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Skin-Temperature Prediction of Aircraft Rear Fuselage
with Multimode Thermal Model

S. P. Mahulikar,* P. S. Kolhe,” and G. A. Rao*
Indian Institute of Technology, Bombay 400 076, India

The temperature distribution of the exposed rear fuselage of fighter aircraft, which is necessary for estimating
passively emitted infrared signature levels, is predicted. Hot combustion gases flowing through the gas-turbine
engine and aerodynamic heating of the rear fuselage at high freestream Mach numbers are the two heat sources.
Turbulent forced convection and radiation are the dominant heat-transfer modes, and hence two thermal models are
developed: only turbulent forced convection, and combined turbulent forced convection and radiation. Variation
in transport and thermophysical properties of fluids is also modeled. Gas-dynamic equations are used to obtain
local flow parameters, considering the role of friction, heat transfer, and area variation. A radiation-shape-factor
analysis for the complete layout is presented that accounts for mutual, partial, or complete visibility of emitter and
receiver elements. A closed-form solution for shape factors between ring elements is derived for the annulus. The
error in temperature estimation by neglecting parameters such as aerodynamic heating, variation in transport,
and thermophysical and local-flow properties of fluid is found to be significant. We conclude with a discussion of

the role of altitude and flight Mach number.

Nomenclature

area, m?

terms involved in integration

radiance, W/m?

Biot number

specific heat at constant pressure, J/kg K

diameter of duct, m

hydraulic diameter, m

area of elemental strip, m?

width of elemental strip, m

= shape factor (angle factor, configuration factor,

view factor)

= friction factor in gas-dynamic equations

irradiance, W/m?

convective-heat-transfer coefficient, W/m? K

thermal conductivity of fluid, W/m K

distance between disks under consideration, m

= distance between elemental areas on emitter and
receiver elements, m

= Mach number

mass flow rate, kg/s

number of elements

pressure, Pa

total enthalpy, J

heat flow rate, W

gas constant for air, 287 J/kg K

radius of disk, m

inner and outer radius of annular disk, m

radius of blocking section, m

radius of element, m

= temperature, K
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Subscripts

a, b =
c

c/s
disk

F

ID

in, ou
k

mix
oD

P

’

ref
S1-S6
sky
surf

T

w =

recovery temperature, K

Sutherland’s constant, K

velocity of fluid, m/s

coefficient of change in area term in gas-dynamics
equation

distance between elements, m

coefficient of heat-transfer term in gas-dynamics
equation

coefficient of friction-loss term in gas-dynamics
equation

blockage (or shadow) angle, rad

angle between normal and line joining elemental
areas, rad

ratio of specific heats of fluid

increment operator

axial width of element, m

emissivity

surface orientation angle, rad

azimuth angle for emitter element, rad

dynamic viscosity, Pa s

density, kg/m?

summation operator

Stefan—Boltzmann constant, 5.67 x 10~ W/m? K*
azimuth angle for receiver element, rad

disk element
convective-heat-transfer mode
based on cross section

annular disk element

fluid

inlet disk

at inner or outer surfaces, respectively
element number

after mixture of two ram airflows
outlet disk

based on pressure

radiation

reference quantity

wall surfaces

sky (ambience for radiation)
over all visible surfaces

based on temperature

duct wall
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0 = total condition

1,2 = element under consideration

I = duct wall of jet pipe with convergent—divergent (C-D)
nozzle or exhaust gas

II = radiation shield or ram airflow between jet pipe and
radiation shield

I = rear fuselage or ram airflow between rear fuselage
and radiation shield

v = freestream flow

00 = ambient conditions

Introduction

DVANCES in aircraft-detection technology and antiaircraft

defense systems have necessitated the development of low-
observables technology for increasing aircraft survivability, in or-
der to maintain air superiority.' Stealth technology aims at reducing
detectability of aircraft, both by active techniques such as radar and
by passive techniques such as infrared detection.! Infrared (IR) sig-
natures are produced by contrast in IR emission between aircraft
surface and background sky/atmosphere. The power plant is the
most significant source of IR signature in aircraft because it acts as a
graybody and emits radiation throughout the IR spectrum. Hot com-
bustion gases flowing through the engine and aerodynamic heating
of the rear fuselage at high Mach number are the two heat sources
for aircraft rear fuselage. Thus, the main modes of heat transfer are
turbulent forced convection and surface radiation interchange.

