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REVERSE OF COVER

lie contents of this report rcflect the views of the
contraciox, which is responsibie for the facts and
the accuracy of the data presented herein, and do
not necessarily reflect the official views or policy
of the FAA or Department of Transportation. This

report does not constitute a standard, specification,
or regalation.

The Federal Aviation Admianistration is responsible for the promotion,
regulation and safery of civil aviation and for the development and
operation of a common system of air navigation and air traffic control

facilities which provides for the safe and efficient use of airspace by
both civil and military aircraft.
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PREFACE

This report was prepared by AeroChem Research Laboratories, Inc.,
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was administered under the direction of Mr. Thomas Rust, Jr., Froject .
Manager, Propulsion Section, Aircraft BEranch, National Aviation Facilities l
Experimental Center, (NAFEC) Atiantic City, New Jersey.
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CPD specific heat of calorimeter disc
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burn-through hole diameter (d = 1 inch in this report)

temperature gradient at thermocouple junction
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E enthalpy flux at burn-through hole 5
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Hy, local stagnation enthalpy :in jet ;

H°c stagnation enthalpy a.t. combustor temperature %

&

h convective heat transfer coefficient ‘;gf
ht . turbulent heat transfer coefficient §
urb B

3

k thermal conductivity of gas =
kp thermal conductivity of plug %
&

k, thermal conductivity of thermocouple wire g
mip) mass of calorimeter disc ?«
ﬁ

M., Mach number at burn-through hole :}é
’§sj‘

Mplate free stream Mach number upstream of flat plate normal shock k|
) 3

Mprobe free stream Mach number upstream of probe normal shock g’;
M; free stream Mach number immediately u stream of normal %
shock %

k=

Ml(o) free stream Mach number immediately upstream of oblique é %
shock :

Mach number immediately downstream of normal shock
Mach number immediately downstream of obligque shock

M, free stream Mach number

Nu Nusselt number, Nu = hd/k
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INTRODUCTION

Purpose ?

It is the purpose of this study to utilize existing theory and data on
supersonic flows simiiar to jet engine combustor burn-~through flaranes, along
with the measured flat plate impingement pressure and temperatures of
Ref, 1 to determine inter alia the distributions of velocity, Mich number,
pressure and stagnhation temperature {corrected for radiatior and conduction
errors) along the fiame centerliae,

e R

2
i

. Background

Considerable background on the problem of jet engine combustor burn-
through failures is given by Rust} who gives the following description of a
burn-through:

S s

!

R R Y S O ST o ¥ Y T A D R R S IR T % 48
’

R PP
S

"A burn-through occurs in an engine when the hot combustion
gases within a combustion chamber are deflected from their
normal path and impinge on the wall of the combustion chamber,
thus causing a hot spot on the wall, The heat on the wall weakens
it, and the high pressure in the chamber causes a bursting type
failure at this point, The result is a severe high temperature,

4 high velocity flame escaping from the hole in the chamber, "

3

} .:3. A[”‘ s ﬁfw&t’? 3"55*54‘}’1% 'in i mi‘; .\ ,.‘.’\/

AU 7L

In Ref, 1, the results of an experimental study of a burn-through flame on a
J47-GE-25 jet engine combustor are presented, In this investigation the
flame was simulated by (1) making an irregularly shaped hole in the flame
tube which fits inside the burner can, (2) inserting 2 baifle plate between the
flame tube and the burner can--creating a low pressure region aft of the
baffle plate--causing the flame to impinge on the burner-can wall, and

(3) making a 1-in, -diameter hole at the impingement point, allowing the
combustion gases to exhaust to atmospheric pressure,

b

A number of candidate firewall® meaterials were placed in the flame to

determine how long they could withstand the severe heating conditions, In

adcition, plate impingement pressure and stagnation temperature werz mea-
sured in an attempt to determine the pertinent flame properties; e, g., temper-
ature, pressure, velocity, etc, These measurements were made with a pitot
pressure-measuring hole and a thermocouple inserted at the center of a flat
plate, positioned normal tc the flow, Measurements were made on the flame
centerline at various axial d'stances from the burn-through hole, Although
the above measurements gave the pressure and temperature erperienced by a
firewall material in the flame, additional interpretation of the data is required
Bl to determine local flame properties,

Pty

3

The firewall is usad to prctect other parts of the aircraft from a
burn-through flame,

0 sedotre bl b it AR B A R b e,
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In the discussion part of this report, a technique for interpretation of
the pressure data in terms of the local flame centerline properties is
described. This is followed by a description of a method for ccmputing the
convective heat transfer coefficients reeded as input data for the thermocouple
radiation and conduction corrections. Discussed next are the effects cf mixing
between the flame and ambient air on the centerline properiies. Finally recom-
mendations are presented regarding instrumentation and data interpretation
for future test programs to be carried out at NAFEC, similar in rature to the
prcgram described in Ref. 1. (All references are in Appendix C.)

DISCUSSION

Interpretation of !>t Plate Pressure Data

If the ratio of stageation pressure in the combustor to ambient pressure
is greater than about ’.8 (for ¥ = 1. 3),* the flow will be sonic at the burn-
through hole. Table 1 (All tables are in Appendix B.) gives the properties in
the combustor and at the hole, ard indicates that Mg, = 1 for all power settings,
except 50 percent. It is »ied that for power settings = 70 rercent the pressure
at the hole is greater than 1 atmosphere(atm); thus, the burn-through flame
is actually a high-temperature, underexpanded sonic jet.

Shock Locations: In order to gain confideaca in the subsequent analysis of
flame properties, shock locations obtained from flame pnotos for the 80 per-
cent and 90 percent power settingsT were compared with data available in the
literature?s® on uaxderexpanded sonic air jets. The results of this comparison
are given ir: Fig. 1. (All illustrations are in Appendix A.) It can be seen that
all qata on first shock locations are consistent, and a smooth curve canreadily
be drav n through all the points. MAFEC datal on the othe. shcck locations are
seen to se consistent with the ARAP data.®? Figure 1 was used tu determine
shock locations for power settings where photos were not available.}

¥ It is assumed that Y = 1.3 for the burn-through flame.

