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1. SUMMARY

A combustor burn-through can give rise to an under-
expanded. sonic or supersomc et of gases and flames out of
the combusior. The pressure and temperature in the jet may
be as high as the laghest values of pressure and temperature
ansing 10 the combustor. Tn order to protect the engine and
aircraft components from exposure to the jel over a period
of ume, a fire shield is installed adjeoining the combusior.
The United States Federal Aviation Admimistration has
issued an Advisory Circular 20-135 redefining the
requirements on the fire protectien shield, and the overall
objective of the preject was 1o establish the basis for a
prehmunary design of a test facility and tesling procedure
for such fire shield materials. The current study was devoted
lo the determination of ihe mechanical and thermal loads
that arise on the shield due to the impact of hot. high
pressure. high speed jets. The results obtained assist in the
wdentification of some of the essential features required in a
test facility, and the test plans and procedures.

2. INTRODUCTION

tn flight gas wrbine combustors, a crack or opening in the
combustor wall, which may be due to local heating and
matenal failure. and therefore, often referred 1o as a burn-
through, causes the high pressure and temperature gases
within the chamber to escape in the form of a jet. On
impact, the jet can cause extremely high heat transfer
(accompanied by severe mechanical loads) to the impacted
surface, and become a cause for fire. Depending on the
installation of the engine, the impaction and the resulting
fire can exiend to the nacelle and the pylon, and. in rare
cases, even to the wing. The jet and the resulting fire may
also spread downstream along the engine. In all cases the
cffects are primanly dependent on the characteristics of the
1et. namely the jet composition, pressure, lemperature, and
geometry of the wall opening.

In the worsl condition, the pressure and temperature of the
Jet may be equal to the highest values of those quantities
arising in the combustor; thus, the pressure may be 20 - 40
atmospheres in current engines, and the temperaure may
approach the adiabatic flame temperature of Jet A fuel,
under near stoichiometric conditions, The size of the jel,
which depends at its origin on the size and geometry of Lhe
opening in the combuster wall, is another parameter of
importance. [n practice, the size of the opening may be
expecied 1o be quite smali 2t the hme of wall failure, and
then grow to some maximuin size with a shape different
from that ai the beginmng. The jet invariably is sonic or
supersonic, depending on the nature of the combustor
casing failure and the resulting geomelry of the opening.
For example, if the wall material ar the opening ‘petals’

outward due to the local pressure difference across it, then a
supersonic flow resulis due to the divergence of the
opeming. In all cases. it can be expected that there 1s
substantial under-expansion in the jet at s origin, and
therefore, the jet undergoes further expansion during its
development. However. when the jet faces a surface. the
flowfield development itself is affected by the separation
distance of the impacted surface from the jel engin.

The jet may, in general. be chemically reactive, and ofien
contain unbumed fuel that is gradually undergoing reaction
during jet development and accompanying entrainment of
air. On impingement, it is possible for chemical reactions
to occur on the impacted surface. assisted by the surface
heating that increases due to both the jet impact and also
the jump in temperature from the plate shock formed ahead
of the jet fluid stagnanben region. In practice, a common
approach to 1he problem is to contain the fire 10 the
vicinity of its source by means of a fire shield surrounding
the combustor region. Ideally the fire shicld should be
capable of withstanding the mechanical and thermal loads
imposed on 1t by the jet over a specified period of time
without undergoing a failure and thereby causing a spread of
fire to other parts. The chief interest in the current paper s
in the mechanical and thermal loading generated on the fire
shield under different conditions, a parameter of primary
importance in the design and tesiing of a fire shield. 1t s
noted that the fire shield under discussion here is different
from firewalls currently installed 1o containing engine
fires, which are regulated by well established standards.

In this regard, the United Siates Federal Aviation
Adminjsteation has issued an Advisory Circular 20-135
concerning powerplani installation and propulsion system
component fire protection methods, standards, and
criteria [1]. Related FAR sections are given in Appendix [
of the AC 10 provide guidance on demenstrating
compliance with the FAR. The original fire protection
methods were developed in the 1950°s and Ihe requiremenis
for the installation of fire protection walls were specified
in FAR 25. The 1990 Advisory Circular deals with
protection against a more intense flame than previously
specified. the s0 called standard flame. The more intense
flame correspends to a fire cendition within the engine,
which burns through the engine case, causing a high
pressure, high temperawure gas jet to escape. The pressure
and lemperature under consideration are 330-550 psi (2.4 -
3.8 MPa) and 3000 - 3500 °F (1650 - 1930 °C),
respectively, with the test jet nozzle size specified as one
inch diameter (25.4 mm). The location of the fire shield
during a test is given as the distance of the fHire shield from
the combustor case as installed in practice. The duration of



the cxposure of the fire shield to the jet 15 also modified n
the new advisory: the burn-through protection is required to
withstand a minimum flame lemperature of 3000 °F (1650
°C) at the impacted surface for a period of 3 minules under
peak pressure operation of the combustor. The specific
emphasis on the temperature at the fire shield surface is due
to the possible reduction in jet lemperature over 11s traverse
to the impacied surface. It 1s noled that the AC does not
specify such other features as (a) the composition of the jet
material, especially its content of unburned fuel or other
chemically active substance, (b) the growth of the jet from
a small 1o a large size as a function of time. and (¢) the
influence of a cross-flow, that may often be present in the
region of jet flow or over the impacted plate. However, the
AC also addresses other aspects of engine nstallation.