The prime motivation behind this analytical and computational
exercise is the fact that dynamic experiments with aircraft engines
for estimation of skin temperatures of rear fuselage, under various
flight and engine operating conditions, not only are prohibitively
expensive but also are difficult to implement practically. Experi-
mental data on engine test bed/ground runs are not available in the
literature. There exists a pressing need to develop the capability to
predict skin temperature of aircraft rear fuselage as accurately as
possible, to enable infrared-signature studies.

Literature review of heat transfer for flow through pipes by turbu-
lent forced convection reflects that most investigators used the finite-
difference equations for conservation of energy, x-momentum, and
continuity, and have emphasized modeling of variation in fluid trans-
port properties. Bankston and McEligot? predicted wall-temperature
and pressure drops for strongly heated forced internal flows and used
constant power-law index approximation for modeling variation in
transport properties. Malik and Pletcher,® Pletcher,* and Pletcher
and Malik® predicted the turbulent-flow heat transfer in annular ge-
ometries with property variations, in which they considered the flow
to be axisymmetric, steady, and fully turbulent. Some investigators
also studied combined forced convection and radiation for flow in-
side conduits, either considering surface radiation alone or surface
radiation with optically active gas.®” The general methodology is
to discretize the layout and solve energy-balance equations for fluid
and wall elements simultaneously. Correlations for estimating con-
vective heat flux are used instead of solving the governing fluid-
flow conservation equations with turbulence modeling. Mahulikar
et al.} and Mahulikar® predicted the engine casing temperature of
fighter aircraft using a combined convective and radiative heat trans-
fer approach. They treated the aircraft engine layout as three coaxial
cylinders and a flow of optically transparent gas bounded by gray
walls for modeling. They have not considered aerodynamic heating
by the freestream and variation of fluid properties with tempera-
ture and pressure. The governing conservation equations comprise
energy, mass, and momentum balance for each fluid element and
heat-balance equations for wall elements. They discretized the en-
gine layout axially and used the Newton—Raphson method to arrive
at the steady-state axial temperature distribution of the three internal
fluid flows and walls.

Shape factors are required for analytical formulation of the radi-
ant heat exchange process. The construction and surface orientation
of the engine layout impose restrictions on visibility of surfaces. The
methods proposed to date by various investigators for finding the
shape factors with blockage effect are based on integration. Eddy and

Neilsson'® analyzed the radiation shape factors for varying cross sec-
tions, which can be applied to the jet pipe and convergent—divergent
(C-D) nozzle. The integral used is the one proposed by Robin,'!
which is applicable to surfaces of revolution. The method of finding
integration limits proposed by Eddy and Neilsson'? is applicable to
small-axial-width elements. From the viewpoint of radiation heat ex-
change analysis in annular geometry, the radiation shape factors for
finite-length coaxial circular cylinders, conical cavities, and coax-
ial axisymmetric geometries are important. Many investigators have
contributed to the literature in this regard. Tso and Mahulikar,'? Reid
and Tennant,'® and Brockmann'* dealt with the geometry of coaxial
cylinders. Saltiel and Naraghi,'> Chung et al.,'® and Modest!” dealt
with coaxial axisymmetric bodies, whereas Nunes and Naraghi'®
and Nunes et al.!® developed a numerical model for axisymmetric
geometries with gaseous radiative participating media.

Objective and Scope

In the present work, gas-dynamic equations are used to obtain
temperature and pressure distributions of the fluids in the engine
layout. The complication involved in modeling radiative heat trans-
fer is the radiation-shape-factor analysis. The problem is aggra-
vated if the layout comprises annular ducts of unequal length and
varying cross section, because the methodology of radiation-shape-
factor analysis in such cases is not available in literature. A detailed
radiation-shape-factor analysis is provided for solving radiative heat
transfer problems encountered in complicated geometries such as
that of a gas turbine engine. Mahulikar et al.® and Mahulikar’ ap-
proximated aircraft engine layouts as three coaxial cylinders and did
not consider variation in thermophysical and transport properties of
fluid with temperature. In this investigation, both these issues are
dealt with, and the error in temperature estimation is presented.