T A photo of the flame for the 70 perceunt power retting was not clear cnough
to accurately define the shock locations.

}  One method of extrapolating the results of Fig. 1 to higher engine pres-
sure ratios is to (1) use the results of Ref. 3 to determine the location of
the first shock, and (2) extrapolate the curves for shocks 2, 3 and 4 paral-
lel to the curve for shock 1.
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Flat Plate Normal Shock Corrections: In a supersonic flow, there is a
difference between the impingement pressure on a flat plate ard the pressure
recorded by a pitot probe at the same location--because the normal shock
will be farther from the plate than from the probe (see Fig. 2). Thus, the
probe will experience a pressure* consistent with the Mach number at the
probe location (Mprobe) while the plate pressure will be consistent with a Mach
number upstream of the plate location (Mp ate)- This effect kas been observed
z2xperimentally by Snedeker and Donaldson® (see Fig. 39 of Ref. 2). In addition
to the above effect, the shock in front of the plate may coalesce wicth the shack

in the jet, giving rise to a different shock structure than wonld exist if no plate
wera rresent.

44,

Because of these effects the first step ir interpreting the fiat plate
pressure data was to 'convert' these readings to equivalent pitot probe pres-
svres; i.e.; the pressure downstream of a normal shock at the local Mach
number. ‘This was done by utilizing the photos in Ref. 2, which show shock
detachment distances for a flat plate located at various positions in a jet. By
interpreting the pitot probe data of Ref. 2 in terms of ivcal Mach numbers, the
curve shown in Fig. 3 was constructed. This figure was used in the following
way to determine equivalent pitot probe pressures in the burn-through flame:

1. From the flat plate pressutreT (Table 2) and free stream stagna-
tion pressure* (i.e., upstream of the normal shock) a free stream Mach num-
ber was computed (from stzndard normal shock tables?).

2. From Fig. 3, tke shock detachment distance was determined.
This fixed the point in the flow having the free stream Mach number found in 1,

RSN | . e o g o SR Iyt e v
m-.ammré;:&e‘xwmm'm-m&:m«mmﬁu}umﬂ%mmn&.xmmz}.&mmm&miwi' TR

: and therefore {ixed the pitot pressures® at that point. 3
3 %
3 From the above procedure, pitot pressures were determined as a function of }
distance from the burn-through hole. These are plotted in Fig. 4, which will £

ke

be discussed in more detail in the foliowing section (Mach Number and Pres- 1

sure Distributions). i

* It is noted that both probe and plate pressures are stagnation pressures :

downstr.eam of a2 normal shock, but at Mach numbers Mprobe and Mplate’ $

. respectively. 5

~ 3

t  All flat plate pressures could not be used because of preobable interference 3

with the jet shocks at certain locations. Pressure data not considered ]

i valid are noted in Table 2. g :

b These computations will be discussed in the foliowing section (Mach Num- é :

ber and Pressure Distributions).

§ It is noted that pitot pressure is defined as the stagnation pressure down-
stream of a normal shock in front of a pitot probe.

B N N O T T T R T Ty S S L R N T AT AN AT T AR IS SR R HMSEAT D XA MM VIR 6.3

Iy




AT £ T 4 D — 3 - Vs e T e et e "“"“'_,’?_L,
QAR IR s ST IE T BB T TR :;&ﬁwﬁ‘}ﬁ;ﬁ?ﬁﬂ$®ﬁm =
SR ity RS X 5 R

!
4
>
1

4

S N B AR B e SRR

Mach Number and Pressure Distributions: The following procedure was
used to determine the Mach number and pressure distributions:

1. The shock locations* were determined from Fig. 1.

2. Between the burn-through hole and the first shock, the pitot pres~ -
sures and Mach numbers were deterrnined using the method described under -
Flat Plate Normal Shock Corrections, with the free stream stagnation pres-

[ sure equal to the chamber pressure.T

R T AT PR

T

v

3. Conditions immediately downstream of the first shock (and all

succeeding shocls) were determined by assuming the Mach number equals
unity* behind ‘ne shock(s).

>

3 4. From the stagnation pressure downstream of the shock (from 3
; above) and the pitot pressures(corrected flat plate pressures) the Mach num-

ter distribution between the first and second shocks was determined (similar ;
to step 2.) ;

.
i

5. Static pressures were determined from R=f. 4, knowing the local
! Mach numbers and stagnation pressures, assaming V¥ = 1.3.§

PR

B 6. The above procedure was repeated until the computed stagnaticx
pressure loss across the shocks was not sufficient to account for ‘he measured

zi plate pressures. The stagnation pressure vs. distance curve downstreamof -
tkis point was approximated as described in the following sample calculation.

% H,,“\‘ AR

A
(erik

T T
%
¥*

For the 50 percent and 60 percent power settings, there should be no

shoc’s 1n the burn-through flame (see Table 1); the flow is completely
subsonic. )

N T There are no stagnation pressure losses {along the centerline)before the
B firsr shock.

This is a reasonable assumption since the Ma<h nuriber behind the shock
is approximately <qual to or less than the j¢t exit Mach number (M,,). .
Since the observed shocks are oblique, the downstrearn Mach numbers can-

- not be less than unity. Thus Mz(o) = 1 was chosen to interpret these data.