At this ume, there are no standardized 1est facilities and
specified test requirements for undertaking such tests with
the new test conditions. A suttable facility must include (a)
a high pressure. hot gas generator. (b) a structure for
locating a part or a sample of the fire shield matenal with
adequate strength and freedom from vibration and warping
during jet impact, and (¢) the required observational tools
and rig safety devices. The test requirements must address
in particular any conditions under which the magnilude and
character of the mechanical and thermal loads become
cntically severe for the integnty of the fire shield.

[t has been proposed by the FAA that a new test facility be
developed. along with a test plan. so that fire shield
materials and structures can be adeguately tested and proved
for satisfaction of the Adwvisory Circular. The design of a
tesl lacility and the establishment of standardized test
plans and procedures is a complex task involving
technical, safety, and other considerations, that require
substantial technical effort, and considerable evolution
before a fully operanonal facility and testing routine cap
become established.

As part of a project supported by the FAA through a grant
to Purdue University, a three-phase plan was developed for
addressing the preliminary design of a fire shield iest
facility and the development of associated test procedure:
Phase I for the determination of the nature and types of
mechanical and thermal loads that can arise during impact
of high temperature, high pressure, high speed jets on a
simple impingement plate; this includes the development
of a suilable gas generator and a test installation: Phase 2
for addressing complexities in the loads due to varianons
in the shape and orientation of the impact plate, and due 1o
the chemical state of the jet; and Phase 3 for the actual
development of the test facihiy and evolution of acceptable
1est procedures. Presently, Phase | activity is completed.

3. BACKGROUND

[t may be pointed out at the outset that the currently
reported investigation does not address the following
1ssues: (&) the circumstances and causes that lead to the
occurrence of a combustor (and engine case) burm-through:
(b} the prablem of detection of the presence of a hot gas (or
flame) jet in the vicinity of a combustor, or of overheating

or a flame at the fire shicld; and (¢} the matenals utlized in
the design and manufacture of a fire shield, that can become
ignited at the lemperatures of interest (for example,
columbium). or that may become too heavy in providing
the required structural integrity (for example, combinations
of titamum, stainless steel, and 1asulation such as refrasii).
These are extremely important 1ssues of great current
mierest.  Thus the current paper is devoted solely to the
expenimental invesligaunons on the jet impingement
processes following combustor burn-through.  Other
engineering conlexts in which high speed jet impingement
15 significant are in thrust reversers, vertical lift
generation, rocket-assisted landing. stagnation flow on
leading edges. heating and cooling schemes, and certain
manuvfacturing processes.

The FAA undericok some early tests [2-51 on jet
impingement caused by combustor burn-through. The main
concerns in the test program were (a) the method of
simulating the jet resulting from combustor burn-ithrough
while ensuring the temperature and heat flux at the impacted
surface, (b) the thermal loading caused by the jet impact on
a plate representing a test article such as a fire sheld. and
{c) the establishment of jet exposure time under different
conditions for the occurrence of a burn-through on various
shield materials.  Several options were 1ested for
generating the hot gas jet, and a can burmer with a hole in
the blocking plate was established as satisfactory for
generating hot gas (or flame) jets of required
characteristics. The loading generated by the jet at the
impingement location on a plate was established by
measurement of pressure and temperature at the ptate when
separated by various distances from the combustor
opening. which was varied from 0.25 - 2.0 inches (6 - 50
mm) in diffecent tests. Typical observed temperature and
pressure data are presented in Table [ and Figs. !a and |b
respectively. The early work also included tests with flat
plates located at different orientations with respect 10 the
jet axis, and plales with curvature. The data from these
tests pointed to a need for more extensive investigations,
and also became the basis for the AC issued later.

A basic schemati¢c of the jet impingement flow condiuons
and structure is provided in Fig. 2. As can be seen, the
nature of the high speed jet impingement is complicated in
several respects:  the initial development of the under-
expanded jet. the jet development in the region of
interaction with the impingement surface, and the spread of
the jet over the surface. Several regimes of flow can be
wdentified corresponding to different jet conditions and
plate locations, with some similarity in selected features
(including distributicn of loading) 1n each regime.