The entire analysis is for a gas-turbine engine in the “dry mode”
(non afterburning), because fighter aircraft use afterburners for a
short duration of their mission. The fuel-air ratio in gas turbine
engines is very lean, and hence the molar fractions of radiatively
participating gases such as CO,, H,O, and CO is less, and their
impact on net heat transfer is not significant. Besides, these gases
being selective emitters and at relatively low temperatures (<900 K),
gas radiation is not comparable to that from wall surfaces, which
act like gray bodies (by emitting radiation at all wavelengths at
all temperatures). Hence, in the present analysis, gas radiation heat
exchange is not modeled. It is only at high temperatures incurred in
the afterburning mode that gas radiation interchange is dominant and
may increase the total wall heat-flux by about 20-30%. Modeling the
heat-transfer process requires information about the constructional
features, geometrical layout, and fluid-flow path of the engine. Here
two generic engine layouts are considered (Figs. 1 and 2); layout 2
is a special case of layout 1, in which the radiation shield extends up
to the end of the C-D nozzle. This typical engine layout comprises
three coaxial ducts with exhaust gases flowing through the core,
ram air flowing through the annulus, and freestream flow over the
outermost duct. The innermost duct is the jet pipe and C-D nozzle,
the intermediate duct is the shroud, which serves as a radiation
shield, and the outermost duct is the rear fuselage skin of the aircraft.

The two heat sources for the rear fuselage are the hot combus-
tion products flowing through the jet pipe and the freestream, which
may act as either a heat source or a heat sink, depending on the
flight altitude Mach number. Generally, the ducts are thin and have
Bi < 0.1; hence, the radial temperature difference is neglected. Be-
cause the Nusselt numbers are generally high due to turbulent flows,
temperature change due to axial conduction through the ducts is
negligible as compared to the axial temperature change due to con-
vection. Hence, conduction modeling through the ducts is excluded.
Because of the highly turbulent nature of the flow, the fluid is well
mixed in the radial and circumferential directions. Hence, the varia-
tion in temperature of fluids and ducts is modeled only axially. As the
temperature of the exhaust gases flowing through the jet pipe is rel-
atively high (~1000 K in the dry mode), radiation heat interchange
is significant. Hence, the thermal model developed comprises two
modes of heat transfer: turbulent forced convection and surface
radiation.
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Fig. 1 Schematic of aircraft engine layout 1.
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Fig. 2 Schematic of aircraft engine layout 2.

Analytical solution is ruled out due to joint radiation and con-
vection, resulting in a nonlinear system. Hence, a zonal method is
used, where the engine layout is axially discretized into a certain
number of elements. For the present study, the whole layout is dis-
cretized into 30 elements for the zonal analysis, comprising 10 equal
elements each for the jet pipe, convergent nozzle section, and di-
vergent nozzle section. The governing equations for the combined
turbulent forced convection and radiation model mainly include the
heat-balance equations for the duct wall elements: For the kth ele-
ment of the duct wall, in section I,

Ge.rrwik + Gernwik + Grsik + grs2e =0 (D
Ge.ruwink + qe rmwink + qrssx + grsax =0 2
Ge.rmwink + qeFrrv.wnk + grsse + Grsex =0 (3

and in section II,
Ge.FLwLk + Ge Fmix Wik + Grsix + grs2x =0 )
Ge. Fmix, Wik T e Frv.wink + qrssi + grsex =0 %)

The respective fluid and wall temperatures are assumed con-
stant within an axially discretized element and assigned at center.
The boundary conditions are gas-inlet temperatures and pressures,
freestream parameters, and convective heat transfer coefficients. The
radiation boundary conditions are the emissivities of all surfaces
and the temperatures of inlet and exit discs defining the enclosures.
Steady-state forced convective heat transfer is modeled over all sur-
faces, in conjunction with radiation interchange between these sur-
faces and radiation heat loss to the sky. To evaluate the heat-flow
rates in the heat-balance equations, the radiative heat flow rates are
calculated as the difference between the radiance and irradiance

terms, whereas convective heat flow rates are calculated using the
convective heat transfer coefficients:

Gex = hi - Ag - (Twr — Tri) (6)
qri = Ay - (By — Hy) (7
The radiance terms in the radiative heat flux equation are given by

(3

The irradiance on the inlet disk, fuselage outer surface, and remain-

Bi=¢-0-(T)'+ (1 —&) - Hy

ing duct surfaces is given by
N
Hp = Z |:Z (Av- Fi—p - Bk)surf] 9
surf Lk=1
He=0 - (Tyy)* (10)
N
H, = Z {I:Z Fi_r- B1i| } + Fi—1p- Bip + Fi—op - Bop
surfaces I=1
(11)

respectively. At the start of section II, adiabatic and instantaneous
mixing of the two fluid streams of ram air (fluid II and fluid III) is
assumed because of their highly turbulent nature. Because a large ve-
locity difference exists between the two ram airflows, conservation
of mass [Egs. (12)], conservation of energy [Eq. (13)], and conserva-
tion of momentum [Eq. (14)] are used®” to compute the temperature,
pressure, and Mach number at the entry plane of section II:

(12a)

mpp + Mpm = M pmix
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mrpn = Prik - Ack,wit - VFILK (12b)
mpm = PruLk - Ack,wir - Vi (12¢)
mFmix = PFmix,k ACk,Wmix * UFmix.k (12d)

mFmix : Cp.Fmix : TO.Fmix = mFll : Cp.FII : T(J,FII
+mpm - Cp rmn - To, Finx (13)
(71 Fmix * VFmix + Ac, Fmix * Prmix)sectts = (M p1 - Ve + Ac, Fi - Pri
+mpm - Vem + Ac pin - Pridsectie (14)

To avoid discrepancies in the convective heat flow rates, the ther-
mophysical and transport properties are evaluated at local fluid tem-
perature and pressure. To evaluate the local fluid flow properties,
gas-dynamic equations are used that take into account the effect of
heat transfer, change in area, and friction on fluid temperature and
pressure. The flow-Mach-number variation is evaluated from the
continuity equation. Equations (15) and (16) give the temperature
and pressure variations across a fluid element,?! whereas Eq. (17)
gives the Mach number at the outlet of a fluid element:

AT/ Trk) = — X7 - (dAck/Ack) — Yrrw - [AQrpi/(R - Tri)]

+ Zrri - [frr-dx/Dy] (15a)
Xree=[(r =D Mea—0)]/[(Mra—0) = 1] (15b)
Yrp= [1 —-v: (MF(k—l))z] (r— 1)/{V ) [(MF(k—l))z - 1]}

(15¢)

Zrrr = [7/ =1 (MF(kf1))4]/{2[(MF(k—1))2 - 1]} (15d)

(dPri/Pri) = —Xpri - (dAck/Ack) — Yprk - [AQFri/(R - Tri)]

+ Zprk - [frr - dx/Dy] (16a)

[ - (Mrw) 1/ (M) = 1] (16b)

Xprk
Yore =y - (Mra—n) - = D/{y - [(Mra—)" 1]} (160)
Zowe =y (Mra—v) - [14+ G =1 (Mre_1)’]/

Pl ) 1)) (160

Mpe =i (R - Tri/y)? [ (Pri - Acy) a7

The change in enthalpy per unit mass of fluid across a fluid element
is required as an input to the gas-dynamic equations; it is given by
the enthalpy balance of a fluid element:

AQri = Cpri-(To.reer1y—Tore) = <Z 6L~Fw> /mF (18)
k

surfaces

Equation (19) gives the expression for the friction factor for flow
through smooth pipes based on the Reynolds number:?

f=[{1.8210g[p-M-(y.R-T)%].Dh/u}—1.64]’2/4 (19)

The Mach number is unity at throat of the nozzle (i.e., sonic con-
dition). If the sonic condition is reached at the first element of the
divergent nozzle section, the resulting singularity requires the so-
Iution of conservation of mass, momentum, and energy equations
iteratively to obtain temperature, pressure, and Mach number vari-

ation across the element. The adiabatic wall temperature for heat
transfer with the freestream flow is the recovery temperature, which
for the turbulent boundary layer is given as>