AR

thil]
++

§ Specific heat ratios should increase towards 1.4 with increasing distances
from the burn-through nole as ambient air mixes with the combustion
gases. However, for the range of Mz<h numbers ander consideraticn, the
effect upon the flame properties is negiigible,

o s A MO AR NS L
S0 Gl GBS AT PR

SR
et b aden et St e 5 e A L RN PR B EADDACEARS it s S ARG 140 MM et A TR A OV AT B SR

[P,

R

g
¥
i3
It
N,
H
5
{
P
gl
r
Ir
i
;e
b
.
o,
#
T\J,ﬁp FICT VR IV PSR L LRV E FET AN




merrre O, AWV TP T - 1

-
Results of calculations using the abcve procedure are given in %
Figs. %fa-th. A detailed example for the 95 percent power setting follows: 2
Before First Shock 5
% 3
& - B 32
o « P, = 4.5 atm (from Table 1) oS 2
2. 3 =
3 satx= 1in., P°FP = 3.0 atm (from Table 2) 3 E:
25 B POFP ' :
: « From Ref. 4, for Y=1.3; ) = 0.67, gives M = 2.05 %
f ° § =
' £
' * From Fig. 3, A/d =0.25 g 3
3 * My = 2.05 is then located at x = 0.75 in. (see Fig. 4a) g §:
=
A
4 * From Ref. 4, p/P0 =0.12, tuus p = 0.54 atm %%
v 2
: * The Maci number curve is faired through three points; ;%;j
g M., =1 at x =0, anc 2 points (x = 0.75 and 1.2 in.) deter- Z
x i E
= ? mined in the zbove raarmer. 3
- g At First Shock _?3
= : 2
: i z
z « From Ml(o) = 2.3 {from the faired Mach Number curve) and g
< & M\% = 1,0, the stagnation pressure downstream of the g
oblique shock is determined (from ReZ. 5); F,, = 3.8 atin. § g
E= § ]
« From Ref., 5, a sheck angle of 58° is {cund ior this pressure 2
= loss. The followiag table gives a comparison of first-shock i
E ang;- s determined by the cbove method ars’ ikose measured 3
£ from the photos of Ref. 1. N g
E 3
g Shock Angle, deg. é
: % Engine Power Seiting, Pe-cent RPM  Predicted Measured 3
S _— i
i E 90 . 60 52 §
> 30 o4 58 5
.7 g g
= ¥ This good agreement betweea the predicted and measured shock angles
e 5 g g 8 i
g i gives ad-ditional confidence in the assumption of Mz("") = 1.0,
£ & %
: X
=
%;%{

Z & = f
1 5 H
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Before Second Shock

* To = 2.8 atm (from above)

+dtx%x =3 in.,

POFP = 2.5 atm (from Table 2)
P

3 .

* From Ref., 4fory =1.3; PFP 0.66, gives Mg = 2.07 -
(o3

* From Fig. 3, A/d = 0.25

* My = 2.07 is then located at x = 2.75 in. ’

w;) .-: ’ “'K

, This procedure is continued unt:1 the calculated stagnation pressure
leoss is not sufficient to account for the measured flat plate pressure.* At the

95 percent power setting this condition occurs betwesn the third and fourth

g shock. The stagnation pressure curve (Fig. 4a) is then contmzzed by connect-

ing the pitot pressvres behind the 4th and 5th shocks (since M;_ 1, the

stagnation pressure must equal the pitot pressure) and extrapolating the curve
downsiream of the 5th shock.
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Velocity Distributions:

Before local velocities cac be computed the
thermocouple readings must be corrected for radiation and conduction losses:

the<e corrections were made (see Thermccouple Corrections for details), aad

the true gas stagnation temperatures are given in Fig. 4. The velocity is then
computed from:

au = Ma (1)

M[YR ( %—) T ]Vz C (1a)

where '.“/T0 is a function of Mach number.*

u

.

.

This is probably due to an increased stagnation pressure loss due to mix-
ing between the ambient air and burn-through flame (see Influence of Mix-
ing on Flame Propertiez). Eccause of the approximations ir the present
analysis and the inkerent inaccuracies in the measured flat plat impinge-
ment pressures, this point cannot be determined with great precision.
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Thermocouple Corrections

Radiation: Because of radiation from the thermocouple junction (and
wires) to the surroundings, the equilibrium temperature of the junction, T,
is less than the true gas stagnation temperature, T,. However, T, canreadily
be determined by performing a heat balance (between convection to the junc-

tion and radiation from the junction). Assuming conduction along the wires is
negligible* we get,

h(T, - Ty,) = Oc Tg* (2)

-

Eq. (2) is used to sclve for T,, once the heat transfer coefficieat, h,
is known,

Heat Transfer Coefficient - There are no experimental data in the
literature on heat transfer coefficients for hot, turbulent supersonic jets
impinging on a flat plate. However, data are available for cold subsonic tur-
bulent jets impinging on moderately heated flat plates,®” and a (well-confirmed)
theoretical expression is available for stagnation point heat transfer in laminar

flow.® These pieces of information were combined in this study to obiain the
local heat transfer -oeificients.

Doraldson, et al.,’ compared tnieir measured stagnation point
heat transfer ceefficients (for turbulent jets) with those computed from laminar
stagnation poin. theory® and showed that the ratio of the measured to calculated
values is a fur.ction of distance from the jet exit (and not a function of Reynolds
number). By extrapolating the data of Ref. 6,it was found that this ratio varied
from abeut 1,1 to 1,5 for the range of x/d of interest in the present study, Thus
the laminas: stagnation point heat transfer coefficients were computed from the
theory of Ref. 8, and all values were multiplied by an (average) factor of 1,3
to get the corresponding values of h for turbulent flow T,

Values of h for laminar flow were computed from,?

Y,
1 yr 2
Nu = hd _ 0.66 Pr/3 Re/zl-g- iu) ]

k u \dy/p
The normalized velocity gradient; i.e., the term in square brackets, was
measured by Snedeker and Donaldscn? (for 1atios of jet exit to ambient pres-
sure from 1.0 to 3.5) to be about unity. It is important to note that, for

* This is shown under Conduction.