Aside from the work of Gardon and Coponpue {6]. and more
recently Fox et al. {7.8] and Lee et al. {9], high speed jel
impingement heat transfer has not been examined in depth.
However, there exists much more information regarding the
dynamics of a jet and impingement flow field. including
surface pressure loads. Both Donaldson and Snedeker [10]
and Iwamoto [11l] have found that scaling of the
impingement characleristics with respect (o free jel



characteristics can be helpful, parucularly in regard (o the
influence of the locaton of the impingement plate in a
region of jet expansion or compression. A pumber of
studies by Hunt and coworkers [12-14] presemt the surface
pressure distnibution for a variely of impingement
conditions, and Cobbald [15] has considered the surface
pressure distribution due to very high pressure ratio jet
conditions. In general, two regimes of flow have been
observed: one in which the peak pressure arises ai the
geometric center of impingement, and the other in which a
stagnation bubble appears above the plate, with the peak
pressure occuriing over a nng of finite radius around the
center of impingement. The siagnation bubble 15 a region
of trapped air that recirculates due to the annular slip line
shear layer that helps o contain the bubble. Ginzburg et
al [16] hypothesize that the slip line shear layer formed by
the shock tniple point of the plate shock and inner jet
shock serves 1o separate the wall boundary layer and create
the stagnation bubble region. The presence of a stagnation
bubble is found to create a region of high pressure over a
larger surface area than for typcal stagnation point Dow.
At sufficiently high pressures, the wall jer displays a series
of reflecied shock waves. None of these siudies, however,
measured surface 1emperature in the presence of a
stagnation bubble and do not, for example, indicate the
formation of an annular region of peak temperature on the
surface. These conditions 2iso lead to expansions strong
enough to accelerate the flow in the vicinity of the
impingement point to supersom¢ Mach numbers in Lhe
wall jet, resulting in shock rings. These shock rings create
regions of rapidly varying temperature and pressure along
the radial direction over the plate, with potential for large
gradients and associaled stresses.

Recently, a number of computational studies of the
supersomc jet impingement process have been published.
see Tsuboi et al. [17), Kim and Chang [18-19], and Hong
and Jeon [20]. The impinging flow presenis a formidable
challenge to CFD. with numerous shocks. shock-shock
interaciions. and shock-shear layer interactions;
nevertheless, recent results are 1liuminating. Tsuboi et
al. [17]), Kim and Chang (18] have studied the three
dimensicnal problem of inviscid jet impingement on an
inclined plate, and compared predictions with the surface
pressure measurements of Lamont and Hunt [13).
Furthermore, they indicate an interesting azimuthal paltemn
of fast and slow streams in the surface velocily veciors.
While the simulation js inviscid, if the pattern 15 1aken as
represeniative of some plane near the wall boundary, the
expeclation would be to see associated variations in the
surface temperature due to convection. Similar patterns
have been observed by Yokobori e al. [21] in low speed jet
impingement and have been attributed to localized
enhancement of conveclive heat (ransfer due to the
presence of streamwise vorticity in the developing region
of the jet. Kim and Chang [19] have also considered the
normal impingement of an inviscid, axisymmetric (et with
nongquilibrium air properties. They demonsirate the
possibility that variable thermal properties may have a
significant influence on the structure of the jet flow,
particularly in the flow region between the plate shock and

the surface. Hong and Jeon [20] have developed a 3D
Mavier-Stokes solver for the case ol jet impact on a flat
plate, and this hoilds some promise lor the future. 1 is
noted here that in current practice, the ability of the fire
shield 1o wuthstand the jeu loads (s often demonstrated
through numencally predicted loads. However,
calculations at less than the Navier-Stokes level can not be
trusted to yield all of the complex loads and their
distributions.

For high speed jet impingement heat transfer. the Jet flow
shock simucture is important, and several recent works also
indicate that unsteady flow processes cap also anse and
significantly alter the surface heat transfer characterstics.
Fox et al. [7] considered a mgh subsonic jet (M=0.9} and
proposed that a local separation of slagnation lemperature
occurs due to the unsteady pressure field associated with the
passage of coherent vortex structures in the jet. This
concept was called ‘vortex-induced total temperature
separation.” This 1s different from the “shock-induced total
temperature separation’ mechanism under supersonic flow
conditions recently proposed by Fox and Kurosaka [3] 1o
explain observaiions of localized cooling in supersenic jet
temperaiure distnbutions. The vortex-induced separation
seems to explain both peaks and valleys in the radial
distribution of total temperature 1n subsonic jets in both
the near- and farfield. Goldstein et al. [22] suggested that
the local cooling found in low speed jet impingement at
small plate separation distances is the result of annular
vortex ring-induced energy separation while Yokoberi et
al. [21) proposed streamwise vorticity. Meola et al. [23]
have also recently found that large scale recirculations
formed in the jet impingement process may explain the
secondary peak n heat transfer coefficient observed 1n
close impingement. Clearly, unsteady vortical motions
can have a significant influence on impingement heat
ransfer; yet there is not a consensus on the underlying
mechanism responsible for these effects.  The current
experimental results do indicate that it is possible under
supersonic flow conditions to ¢stablish regiens on the
surface that are hotter or cooler than the jet stagnauon
temperature, which may be of significance in identifying
specific jet impingement conditions for testing fire
shields.

