O 0. - N Lt o
~ <C I~ O oo
(8] L1} . -
a. o M
N
_/ >
. < N
. ..u/f
. N
| N
2
it ) o L
. << < cll
o - : .
-0 o . 7e) =) T RN W)
~ 0D (48] ' . o o O e :
~ i c :
; L — I I . ! SR B ! : - L.
< N © <0 0 <i* o o o w Cowr
(V] [QN] O - — = e - [an} O <



g

o

PR

.

e v v i

e ot man s Bt

SN

bt ks

3

-

e e o omn Bk hon | e AL A e+ o

L]

L1 L]

e et st e 8

Pe/Py = 20 X W0

LO

ST

OO

[N e

[V}
(38]

<Q
QY]

T TTIITIT 7T

STTTITIITIT

NOZZLE

> Y
e
-

[

.2

1

0.8

Lo

<

[Q%]

Q

-0.2

e bt n o s et e i < mh $ 80+

Y (din.)

s R

from Ref. 5-7)

MACH NUMBER IN.-REVERSE

5-7.

FIGURE

<D

L0




. . . : - . P . I
As mentioned earlier the five-engine S-II scale model test

TWwo. . Figure 5-8 shows a graphical representati
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prcefiles which appear to exist, Toe typi
. ;

Zour-engine cluster appears tO resemble

flzi plate; however, the five-engine case
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A model te s‘c. program was initiated early in 1962 to aid in
predicting the base heating environment on the Saturn V/S5-IC stage
A s-:o.ri:—du:a ion (shock tube) test techunique was chosen because it
provided 2 much simpler and cheaper method of iesting. Confidence.
the technnigue had been obtained earlier by the favorable comvparison

betweern the lcng and short duration test results. A 1/45th scale model

cf the S-IC stage base region was designed by Cornell Aeronautical

Tests were conducted in CAL's high-altitude chamber at alutudc,s
petween 123, 000 and 205, 000 feet with no external {1 ow and in the C--_,

transonic tunnel béetween Mach 0.6 and 1.2, T’ne NASA/Lewis Research
Center transonic and supersonic tunnels were used to ¢btain model

data in the Mach 0.4 to 3.5 range.
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cach of the nozzles at the 10:1 area ratio point to simulate the turbine

Thin-film heat transier gages (calorimeters) were employed
for the measurement cf short-duration heating. DBecduse of the shori-

. P A — - ' .~ s - L.
As shown in Iigure 5-9, the scale model radiation heating

rates were C’”'I"ID]\, as compared to those measured during the

flight tests. This diiference is probably due to the lack of Dartlculaw
carbon (soot), the smaller radiating gas volume, and the aiterburning

e

meantle location that is associated with the scale model engine plumes.

:re 5-~10 for the heat
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totally of convective heating and follows
the trend of the flioht data. The rmodel convective heating presented
. o T I

igure 5-11is observed tc be much greater than the flight data.

éic in dlca' e

1]

ilight vehicle early in hcrh’:;’noweve;, the test
creases and decreases)‘ in the base *emovz for ' later times

comparison purposes the convective heating values
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1 data have comparab
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er 2ltitudes. Data for the lower aliitudes
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A rnodel test program on a 5,47 percent scale of the S-IB stage

booster was conducied at Arnold Engineering Development Center

Short-duration techniques were used in the test program. Tesis were
cornducted at Mach numbers of 0.8, 1.18, and 1.63; however, because

of tunnrel flow disturbances czused by the mass flow addition oi the

rockets into the tunnel data at Mach 0.8 was believed unreliable

(&)
Y
[

kerefore, only datz for Mach 1.18 (30, 000 feet) and

—~

00 fcet) is available., COX/ethylene was used to. produce the

t, and hydrogen gas at 100°F was used to simulate

On the S5-IB stage there are two areas of importance in studying
he flame shield.

broken into these two categories.