T Use of an average factor is consistent with the accuracy of this technique
for calculating turbulent heat transfer ccefficients.
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supersonic flow, the local properties, u, p. etc., mus’ be evaluated down- ' ?j

stream of the normal shock in front of the plate. A sample calculation is %

given below, for the 80 percent power setting at x/d = . é

=

+M=1.6; p; = 0,74 atm (from Fig. 4d) : ;§

* Tp/Tp = 0.94; M; = 0.66 (normal shock tables?) . | %

=

+ T, = 3200°R (Table 1); T, = 3000°R %

+pp= 2.1 atm D = 2.8 from Ref. 4 . -

1 =

=

- p2* = p2/RT, = 0.027 1b_ /8 %

1 &

? -up = M; [YRT,]/2 = 1700 ft/sec =

I g

-Prl = 0.65 E;

E-

cpzl =3.5% 105 b, /ft-sec zé

-2 ]

Re = fa%d _ 1-13 (1700)(z.7)10 © _ 1.1x10° 2

Hz (3.5)1078 Z

- k! = 0.06 Bta/hr-ft-*R L

3 -h =140 FBtu/hr-ft*-*R (from Eq. (3)) f%

=2 Using h/hg 1, = 1.3 the value of h to be used for the radiation correction, is, i’if

3 £

’ by, p = 180 Btu/hr-ft?-°R 3

- A series of calculations was made to determine the range of E

heurb for all values of :t/d at all power settings. It was found that hy . rp varied E

= from approximately 160 to 200 Btu/hr-ft>-*R. Thereforei, all subsequent calcu- %

= ! lations of the radiation correction used an average value+ of hy,.p, = 180 Btu/ El

E hr-ft?-*R. Then using a value of ¢ = 0.2 (Ref. 9) in Eq. (2), and the thermocouple §

f ’ * Calculations of gas density utilize the gas constant for air, i,e., R = ) ;%%_

53.3 ft-lbf/ 1b,-*R. §

1 Transport properties taken from Ref. 4, Table 2 (extrapolated). 3
1 The use of an average value of h arb (for all power settings) to compute the

corrected stagnation temperateres is consistent with both the accuracy

of this technique and the accuracy of the uncorrected flat plate thermo-
couple readings.!

E
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readings in Table 3 the actual gas stagnation temperatures were coraputed;
these are listed in Table 4 and plotted in Fig. 4.

Smootn curves were drawn through the data in Fig. 4 and the
faired values near the burn-through hole were uscd to estimate stagnation
temperatures in the combustor for all povrer settings; these are listed in
Table 1. Rust! reports that information furnished by the J-47 engine manu-
facturer {General Electric) indicates a maximum stagnation temperature in
the combustor of 3500°R. In Table 1 it can be noted that this is exactly the
stagnation temperature estimated for the 95 percent power setting. This good
agreement implics that the thermocouple corrections are reasonable. -

Ceonduction: Conduction from the thermocouple junction along the wires
can influence the heat balance equation, Eq. (2), if the conductive heat trans-
ier; i.e.,

dT
= -— 4
Qcond 1\)vj&w (ds j (4)
is not negligible compared to the convective heat transfer to the junction,
Qconv = h‘Aj(To - Ty (5)
Pertinent data on the thermocouple are:

- Material: Pt/Pt-13% Rh (Ref. 1)

- length to connecto:s = 10 in. (measured)

- d 0.02in. (measured)

W

Btu
. kw: 50 m (Ref. 19)

+ junction (bead) diameter = 0.062 in. (measured)

As an example, the conductive heat transfer for a thermocouple reading of
3000°R, and an (assumed) temperature gradient* (dt/ds)j = 300°R/in.; i.e.,

*  This assumed gradient is conservatively large since the juaction
and exposed wires are both subjected to the convective heating. This
would make the temperature gradient at the junction much smaller
than, in this case, 300°R/in., thereby reducing the conductive heat loss
even further.
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a linear gradient cver the 10 in. length is

-t

For T, = 3500°R. T,, = 3000°R and h = 180 Btu/hr-ftZ»‘R, the convective heat
transfer is

9cony = 19 Btu/hr (Eq. 5)

Thus, even using a conservatively large value of (dT/ds) » Acond (for this case)
is only 20 percent of qconv The conduction heat loss was found to be negligible

for all test conditions, primarily due to a small wire diameter and relatively
small temperature gradients along the wire.

Mass Flow Rates

Fellowing determination of stagnation temperatures in the comhustor, the
mass flow rates can be computed via,

= (Pex/RTey) U hex (6)

Usiug the data given in Table 1, along with Eq. (6), gives the mass flow rates
shown in Table 5.

Influence of Mixing on Flame Properties

Mixing between the burn-through flame and zmbient air is the most
important mechanism by which stagnation enthalpies in the flame decrease.
Thus, a good measure of the effect of mixing on the flame properties along

the centerline is the rate of decrease of stagnation enthalpy.* Nondimensional
stagnation enthalpies (the usual manner of presenting high-temperature mixing
data) are plotted in Fig. 5 for all power settings. An important parameter in
the present study is the distance from the burn-through hole at which the effects
of mixing are experienced on the flame centerliae (the designated core region)
The length of the core region, L, is arbitrarily defined as the value of x/d at

*  Enthalpy is csed 45 « mixing parameter rather than temperature because

the specific heat oi the flame varies over the temperature range of
interest.
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which (Ho-Hamb)/(Hoc-Hamb) = 0.95. These core lengths are given in Tableb,
together with the anglé of spread of the mixing region,* i.e. tzn"! d/2L.

In order to extrapolate these test results to other systems the core lengths
are correlated with enthalpy fJ»+ at the burn-through hole, i.e.,

~

E = pg.Uex (HOc - Hamb) (7)

for all power settings. (See F'ig. 6). The data can be fitted reasonably well
by a straight line if we neglect the point for the 50 percent power setting.