[n summary, from the point of view of testing fire shield
materials and structures, there are considerable ambiguities
in regard to the following: a) the regimes or groups of
conditions that characterize the changes in the
impingement loading; b) the scaling of the flowfield
features and the impingement loading as a function of the
jet and impingement parameters: c) the influence of
chemical reaction and burning in the jet and at the impacted
plate, including catalytic effects on the surface: and dj the
scaling of the impingement toading as a function of time
during which there may be changes in jet mtial
conditions, s1ze of the jet, and the nature of the impacted
surface. The current paper addresses only the first two
aspects, and the associated experimental studies.



4. EXPERIMENTAL FACILITIES

The rescarch centered around two test ngs, one relerred 1o as
the Main Facility (MTF) and the other referred to as the
Auxiliary Test Facility (ATF). The MTF had a wider range
of operating conditions than the ATF, ;ncluding vitated or
non-vibated high temperature flow at hagh pressures. The
ATF was smaller in size, but the facility has access 10 a
more extensive array of flow diagnostics. Numerous
measurements were made of surface pressure, temperature
and heat flux on the impingement plate for a variety of jet
conditions and plate separation distances in both rigs. Key
parameters of the two test nigs are outhned in Table il and
descnibed 1n further detail by Stuerman [24] and Love {25].

While both rigs could operate with either a sonic nozzle
(convergent nozzle, M=1.0) or a supersonic nozzle
{convergent-divergent nozzle, M=1.5), in the MTF the
stagnation temperature Of air in the low temperarure regime
of jet operation was raised by mixing cold air with
combustion products from a gas-fed heater. For the high
temperature regime, a dedicated high pressure combustor
was uiilized to provide the jet fluid. In the ATF, the air
supply was heated to about 40 °C using stnp heaters.

in the ATF, the low siagnation temperature allows agvanced
diagnostics to be used. These included dynamic response
temperature sensitive fluorescent paints as well as
schlieren and planar Mie scautening flow visualization
techniques to study the jet shock and vortex structure. Flow
visualization using laser sheet Mie scattering and schlieren
photography is used in both a qualitative and quantitative
manper. Schlieren pholography and stagnation pressure
measurements provide information regarding the mean jet
shock structure and the jet pelential core length. The
vortex strugture is thought to play a key roll in the
observed surface temperature pattems and time resolved
snapshots of the jet voriex structure were obtained vsing a
pulse laser Mie scattering visualization.  Surface
lemperature measurements were conducted using the
lemperature sensitive fluorescent paint EuTTA (Europium
Thenoyltrifluoroacetonate). A video camera was used to
record the fluorescent paint response over the desired
impingement area. EuTTA has an inverse intensity
response as a function of temperature, which when
calibrated allows conversion of intensity images to surface
temperature maps. Since the ATF impingement plate is
water cooled, the surface temperature distribution is directly
proportional to the local heat flux distribution. The spatial
resolution of the technique was found to be very goed,
although dependent on the optical magnification and video
camera array resolution. However, use of the paint does
place a restriction on the maximum allowable jet
temperature to about 50°C.

[n the MTF rig, 60 type K lhermocouples were embedded in
the front surface. the plate thickness and on the back
surface. Also, 14 surface pressure taps were arranged in a
cross on the test plate. Schlieren pictures of the flowfield
were obtained in most of the regimes of 1est operation.

5. TEST PLAN AND CONDITIONS

A considerable amount of diagnosuc testing was carried
oul, tutially and throughout the test program. A summary
of the 1es1s conducted is provided 1n Table [[1. A number of
addilional tests were carned out when 1t was felt that the
flowfield or the 1mpacied plate processes showed an
mteresting leature. in particular the ATF was used 1o study
the jet structure in greater detail, with emphasis on the
impingement shock structure relative 1o the shock structure
of a free jet. These swdies were confined to the near feld of
the jer, wah the location of the impact plate within the jet
potential core, or slightly beyond it. In some of the (ests.
the length of the jet potential core was also measured.
Other cases that demanded more wn-depth study included
conditions leading to the formation of a stagnation bubble,
as well as conditions that were observed to give rise to
stagnalion temperatures at the impingement surface
apparently higher than the jet stagnation [emperature, an
unresolved issue 1o date as stated earlier.

6. RESULTS

The test resuhis may be considered under three groups: 1)
the mechamcal pressure loads generated on the plale, 2) the
thermal loads generated on the plate, in the axial and radial
direct:ons, and 3) the structure of the jet both wn terms of
initial jet development and also in terms of the jet shock
structure in the vicinity of the impact plate.