.

the preceding section on

the base heating, also apply here.
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n heating on the heat shieid -

Sigures 5«14 and 515, The heat shield thermal

model was relatively unaffected by the turbine

exhaust configuration {i.e., whether the turbine exhaust is exhausted
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igines, or exnzusied outboard through the stub

finz).
Tigure 5-16 shows the conveciive heating obizined irom
Figurecs 5-14 and 5-135 for the heat shield. The scaling factor was

. No appreciable difierence was found in the model's radiation

heating, with or without simulated turbine exhaust gases, or because of

o

the turbine exhaust gases (Ref.
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Parametric model tests were conducted by CAL in 1962 using &
" the S-1I stage and short-duration techniques. The

model made provisions for varigtion in engine pitch circle, heat shield

3

he model was moved irom CAL to the larger zaltitude chamber
light Center (MSFC). This move was required in

‘heating rates could be better analyzed.

=

rom the tank walls disturbed the

5-32
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fhe comparisorn of base heating data for the S-II stage can be

environment than the thrust

cone is seen to have a

flight (approximately 0. 02 to

igure 2-23 presenis a comparison of

o

he flight and mcdel
shield. The model data has been
rrelation., As shown, once the model

better agreement with the flight data. The

e model obtained by
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The Saturn flight test results have indicated that aspiration of
ambient air into the base region exists during the Iirst part-of the
flight. During this phase, ambient air flows into the base region. If

the radiant fiux is high, the relatively low temperature ambient air

ila

provides convective cooling., It should be noted that the Saturn I and

S-1B flame shicld region 'was an exception to the above. A semi-
empirical analytical model which approximates the base convective
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where -
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sas recovery temperature

tagnation pressure
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L€ radial cornpcnent O ilOow 1nto tiie pDase region, a dDase llow Maci
ouTRSer can be computed rorn

X 2 [ Y% .
Mi(r) = =2 { [ N (6-4)
~ v - 1 ) ;_J:"b(’."}j

wherc

"Mpu(t) - Mach number of the radial inward base flow at
Titme T : N

-

Pyp(r) - center base pressure at time 7.

6 P lr) - local ireestream ambient pressure at time 7
v - specific heat ratio of the ambient air.

PP PR - P S - TN e~ L . Do s —A O 2 L% Ty
o aszsisvan evaluziing the base-to-ambleant pressure ratio, tne bluif

body bese pressure curve shown in Figure 6-2 was curve-fit between
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&~-3) found that 2 recovery factor, r' = 0.1, gave good

Waon evaluating transport properties, the static temperature of the

-
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where

0.333; the convective flux to the S-IC heat

and C26-106 was computed. The computed

, compared to the measured convectiive flux, are shown in

iy
-
0
a
3
[yt
@]
n

0.032 is equivalent to flat
nlate, parallel turbulesnt flow heat transfer. For the aspiration phase

convective cooling, using C = 0.03 would give conservative design

Based on the resulis shown in Figures 4-28 and 4-29 and

Tzble 4-1 for the heat transfer in separated regicns, -2 higher coeffi-

cient mnay be justified. Thersiore, the convective heat transfer was com-

suted using coefficients C = 0.06 and C =.0.09. These resulis are also

6-9
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Lowever, thie computed flwe is in beiter agreement with the resulis fo:
~ o n/ P L “ 4 i ’ Lo ok -

C25-106 than Zox 26-106. ne

pnace anglytical model will yield conservative design criferia.
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In studying Looster base heating and related probliems, the

scasonsg. Such factors as the time and/or altitude at which flow rever-

ctual.plume

shapes, predicted inviscid shapes, and adjacent plume interactions was

At present, several methods of predicting inviscid plume shapes
carve available. Throughout this study an approximate method developed
vy Charwat (Rei. &-4) has been used. Comparisons have indicated that

s approximalion gives good resulis compared to the more involved
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rcgions during one of the Saturn I flight tests are shown in Figures 6-8

and 6-9. As shown in Figﬁré 6-8, flame shield flow reversal appears

o start at approximately 25 seconds, whereas the heat shicld {low rceversals
start at approximately 60 seconds. (Note.. These zesults have not