A
[

B R A N SR

3 Thereare notmuch data available on high-temperature turbulent jets to
compare with the results of the NAFEC tests. However, O'Connor, ctal. R
have measured the axial variation of stagnation enthalpy'f in turbulent jets of
partially dissociated N,, with an enthalpy flux of about 5 X 10* Btu/ft?-sec.
These data are shown in Fig. 5. We observe that the corresponding point on
the core length vs. enthalpy flux curve (Fig. 6) is somewhat lower than the
NAFEC data. This agreement is, howevers good considering the uncertainties
in estimating core lengths from the enthalpy data. The straight line correla-
tion should be useful for determining core lengths and mixing region angles
(cf. Table 6) for larger burn-through koles with greater mass flows.

5 However it is unadvisable to use Fig. 6 to determine core lengths for high

: compression ratio (say, 12:1) engines, for which the burn-through jet bound-
aries are highly expanded. Because of this expansion, the core lengths should
be greater than shown in Fig, 6, for a given enthalpy flux. Interpretation of
highly underexpanded rocket plurme data would be needed to get an equivalent
correlation.

SRbr A Ve ke A et

Some additional datat on stagnation temperature and enthalpy axial
distributi~ons in high temperature jets are given by Harsha.l?

B Bl A Loy )y

*  Caurion must be exercised in attempting to compare the results of Fig. 5
and Table 6 with corresponding data on high temperature jets issuing

5 from a perfectly expanded, smoothly converging nozzle. It has beenshown

E . by Donaldson and Graym that the mixiné rates are higher for jets emanating

frem a flat surface (which wculd be similar to combustor burn-throughs)

E than for the above-mentioned jets. This is duc to ihe difference in air

. entraiament patterns.

: 1  These data are for a jet (at a pressure of 1 atm) emanating from a flat
plate. so they should compare reasonably well with the NAFEC data.

1 There was insufficieat time in the present study to interpret these data.
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Suggested Experimental Methods for Future Test Programs

It is suggested that future test programs on higher compression ratio
engines be designe. to obtain data on local burn-through flame properties
{temperature, pressure, etc.) and local heat transfer coefficients (for a
geometry similar to that of a firewall material in the flame). In addition,
analytical models which can be used to predict burn-through flame properties
and heat transfer coefficients should be developed, After it has been demon-
strated that predictions and test data are in good agreement, the models should
be used to develop a set of design charts--giving heat transfer coefficients,
stagnation temperatures and pressures as a function of axial and radial
distance from the burn-through hole, for parametric variations of combustor
stagnation pressure, temperature and hole sizes, These are the necessary
input data for determining the response of firewall materials to these
burn-through flames, It is important to note that the development of accurate
analytical models will avoid the necessity of obtaining test data each time a
new combustor is designed or an existing system is re-designed, These
models are also necessary in order to design a standard flame (which
simulates a combustor burn-through flame) to test firewall materials,

Specific measurements that should be taken in future test programs
are listed below,

Burn-Through Flame Properties: (These should be taken as a function
of axial and radial distance from the burn-through hole at a suifficient number
of points to define the properties within each shock cell)

1. Pressure - Roth pitot and static pressure tubes should be
used to record both the stagnation pressure behind a normal shock and the
local static pressure (cf, Refs, 13 and 14). These data are then used to
deterraine local Mach numbers,

2, Stagnation Temperature - A stagnation point thermocouple
should be used, with provisions made to minimize heat conduction errors
{cf. Ref, 15). This can be accomplished by using very small lead wires and
inserting the junction far enough into the flame so that the junction and wires

are at about the same temperature,

Photographs: These are esrecially important for determining the dame
boundaries and shock structure--for comparison with analytical predictions,
Color photos are useful for estimating the extent of the mixing region--but
black and white photos are sufficient for defining the shock structure,
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Sampling: It would be very useful to know the composition of the burn~
through flame--particularly to determine if any unburned fuel escapes the
combustor, The fuel could (subsequently) react with ambient air giving
higher flame temperatures than would otherwise be expected, Gas samples
should be taken via a sampling probe ihroughout the burn-through jet (in the
core and mixing regions), Samples taken at the burn~through hole will
indicate how much unburned fuel is available to react with ambient air. A
detailed discussion of the proklems involved in g23 sampling and the
considerativns involved in designing sampling probes are given in Ref, 16,

Effects of Noncircular Holes: Since a burn~through hole will probably
not be circular in practice, it iz important to test the influence of, fcr
example, an elliptical hole with jagged edges, on filame properties, Signifi-
cant differences between test results on circular and noncircular holes must
then be accounted for in predicting actual burn-~through flam< proverties.

Heat Transfer Cosfficients: These can be determined by measuring

local heat transfer rates and wall temperatures foxr a flat plate (simulating a
firewall material) normal to the burn~through flarae, (Tke plate impinge-~

ment pressures should also be recorded as a fuaction of radial dictance from
the plate stsgnation point since these are the act:ual pressures experienced by

firewalls,) Two possible nonsteady-state metiids of measuring heat transfer
coefficients are:

1, Calorimeter Discs (see, e, g. Ref, 6) - In this technique the
temperature-time response of a uniform temperature disc
is recorded, The heat transfer is computed from,

at \
Qonv = ch (——-——w
Pp\Tat Ji=0 ' (8)

then

Qconv
T,-T w

ho= (9)

where T is the measured si.:gnation temperature,

2, Qne-Dimensional Plug - A cylindrical plug is inserted in the

flat plte, with one end expssed to the gas, The surface is

insulated over its length and temperature of the exposed end
is measuraed as a function of time, From the solution to the
heat conducticn equation for a one-dimensianal semi-infinite
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rod* with a convective boundary condition, and the measured

temperature of the exposed end, the heat transfer coefficient
car. be determined from,

.

T -~T.

R RO .