6.1, Surface Pressure Measurements

The mechamical loading on the impact plate can be
evaluated from the surface pressure distributions. Figure 3
shows a series of surface pressure disimbutions at different
aperating pressure ratios {Pr) from a supersonic nozzle.
The transition between a stagnation point-type
distribution {(Pr=53.0 and 5.5 in Fig. 3) and a slagnation
bubble-type disiribunon (Prz6) is clearly observed. Also,
as the pressure ratio increases, radially varying pressure
fields are established ouiside of the stagnation ning,
indicating the likely presence of annular shocks. The
occurtence of this variation seems 10 be most apparent for
moderale pressure ratios, which also correspond to lhe
appearance of the stagnation bubble flow. [t might be
expected that the mechanical leading of a jet from a
supersonic nozzle would be greater than for a sonic nozzle
at the same jet pressure ratio. due to the reduced shock
losses in the supersonic jet. However, the influence of the
impingement distance relalive to the length of the jet
shock cell (which is dependent on the jet Mach number} and
the strength of the plate shock complicate the assessment
of mechanical loading.

On an overall basis, the pressure distnibution on the plate
can be integrated to estimate the total force exerted on Lhe
plate by the jet as a function of the jet pressure ratio. The
results are shown in Fig. 4 for the convergent nozzle case
at three different distances, and mn Fig. 5 for the
convergent-divergent (CD) nozzle case at the same
distances. The CD nozzle case shows a relatively self-
sirmlar loading of the plate as a function of pressure for
impingement between three and eight jet diameters. This
response is also quite similar to the farfield loading (z/d=8)



of the sonc nozzle. The deviation observed for close
impingement occurs for nozzle pressure ratios known o
generate Mach disks at the end of the first shock cell [26])
and are seen to generate a stagnation bubble on the plae.
{Mach disks are normal or near-normal shoeks that form in
various supersonic flows when obhque shocks cannot
satisfy local pressure and flow turming boundary
condiions.} It 15 believed that at these close impingement
distances, the plate shock couples with the naturally
occurring Mach disk of the first et shock cell angd leads 10
elevated pressures in the stagnation cegion. Since the CD
nozzle flow weakens or eliminates the narural formation of
a Mach disk for the same pressure ranos, no such coupling
1s clearly observed. With increased pressure ratio the
shock cells enlarge and are expected 1o eventually couple a
Mach disk 1o the plate.

Figure & shows the maximum pressure on the impingement
surface versus the jel pressure ratio. The maximum plate
pressure is expressed in dimensionless form as the
maximum dynamic pressure recovered on the plate
normalized by the dynamic pressure at the nozzle exit,
(Ppmax - Pe)(Py; - Pe). where Py is the static pressure at the
nozzle exit. This parameter gives some indication of the
combination of plate shock strength and recovered pressure
at the piate. At high pressure ralios, the plate shock is so
sirong that nearly the entire dynamic pressure availabie at
the nozzle exit for recovery is lost, and the pressure load on
the plate is smaller. At lbe very low pressure ratios, the
plate shock is weakest, so that total pressure losses are
mimmal. and it is possible to recover most of the initial
dynamic pressure on the surface, with correspondingly
large pressure load on the plate. An interesting region
occurs, for the convergent nozzle, in the pressure rano
range from 4 10 8 {coinciding with the observed increased
loading of the plate seen in Fig. 4). where secondary peaks
in the pressure recovery occur. The explicit relationship
between the total loading on the plate and possible
coupling of the jet shock cell with the plate shock is al
present not fulty understood and requires further study.
However, for the combustor burn-through scenario, surface
pressure gradients at Lhese conditions are critical when
coupled with thermal gradients in the same regions of the
impact plate.

2 ce Tem . rem

Surface temperature measurements from the MTF impact
plate are shown in Figs. 7 and 8 for impingement from a
sonic and supersonic nozzle, respectively. At close
impingement, (Fig. 7), the temperature distribution for
Pr=7.8 indicates that the peak temperatures cccur nol at the
cenlerline, bur at a radus of aboul ane jet diamelter,
consistent with the surface pressure (Fig. 3) distribution
that showed a stagnation bubble. The existence of the
stagnaticn bubble at this condition is not as clearly
indicated by the surface temperature as by the surface
pressures, and this is due to the fact that the MTF
impingement plate is designed to simulate the response of
an actual fire shield, and does not have a controlled thermal
boundary condition on the rear of the plate. Thus. the
surface temperature distribution 1s smeared somewhat due o

conducnion in the plale and o non-uniform rear surface
boundary condinons. These effects arc primarily located at
the central impingement region. so that while other
conditions may actually indicate a stagnanon bubble flow,
the MTF surface temperature distributions are not the best
indicators of their presence. Figures 7 and 8 show that
increasing jet pressure ratio leads to increased plate
temperalures, except for the central temperature reduction
in the case of a stagnation bubble. Despile the ceniral
cooling provided by the recircutating flow in the
stagnation bubble. the surface temperatures are elevated in
the region outside the stagnation bubble. The Jreely
variable temperature condition on the back side of the MTF
ptate leads to a concentration of heat in the cenier of the
plate with radial outflow due o heat conduction to the lower
temperature regions, and, along with the effects of flow
processés such as annular shocks and elevated annular
pressures for stagnanon bubbles, the redistribution of heat
results in a peak hear flux at about r/d=2 from the cenler of
impingement. [n addition, the combinanon of the thermai
stresses at these radial locations may couple with the peak
mechamcal loads of a stagnation bubble flow to lead o a
polentially cotical condition for failure of a fire shield.