:bc:“ “o:_cmalizéd to A5-501 trajectory.) Figure 6-9 shows the corre-

pes of the Saturn engines

essures to be approximately 10.2 and 3. &4 psia,. respectively.-
P

ines between adjacent engines are also shown in the figure. By studying
~-10, it card be seen that the inviscid plume prediction would not-
icted plume interaction corresponding to the flame and heat

ield pressuares of 10.2 and 3.4 psia, respectively. Apparently, the

tnick mixing and af‘te"rburning layers are interacting and reversing
much earlier in flight ‘thén would be indicated by the inviscid plume
nredictions. Thereiore, using plume shapes which have been generated
using inviscid flow theories to predict plume impinéernent may not be -
representative of the real condition. Further a-xalyfical work to ‘

the mixing zone in the prediction of plume shapes is

v similar anzalysis can be conducted on the F-1 (Satura V, S-IC)
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Single engine plume sheapes for the J-2 (S-II stzge) engine have

olume shapes should be more valid
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As-discussed in Section 2, rocket exhaust plumes are noniso-
thermal, nonisobaric, and nonhomogeneous gas bodies. The equation

which governs the radiation frorva such bodies is

s

-t

_(F'a () v I
Qi = | S o ky Ipy exp (—5 o k,, dS')
v YW YS ' S

X cos ¢ dS dw dv ., ; (6-13)
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K - spectral absorption coeificient :

s

lbv - Planck function

S - optical path -
&) - solid angle

v - wave number

& - pelar angle (Figure 2-2).

For conditions where the radiation can be considered a surface
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L, = ¢ T 7 - plume blackbody emissive power

ALS- Ahs view facicr beiween A A s & CAA‘P

A number of methods have been develoved for predicting gaseous

radiation, and Reference -5 contains an excellent literature survey on

this subiect. The most success ful method involves thé use of sever al
computer programs and was developed for or by th e MSFC Aero-

Lsirodynamics Laborat o*y over a perio’d of years. Brﬂe’ly, the

The chemical composition of the reacting propellants is obtained
using a thermal-chemical computer program similar to that described
in Reference 6-6. This prograrn generates the chemical composition

of the gases as an input to the method- of-dma acteristics flow program.

& rmethod-oi-characteristics (Ref. 6-7) flow program in con-

‘unction with the thermal-chemical

ke

rogram is used {o generate the
invizcid flow fields of the engine and plumes. This program can also

generate the internal shock siructure of the plumes to a limited degree.

Since the method-oi-characieristics is restricted to supersonic flows,
the Rieman k

in waves (mormal shocks) which are known to exist at points
a.ong the plume axis cannot be generated with this program. Alsc, no
compulicr program is known to exist which can readily generaite the
hock waves which would exist as a result of the
ctions. In some cases, approximations of the
these regions have been used and patched into the

rsonic flow fields with some success.
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“owur inio the gascous radiaiion programs. &, separatc compuier.pro-
Foement 2 e TITOCLT T (T st A QN 1o srmed — e ) o &3 1 <
grzvn called JUCGLE (Rei, 6-8) is used fo prepare the method-oi-

cemoositicn of the aiterburning

antle must also be supplied. On

'

’
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the meny tcchnigues which have been developed for this purpose is

discussed in Reference 6-9. This technique uses the stream tube

apoaroach, viscous mixing, and finife razte chemical reactions to com-
Dute the femperature and gas properties of the mixing boundary layer.

This layer is then superimposed on the inviscid flow fieid.:
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ties and chemical species are

gpatially defined, the thermal radiaticn can be computed.. The radiation

metric integration from an

es and surround-
diz along each line of sight. The program uses band-averageéd
zosorpiion coefficients (x,, in Eguation 6-13) and the Curtis-Godson

raethod of approximating nonhomogeneous gas properties.

The technigues just outlined are theoretically sound and appear

o be the most advanced if not the only complete technique presently .

radiation from basic knowledge.
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iczl reactions in Iree boundaries and the unknown nature of particle

lend themselves to a2 simple solution to the prob-

However, reascnably accurate predictions of the incident flux to a

this problem.