Additional information on this technique is given in Ref. 18.
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: *  The plug acts as a semi-infinite rod because data are taken before the

temperature of the back end can increase.
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CONCLIISION

Based on the results of this studs program, it is concluded that:

The computed pressures, temperatures and mass flows reported
herein closely define the environment exjperienced by any material encounter-
ing a combustor burn-through flame fror: an engine operating within the
pressure range specified in this report,
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APPENDIX A
e
FIGURES EVOLVING FROM THE STUDY OF TEST DATA
ON JET ENGINE COMBUSTOR BURN-THROUGH FLAMES
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E 1-1 %
X




L AT T I T T R 2R

" ﬁﬁmﬁx wﬁmﬁmﬁwm.ﬂﬂ& mm“w a«.ﬁ.ﬁh&% s;‘m W_‘va aux@; _.ME l?m. M %ﬂw R _hmw‘ﬁ_mw%‘mm’ ﬁﬂ E_hﬁﬁv:ﬂ; & N_ uﬂw ﬁw wx «.wa 3“: n.g NN E,ﬁ_u_‘ ﬁm -i 7N ﬁ.u i g A § TTERTR A TIR Wy | AP wwn g 5y
g (3 ‘% .‘. W i W 'y j f [rilal W r. Ayt ,#_‘ ,aﬁ _i. :‘__C__N.,? e{ e é,_éﬂa R TR T O 1 PN CUM T PP e
N N RN TR SRS E_.«..Qﬁadr_@.._x Lw_-.‘_.éw ot ﬂ faA s },_ [ F_Eh\_ﬂ. iy w‘ﬁ @ LR L Ui o, X
e _.x‘w: RS AN i M e ,t. _,, ) ,f g ._._: .m._, 4 " N SO
ST i : ’ }

kL
Qi
Y ¥

——

" . i /..ﬁ&! , — L e LU

z &

P

VIVA L0 ¥IV QAANVIXTIEANN NV SLSHL
OHJIYN NI SMOILVOIOOT MDOHS NIAMLEL NOSIHVAWNOD 1 *DId ' i

o¢ &e (o4 Gl B

[ T J 1 1 0 ;
o
@ |
= W
> _
m
_ —2

m
A
o
=
o 7

| = ~

: 1

3

.ﬁ s S £

i T -

s - ¥IGWNN YOOHS do T )

e (1 434)034VND o] o

i (€ 43Y)VSYNO m 5

| (2 438)dviv v x £ |

% - ] | | | 8 o m.

Y

! ! | { ] | ] |
g6 06 c8 o8 Gl 0L 09 i

wds % ‘9NiL13S ¥3IMOd 3NION3

S9-iZ

AN SRS ORISR w 9, i
hmy ot eitpas gaibiike doSy il AbSitA bt v AR L



T
By

SR

Sz

o
=23 T

UG
“

-

3iv-id

XY EEYIN)

R R T S O ST B A S i 7

dd0l LOLI& V (INV J1LVId LVId VvV Jd0
NWVAYLSAN SHDOOHS 4O SNOILISOd TAILVTIIY ¢ °DOId

N
ity hY

S (Y

¥



R %
St

- —rccw«-»::gv%_
& T %

=5
=
5

STTVET AT
AR

Aol

e e iih
¥ -

.

E s Y

ORI T

T ) | c

H 3 ,.,..m., . ? X ”%_,L,mmp. ,., ',4“‘,.‘,;. ,.'" A.,_‘.ﬁﬁ%ﬁmﬁgﬁ%ﬁﬂ%ﬁﬂ%&&%&Mﬁ%%vm@%w%x@dﬁ?ﬁwfgxmﬂ%ﬁgw?ﬁﬂmn%%%,cwﬁ?ﬁ@ﬁ3««.\3&3@‘ 1 VR SN PSP G

*uospreuo( Pue IIIpaug Jo ejep wosy pajaadiajuy

JIVId LVTd WOYd ADONVISIA
INEWHOVLIAJ ID0HS NO ¥HEWAN HOVIN 40 1D3JA4d € *DIdg

[4

'W ‘MO0HS “IVWMON 3H0438 N3SWNN HOVW

€ 4 | 0

P/V ‘IONVLSIG IN3WHOVLI3Q MOOHS

c_a

a2 P AT N LA AT

1-5

ot *\f

e 3

FH W
i

TR Rl TR g ST v




s g

CE eTETEE R

T T T ""““'“"_‘"‘""7"‘»‘?‘7{
e T i e I

PRESSURE, aofm MACH NUMBER

STAGNATION
TEMPERATURE, °R

e o e

! R
VELOCITY
MACH NUMBER |

-y
o

DH

(o)

o

o
VELOCITY, ftisec

|
N
o
o
o

mt!ﬂr.%m:wuwwu;n‘u‘v‘gfwMWMmw‘itswnn&iﬁ'ﬂxn;'w.‘Jr.MFMMM%ﬂ&aw?ﬁ?‘ifmﬁkﬁiﬁfﬂtﬂrﬂtﬁfkﬁi@h“‘Hrrwﬁruiziiés?}ﬂﬂﬂ&ﬁ%i&mﬁ}!ﬂ‘m‘ﬂm RO

-STAGNATION PRESSURE
PITOT PRESSURE ]

STATIC PRESSURE

o e ol o RN TSR AR, W 2 B 4 RS T il et

-l
..1
-

~ O CORRECTED DATA -
. .