In the ATF. the use of dynammc response temperature
sensitive fluorescent paints and a water bath-cooled
impingement plate permit a better assessment of the direct
influence of flow processes on the surface condilions.
Since the response of EWTTA is inversely propertional to
the local temperature, high temperature regions appear dark
relative 10 low temperalure regions. This is seen in the
surface temperature images shown in Fig, 9. Boih Fig. 9a
and 9b, for Pr=4.5 and 6.0 respectively, correspond to the
impingement of a supersonic nozzle at z/d=4. The flow for
Pr=4.5 exhibits a stagnation point flow condition, while
the Pr=6.0 flow indicates the formation of a stagnation
bubble with two annular shock rings. Of note 1s the
broader region of higher surface temperature (dark) for
Pr=4.5. For Pr=6.0 the warm regions are confined to the
stagnation bubble in the center of the plate and thin
annular tings that are assumed to coincide with the
reflection of oblique shocks off of the surface in the wall jet
flow [12]. Fig. 10 is a compilation of a number of surface
temperature data sets at z/d=8 and for pressure ratios from 2
1o 6, all for a supersonic nozzle. Shown is the radial
variation of the difference between the surface temperature
and the ambicnt temperature normahzed by the difference
between the jet stagnation temperature and the ambiem
temperature, (Tp - Ta)/(Tyj - Tz). The jet stagnanon
temperalure was 40 °C, near the ‘tum-off” temperature of the
paint and the ambiem temperature was nominally 15 °C.
Pressure ratios from aboul 3.0 to 5.5 indicate mgher peak
temperatures than for other jet pressures. When the
impingement surface is brought closer to the nozzle, 2/d=4,
the surface temperature distributions for pressure ratios
from 3 to 6 all exhibit lower peak temperatures, as
illustrated in Fig. 11, The traces for Pr=4.5 and Pr=6.0 in
Fig. L1 correspond to the images shown in Fig. 9a and 9b,
respectively. It is often easier 1o detect the incipient
stagnation bubble development from the temperature traces
rather than from the images directly, as is the case for Pr=6



above. although, in other cases where the bubble is well
defined. the images generally suffice.  The presence of
annular nngs in the temperature profiles typically concide
with the presence of a stagnation bubble; however, annular
rings may also appear as precursors to the formation of a
stagnation bubble. Similar features were observed in the
surface pressure traces in Fig. 3.

6.3, Jet Stugture

[L1s clear that the mechanical and thermal loads due o jet
impingement are a function of jet pressure ratio, the type of
nozzle {convergent or CD). and the separation distance
between the jet exit and the impacled surface. Numerous
length scales and time scales associaled with these
paramelers can be developed. Foranstance, Love et al. [26]
have compiled substantial data regarding the charactenstic
shock cell length scales for a number of nozzle Mach
numbers and a wide range of pressure ratios, including the
shock cell length. the centerline length for either a regular
or Mach reflection, and the diameter of a Mach disk {when
present). An additional length scale is the )et potential
core length, which 15 an indicater of the transition of jet
flow 10 the fully developed, farfield jet Alow. [n the current
investigation, the basic character of the free jet shock
structure and the jet powential core length were obtained
from schlieren imaging. Alse, centerline traces of the jet
stagnation pressure were obtained with a traversing total
pressure probe.  Characteristic total pressure traces along
the jet centerling are shown in Fig. 12 for several jet
pressure ratios from a somc nozzle. For the sonic nozzle, a
jet pressure ratio greater than approximately 3.8 will lead
10 the formation of a Mach disk at the end of the first shock
cell. This is noted by the extended low total pressure
reading following the inilial jet expansion. As the inner
subsonic jet behind the Mach disk mixes with the outer
supersonic jet flow, the total pressure rises and exhibits the
charactensuc shock cell structure until significant mixing
with the ambient fuid reduces the jet total pressure. These
plots can be used to obtain an estimate of the length of the
potennal core of the free jet and to examine what type of
free jet flow condition would naturally exist at a given
location of the impingement plate. Figure 12 also
supports the impingement surface pressures shown in
Fig. 6. where moderate range pressure ratio jets are seen (o
recover a significantly greater portion of the initial
dynamic pressure than much higher pressure ratio jets.