6.3.2 Surface Radiztion Approximation

conditions, . it is possible to treat the plume as a

surface. The physical implication of this approxi-

meation is that the absorption coefficients associated with the gas

3
- e
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gas is heavily laden with particulate materials.

outer lavye
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ume are so large that the gas is essentially

This situation exists when the

iating plumes in this manner, the problem

e 2s shown by Equation 6-14. The prcblem
ation is that the spatial variation in emissive power
order to predict the incident heat flu:x.

radiation measurements taken during

To aid in calculating the heat transfer between a diffusely
é cadiating plume and an arbitrarily located area in the base region,
o compuier program has been developed (Ref. 1-6). The details of
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of this program arc given in the appendin. The program has the capa-
bility to compute the radistion from: multivle plumes, including any
blockage by intervening plumes or nonparticipating suriaces.

4, was obtained

-1 engihe' plume, it was assumed that the dimension-
gines. The only justi-
fication for this is thaﬁ both engines uséd the same propellants (LOX/
RP-1) and the aftérburn-'mg appeared o start at approximately X/D =

for both engines. It is anticipated that better agreement would have been
obtained if the actual ¥-1 emissive power were available. The plume
shape was obtained from photographs tzken during the' static tests.

The plumes were divided into short cylindrical segments over which

he sea-level radiant flux was computed for

o
(o]
-
oy
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oy

heat flux meters, C60-106

- to C57-101, C58-105, and C150-101 shown in Figures 6-15

<

esults are shown in Figures
sults, the upper and lower parts
the figures correspond to the upper and lower emis-
de 'iec tions of

the computed flux should be compared with the

ed after lift-off (poss;bly to 15 seconds).
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inc accessibility of the plume and the env vironment often make this

iraipoassible.  As a resuii, neet flux meters located in close proximity
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relicd upon o estimate the emissive power.
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teristics in the base regions of enough

dissimilar vehicles have been measured to make this possible most of
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With respect to the base heating problem, enginc ¢
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craperaturc cryogenics, The mostinteresting example of this eiiect
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was noted during the vacuum chamber test firings of the J-2 engine.

Film tzken during the tests indicated that a condensed liquid and ice

“leyer cristed near the wall at the exit of the J-2 engine. At first it

was, thought {o be inconceivable that condensation could exit, con-
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inlet {o the cooling circuit and the turbine
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Dcen considered briefly, The latest Space Shuttle engine wal

- T o, damn ma 3 = SR =< < 4 ~ 1 N -

Coereasc.in wall temperaiure, Also shown in Figure 6-2 is the satura-
-3 ~ R S B - = 2 +1 < 13 - + . S

cicn temmperaiure of the exhaust gases. S;nce the wall temperature is

idered, The results of the study are indicated in the follow-

The energy loss to the external surfaces of the engine could
have reduced the mean temperature of the base gas a maximum of

approxirnately 200°F, The heat transfer to the heat shield could have
Pagith ) Py ’
ase gas a maximum of 100°F.

b
To reduce the mean temperature of the base gas an additional 1200° T

would reguire a 28 o 43 percent rhoisture content in the reversed mass

S.“.

Zow. Using a laminar flow theory (the onl ue presently avail-

T

condensation for the J-2 engine conditicus), it was
than the desired amount of condensation could have

gine. -As a result, it was concluded that
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the S-II stage gas tempcecra-
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tarcs aad heating rates.

The poseibility that the Space Shutile engines might producce con-

demesation in arnounts which could also affect the base heat transicr has
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5.5 FPLOW REVERSAL PHASE ANALVYTICAL MODEL

CAn anzlytical model of multi-engine flow reversal

from fhe flow reversal srogran

L,‘ -l

was developed

the computer program

comparison of the flight
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ow reversal program varied between

he diffierence cannoci be

gas tempera-

Lires &re snown in Figure 6-33. As with the S-IC stage, the computed

ol
Zas

viot e S-IC stage the computed heating rates appeér to show reasonably
soon wivosment with both the scale model and flight test results. |

Sioures 6-35 and 6-36 show compafisons. between the S-1V stage .
i~ i mncasurced and the flow reversal rﬁbdel computed heating ratces
“ie pTisszuses. These resulis indicate approximately the same trend
wwiiniisaed by the previous conzparison'. '
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