1
0 2 4 8 8 0
DISTANCE FROM BURN-THROUGH HOLE, x/d

Mgl B4 P

FIG. 42 PROPERTY DISTRIRUTIONS ALONG CENTERLINE
OF BURN-THROUGH FLAME

i

M

95% power setting

1-6

Shahuc

E
=

_ et mrmToazEom s T el L - e
L= e AR e o e S A e =




T it L N Y A R
3 H“\.u fed U S AR 2D . R P SRR T I it

] 6000

m -y
(V1]
(v 1]
= MACH NUMBER 44000
2 > Ll Y P ]
- z
‘g —2000
- i = H ]
| g
3 ® -~
f &
3 g a STATIC PRESSURE
3] w 2 -
g @
5 a
J ! _
g
(1 | ] ] ]
= [ -]
c - ] 1 T 1
5 S& 3500} -
. EP R O—M
g 0
° (&)
< 3000} O CORRECTED DATA 7
n i { 1 I
td
-

Y T T o Y S T RO er E,

0 2 4 € 8 10
DISTANCE FRCM BURN-THROUGH HCLE, x/d

F1G. 4. PROPERTY DISTRIBUTIONS ALONG CENTERLINE
OF BURN-THROUGH FLAME

90 % power .etting

1-7

VEL_OCITY, ft/sec

i MNWWWWLWWMMMWWM

1

=




e e et e

= T AT T ore s - o e T —— NI B T e
Pr b yln. 0 T T T 0 T R R YL, S MO RTINS R

TH-73

10

| 6000
VELOCITY =
ol o2 L% 4000

- a»
- -~

o
n
H
~n
®

. RYCY:
At S A Py
h‘:q‘ b u“%& e R, M ‘,w:“

—42000

MACH NUMBER -
) ] ] ] | 0"

T
STAGNATION PRESEURE

MACH NUMBER
VELOCITY, ft/sec

b L SO D I TR LA E I

PITOT PRESSURE
STATIC PRESSURE

PRESSURE, atm.
n

A R A N

]
s

!

e
T A

3200}

ik Fih

Lt

o
|
Al st A £

' (o)
2700F O CORRECTED DATA -

] | ] |
0 2 4 6 8 10

STAGNATION
TEMPERATURE, °R

DISTANCE FROM BURN-THROUGH HOL.E, x/d

FIG. 4c PROP _RTY DISTRIBUTIONS ALONC CENTERLINE
OF BURN-THROUGH FLAME

85% power setting




. T S L L Ca el ot wg*%ng%;fé}@i%ﬁ?;“‘i%
S s e T Y s o i SR R TN T R L O o S G S e e e e et R
A A s PR T %w*&g%wﬁ‘?ﬁmﬁ R T S TRREE -

Ti-75 /

6 8 10 ‘

I T L 6000
VELOCITY

—MACH NUMBER

o
-1 N
H

—14000

MACH NUMBER
N

| —42000

i
]
[
]
!
]
VELOCITY, ft/sec

STATIC PRESSURE

=
E
;,g?
=
Z
E
2
e
5
3
g
E]
i§,
f:;
g}
;-_‘é
=
%
%
Z
2
2
E
=

PRESSURE, atm

o o 1 R AR AT 1Bk S A R e

STAGNATION
TEMPERATURE,

PUNTUURTITRST TR A

2500}~ O CORRECTED DATA

| i l ] ;
0 2 4 6 8 10

DISTANCE FROM BURN-THROUGH HOLE, x/d

FTLORTUAT e LAV NI

FIG. 4d PROPERTY DISTRIBUTIONS ALONG CENTERLINE
OF BURN-THROUGH FLAME

807 power setting

1-9




*

MACH NUMBER

LY

PRESSURE, atm.

STAGNATION
TEMPERATURE, °R

W
o
o
o
!

n
o
Q
o
1

e e T
e e T T E o T R R e a
e o i e e T PR R g e
PRI A L S e B S e

TaE e W

] T 1 |
VELOCITY ‘
MACH NUMBER 7

\\ -

{ ! 1}
STAGNATION PRESSURE
PITOT PRESSURE

//,~srxnc PRESSURE
\
| |
] 1 i 1
1] ] ] ]

O CORRECTED DATA

: l i ) i
¢ 2 4 6 8 {

DISTANCE FROM BURN-THROUGH HOLE, x/d

FIG. 4¢ PROPERTY DISTRIBUTIONS ALONG CENTERLINE
OF BURN-THROUGH FLAME )

75% power setting
1-10

VELOCITY, ft/sec

i
=
£
s
=g
2]
s
73
2
=
B
%
=

st

)
(\

S —

) PRI A TnA s e 1 i 1“ A DL R
r‘/:mwmmszznm@;&stmmuwﬁwmmﬁ‘ PRI ek

e

N
§
3
3
E
3
=
X
7
?g;
Z




TR E DR T e e T e . oL s
= s s At s U R i gl g e g e - e e s S
S e ARt TR B e e SR AT A SIS o F

e S == "

7i- €9

| | l |
ol VELOCITY 4000
MACH NUMBER

-12000

.
2
-
£
k-
-

Exd

VELOCITY, ft/sec

0 ] 1 | | 0]

g
)

PITOT PRESSURE

o
T

PRESSURE, atm

o

\snmc PRESSURE

i 1 1 i
3500 o | T T
O O CORRECTED DATA

2500

STAGNATION
TEMPERATURE, °R

’ !

‘ . 4
1500 1 :
0 2 10 %
DISTANCE FROM BURN-THROUGH HOLE, x/d 5

FIG. 4¢ PROPERTY DISTRIBUTIONS ALONG CENTERLINE
OF BURN-THROUGH FLAME

AN ) L . s ! .
LI, Lo 0k At L o D K Soha RN AV S L MR R O Y St e b SRR o DR i R e e e

70% power setting
1-11




P = e TR o il S e S ot = 2 ) m,;mgmm AT
.