The variations noted in Fig. & are related 1o the local
position of the impingement plate relative to the jet shock
struclure.  This is more clearly seen by considenng the
height of the plate shock above the surface as a function of
both jet pressure ratio and impingement distance. The
location of the plate shock was estimated using schlieren
photegraphy, as shown in Fig. 13a and 13b for jet
impingement at z/d=4 and for Pr=4.5 and 6.0, respectively.
These are the same conditions as for the surface temperature
images in Fig. 9. Sigmificant differences in the jet structure
and the resultant surface flow in the near field of
impingement can be seen in different cases. From a large
set of video data, the localion of the plate shock is
estimmated as the impingement dislance is varied with a

constant Jet pressure ratio.  Figure 14 shows these
eslimates for a Pr=4 sonic 2l compared to the free jet shock
structure, and Fig. |5 shows the same type of comparison
for a Pr=6 jet. The plate shock location 1s seen to correlate
well with the free jet shock structure. Higher jet pressure
ratlos create a stronger 1nitial Mach disk, and as seen 1n
Fig. 15, thas can lead to an extended region where the
shock 15 in a relatively constant location above the impact
surface. [n contrast, the shock location is seen to ‘cycle’
with the plate location n the weaker shock cell regions.
This means that relative to the jet shock cell, the plate
shock tends 10 get “locked’ into a favored position wirhin
the shock cell unul it becomes unstable and *hops’ to the
next cell. Such hops are readily visible when conducting
experiments with the temperature sensitive paints and are
aften accompamied by significant changes in the surface
temperature distnbution,

7. DISCUSSION

Based on the background studies and the current
investigation, three possible failure modes are
hypothesized for a fire shield expenencing jet

impingement from a combustor burn-through: 1) elevated
surface temperatures ¢xceeding the limits for the plate
material, 2) steep gradients 1n the surface temperature
leading to severe internal thermal stresses in the material,
and 3) the potennally severe mechanical stresses in the
material imposed by the pressure force of the impinging
jet. in conjunction with reduced structural strength at high
temperatures.  Accordingly. expeniments have been focused
on deterrmning jet conditions that produce those modes. 1n
summary, no single condition has been found that produces
a clearly worst case heat transfer scenario. However,
various regimes of magnitude and distribution of thermal
and mechanical loads have been identified thal may be
utilized in generating a test plan for proof testing a fire
shield maienal.

[n terms of the jet siructure, a major finding for 1sothermal
and slightly heated jets is the observation of peak surface
temperatures consistenily greater than the jet siagnation
temperature when the impact plate was placed al a distance
corresponding to 75% to 100% of the free jet potential core
length. as shown n Fig 16 for results from both senic and
supersonic nozzles. Those results implicnly include the
influence of the jet Mach number and pressure ralo, since
the potential core length of a given jet is dependent on
these parameters. They suggest that, for any desired jet
pressure ratic and Mach number, a placement of the impact
plate near the tip of the jet potential core causes the
highest possible surface temperatures to be generated. Al
distances corresponding (o the end of the jet polential core.
however, the temperature distributions are typically quite
broad. At closer impingement distances, lower central
temperatures are observed, and stegp temperature gradients
due to shock processes in the wall jet region begin to
appear. A slagnation bubble (ype of flow, which generally
forms at high jet pressure ralios, close impingement, or
combinations of the two, was also found to produce steep
temperature gradients along the wall; however, the peak
surface temperalures were generally lower than for



slagnanon point flow.  As a general rule. higher jet
pressure ralos create stagnation bubble flows and the
sleepest temperature gradients along the wall, and as the
plate distance from the nozzle exit is increased, so too the
minimum pressure ratio necessary for a slagnation bubble
to form also increases.

It is important (o nole that consistent resulis have been
obtained with the MTF large jet and the ATF small jet. This
suggests that over the range of conditions studied here, the
absolute size of the jet opeming does not have a significant
effect. but must be considered 1n conjunction with other
relevant length scales of the jet impingemenl process.

8. CONCLUSIONS

Considering the testing of a fire shield for its strength and
structural integeity in case of a fire, it has been shown that
a well-contralled hot gas facility is a necessuy, and a high
pressure combustor burning aviation gas turbine fuel can be
designed and set up to meet the need. The test facility itself
should be designed such that the fire shield under test can be
located in front of the facility combusior nozzie and
subjected to a number of hot jet exposures at various
distances. While the testing may only be carried out with a
part of the fire shield, the test article size must be
compatible with the nozzle size as well as the physical
dimensions involved n the configuration. The edge
condinons of the test article become particularly
significant in the test facihty.

Under such a set conditions, the mechanical and thermal
loads imposed on 1he fire shield are of particular interest in
the regimes identified in the current study. The jet
impingement experiments suggest specific failure modes
that 1nclude peak surface temperatures possibly exceeding
the jet stagnation temperature, induced thermal stresses
from steep, rachal temperature gradients on ihe surface,
mechanical siresses from the impact pressure loading, or
combinations of the above. It 1s then of importance to
ensure that the test plan includes all those jet condinons
under which the loads and their gradients are high, and also
display special features such as a ring-type, or a radially
varying-type distnbution,

A sel of simple tests under arbitrarly fixed sets of jet

geometry and operating conditions cannot be adequate to

provide the required proof of reliability and safety.

Recommended specific conditions for testing are:

Ay Highest operating pressure ratio of
combustor, with a jet to plate separalion
dictated by the installation distance. This
condition will vary depending on engine size and
compression ratio, bul it is expected to generale a
stagnation bubble. annular shock rings, and a
reasonably high bubble temperature.

BY Moderate pressures (45Pr<8) and moderate
plate distances (457/d58). This region
encompasses the slagnation bubble formation
conditions with high values of precursor pressures and
temperatures and annular shock rings, and potentially

severe couphng of axial and radial thermal stresses
with annular pressure loading.

C) Moderate pressures (3sPr<8) and plate
distances roughly 75% of the jet potential
core length. These conditions correspend to
stagnanon point flow and the maximum observed
temperalures on the plate. with relatively high jet
pressure ratios.  These conditons may also be
considered as precursors to the stagnation bubble
formaunion. with a slightly lower pressure ratio andfor
slightly longer plate distance. The poiential core
length varies with jet pressure ratso and nozzle design,
but generally follows the trends in Fig. 12, where for
Pr=3 the core length 1s about 5-7 z/d, increasing 1o 12-
16 #/d for Pr=6.

Even considering this onc aspect of the overali problem.
much still needs to be understood and quantified, for
example, on the effects of ume-dependent growth of burn-
through hele (although the time to enlarge the jet opening
may be sufficiently short as to make the final jet size the
most relevant), flame jet conditions with unburmned fuel. and
complex fire shield geometry and siructure. Confidence n
numencal prediction schemes will grow as data from such
measurements accumulate and clarify the physical
mechanisms.
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Table 1. Observed and Estimated Temperatures. Taken From References [2-5]

Pressure Hole Diameter Flame Velocity Estimated Flame Distance for Distance for

Ratio [inches] at Exit [ft/s] Temperature [°F] | 2500 °F [inches| | 2000 °F |inches|
4.0 2.0 i 2890 3700

1.5 l 2890 3700

1.0 ' 2890 3700 ~8.0 -10.0
6.0 1.0 2930 3800 ~9.0 -11.0
9.0 1.0 3000 4000 ~11.0 ~15.0
11.0 1.0 3040 4100 ~135.0
16.0 36-40 42-46
20.0 _ 44-50 53-59
25.0 56-62 68-74

Table [1. Key Features of the Main Test Facility and the Auxiliary Test Facility

Parameters ATF MTF Notes
Pressure, MPa 0.15-0.83 0.50-2.07
Temperature, °C 15-40 10G-35C heater in MTF

700-1500 combustor in MTF

Nozzle exit chameter, mm 6.35 25.4
Impingement plate distance f nozzle diameter 0-100 3.30
Nozzle Mach number 1.0-1.5 1.0-1.5
Nozzle Reynolds number x 10-5 0.23-6.40 4.5-8.5




Table I, Expenmental Conditions

Convergent Nozzle Convergent-Divergenl Nozzie
Pressure Ratio zd ! Ty/Ta Pressure Ratio zd Ty/Ta
2 3.4.6. 8 l.16-1.7 3.5 2.3.4,6,8 1, 1.06.1.2-19
2.5 1 3.4 L 1.6-17 4.5 2.3.4.6.8 b 1.06. 1.2 - 2
3.5 3. 4.6.8 1,1.8-2 4. 5 2.3.4.6, 8 1. 1.06
4.5 3.4.6, 8 1,1.8-12 2,25 3,55, 6 3.4, 6,8 1. 1.06
3.4.5, 55 3.4.6 1 7.8 3.6.8 I, 1.1-2
7.8 3.8 1.9 10, 12, 14, 16 3. 8 |
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Figure 1. Resulis From Earlier FAA Studies of Hot Jet Impingement; a) Surface Pressures and b} Surface Temperatures.

Redrawn From References (2-5).
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a)

b)

Figure 9. Jet Impingement Sucface Temperature Images Using Temperature Sensitive Fluorescent Paint. Dark Regions
Indicate Higher Temperatures Than Light Regions; a} Pr = 4.5 With a Stagnation Point Flow and b} Pr = 6.0 With a

Stagnation Bubble Flow, Both For z/d = 4.
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13

Schlieren
Impingement Region; a} Pr = 4.5 and b) Pr = 6.0, Both For
z/d = 4. Conditions are the Same as for Figure 9a) and b).
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