ey
-7 %

0 2 4 6 8 10
L2 T l l . 3000

o ;,:’, et

i

Fey

D R S

—42000

MACH NUMBER
VELOCITY, ft/sec

=11000

! ]
PITOT and STAGNATION
PRESSURE

STATIG PRESSURE
I.OL_———A-——— -

| | L |
2500 T ! T T

——Q O CORRECTED DATA

b1 g
S ,:"\,

RS WA

PRESSURE, atm

2000} ' |

STAGNATION
TEMPERATURE, °R

1500} -

| i {
0 2 4 6 8 i0

DISTANCE FROM BURN-THROUGH HOLE, x/d

FIG. 4g PROPERTY DISTRIBUTIONS ALONG CENTERLINE . Z
OF BURN-THROUGH FLAME ) . %

60% power setting

1-12




ERHEL UL A A LR

RO SR EM"«‘F“%”?}"”'\.m%:%iwﬁﬂg}ﬁ‘ it

STAGNATION
TEMPERATURE, °R

MACH NUMBER

PRESSURE, atm

0.6

Q4
0.2

2500

2000

1500

1000

| | i
MACH NUMBER !
- VELOCITY
- ap ~~~
— -
‘.
| 1 1 I
\ { | I
PITOT and STAGNATION PRESSURE
STATIC PRESSURE _
| | ] |
1 i 1 |
© CORRECTED DATA
o
L ] | ]
0 2 4q 6 8 10

DISTANCE FROM BURN-THROUGH HOLE, x/d

FIG. 4h PROPERTY DISTRIBUTIONS ALONG CENTERLINE
OF BURN-THROUGH FLAME .

50 % power setting

1-13

e e SR SRR

—2000

VELOCITY, fi/sec

R R

B R G  RE C p

O

D T TR

o T Ly e

DL AL e g

B

W

B e s G e o Y

=
=
=
f=]

- e




§ . g o TS RATIAES . R o o RS LR TGRS T TR E SN YR IO AT A AT R AS LD 3 3 S 03038 AT i Rt o R
S sE R R G o e e R e e A i A A

m—— -y

SNOILNII¥ISIA AdTVHING NOILYNOV.LS ENITHILNID NO | ;
ONILLES ¥TMOd ANIONT 40 LOHAIAF § *OId !

p/x ‘3TI0H HONOYHL-NYNE WOM4 3ONVLSId

m \. w m ¢ n N _ o
| I I I I T T (0 b
(it 33Y)

1049 *JONNOD‘0 | n

B / S6 Jdz0 ,,_“;,
2 _Bo §L —{vo

N ® f \ ,ﬁ,

o

» 35};{

T

1-14

,:_;

el

gaR

G4
(0}

0s
WdY % ‘ONIL13S —49°0

d43IMOd =INION2
Viva 533JVN

el

q;{

&

e

(qwoy_ %oy (Awoy o)

e -
- SRR -

O’

)'V‘“'(é
’
)

e
e ST
SN

- dw
25




L‘Ewé_tz.g_;}g._q.”._‘.z%.%_._«.,,___a*.._‘,_3._%1__ s L) R T S L LR T e

Y R B R T A P TR P R
padia ] Al :\:;__. oRERY a,,ﬁ R )

G'2 5 sainssaxd jusiquie 03 31xa 3af Jo )
soljea 103 PadolaAap UOIIR[SIIO0D

HLONJ'T YOO DNIXIN NO XNTd AJdTVHINA
ANV TA HONOYHI-NMNYG JO IONINTANI 9 °DId

298 - Ji/miE L0 ‘(TWPH- 0y X0, ¥y :

8 4 S S 14 € 2 ] 0
| T J | J J |

~ (11 '434)
1D 12 ‘HMONNOD‘0

P/ ‘HL9N3T 3¥0O ONIXIW

I

;
[
&
H!A
. ]
. i
Mo KBRS s, SOABINGGF w,mﬁ
L
Y
ot o it ok KA e P, 1 Bkt :&u;;fv .._,..P ,.,_,y‘,_-;.,‘.,.,\. r.._:“,, :_.,.‘sn.:..
N . TR " : ., (i b e MRS ek ARSI gt ki b bR o AL Sk '
oGt etr g aatinobb it AR B _,;.‘,.t_?%; gbsiia e indid b R i Rt A



et

-]
e SR S I

B Sl

o Y A AT R e i e T
B T e G B 2 e e o

~ - N R . -

APPENDIY B
TABLES PERTINENT TO THE STUDY OF TES1 DATA
ON JET ENGINE COMBUSTOR BURN-THROUCH FLAMES
H 2-1
H

Lol U v e ) R0 A o R R e b s e e b i A M A

T od by

:

%
|
.




-

TABLE i-PROPERTIES IN COMBUSTOR

Engine Power  Stagnation Stagnation Static Pressure  Velocity
Setting Pressure® Temp.rature? at Hole® at Hole®
(% RPM) (atm) (*R) ~ {atm) (ft/sec)
50 1.5 2300 1.0d 18004

60 1.8 2600 1.0 2400

70 2.4 3000 1.3 2600

75 2.8 3100 1.5 2600

80 3.2 3200 1.8 2700

‘ 85 3.6 3300 2.0 2700

90 4.1 3400 2.2 2800

95 4,5 3500 2.5 2800

a Taken from Ref. 1.

b Interpreted from thermocouple data corrected for radiation and conduc-
tion losses (see Fig. 4).

¢ From isentropic flow tables (Ref. 4); Y = 1.3,

d Mgx =0.8. Mg, = 1.0 for all other power settings.

e From Eq. (la) using Y = 1.3 and R = 53.3 ft-1be/lb_-°R.
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TABLE 5- MASS FLOW RATES

Engine Power Setting
(% RPM)

50
69

o —— ———————

Mass Flow Ratea

(1b_,/sex)

0.18
0.23
0.28
0.31
0.38
0.42
0.45
0.49

a From Eq. (6), using Y= 1.3 and
R = 53.3 {t-1bg/1b_ -°R
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TABLE 6-LENGTH OF CORE REGION

Y

Engin: Power Setting Length of Core Region, 1. Mixing Region Angle
(% RPM) (x/a) (tan”?! a/2L, deg)
50 2.8 10

60 2.6 11
70 3.1

9.1
75 3.4 8.4

80 4.6 6.2 3
§5 5.8 4.9 | 1
90 7.2
95 8.0

R L A M SR A

4.0
3.6
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