Te=To - {14 (- Cp/kp)¥ -1(y — /2] (M)?}  (20)

The Dittus—Boelter equation is used to calculate the convective heat
transfer coefficient for internal flows:

(h-D/Kr)=0.023(p - v-D/w)"* - (- Cp/Kr)'" 1)

where the exponent n = 0.3 when fluid is being cooled, and n = 0.4
when fluid is being heated. For the annular flow, the hydraulic di-
ameter is used to evaluate the convective heat transfer coefficient.
The Nusselt number correlation for flow over a flat plate is used to
calculate the convective heat transfer coefficient for freestream flow
and is given as?

h=00366{p-M-L-(y-R-T)% /u}""[(u-Cp/K)S Ky [ L]
(22)

The variation in fluid properties with temperature is estimated to
reduce discrepancies in the convective heat flux calculation. Suther-
land’s law is used to model w(7r) as

W(Tr) = et - (Tr/ Te)? - (Tt + T/ (Tr +To)  (23)

The variations C,(Tr), y (Tr), and K7 (Tr) are taken from standard
data tables. The governing equations for modeling turbulent forced
convection are the same for both models (convection and combined
convection and radiation).

Numerical Solution Methodology

The governing equations include heat-balance equations for all
elements and expressions for evaluating various terms involved in
these equations. The Newton—Raphson method and the method of
successive substitution?* are two popular methods for solving such
systems of nonlinear equations. The latter method is adopted here
wherein some variables are assigned initial values, and then pro-
ceeding through the system of equations, all variables are recalcu-
lated and successively substituted until satisfactory convergence is
achieved. Figure 3 illustrates the flowchart of the solution scheme
used. In this method, the sequence of calculation of various variables
is important, and the convergence criterion used controls the error in
the heat-flux balance of the elements. For the present study, a con-
vergence criterion based on maximum difference in updated values
between two successive iterations of 107* is used for temperature,
and 1073 is used for heat balance for all discretized elements.

Radiation-Shape-Factor Analysis

Radiation shape factors are key elements in the solution of the
energy equations with surface radiation interchange. The radiation-
shape-factor analysis is carried out separately for jet pipe with a
C-D nozzle and for annular ducts. All surfaces are considered as
diffuse, opaque, and grey; these assumptions are valid because the
wall surfaces are oxidized by the engine operating environment. The
shape factor depends only on geometry and orientation of surfaces.
Because zonal analysis is applied, the duct walls are divided into a
number of ring elements, either cylindrical or conical frustum.

Radiation-Shape-Factor Analysis for Jet Pipe
with Convergent-Divergent Nozzle

In this configuration (Fig. 4), elements that lie on the same side of
the throat are mutually visible, whereas elements lying on the other
side of the throat are partially visible to each other due to blockage
by the throat. The various cases of shape factor that arise for this
configuration are discussed.
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Calculate shape factors
for the given geometry

Method of successive
substitution

equations
momentum and energy

Use gas dynamic 3
{ equations iteratively
]

olve conservation of mass}

Recalculate new guesses for Tw
distribution

Convergence

" satisfied criterion

Satisfied

Calculate temperature, pressure and
Mach number variation in fluid

12
Print duct wall temperature profile >

End

Fig. 3 Flowchart for the numerical solution method.
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Fig. 4 Two ring elements of jet pipe and C-D nozzle with blockage
effect.

Ring Element to Any Other Ring Element

To obtain this shape factor, a generalized single integration is
performed, which is derived from the basic quadruple line integral
of shape factors. The quadruple line integral involves two integrals
over the azimuth angle and two integrals over the axial width of the
elements (because the radius of elements varies with the axial width
for the conical frustum ring element), and is given by'’

et [

—— - df (24)
COS(nz) COS(m)

The fine axial discretization of the layout ensures that variation in the
azimuth-angle integration limit over the axial width of the element is
insignificant, and hence two line integrals over the axial width can be
eliminated. The geometry being axisymmetric, the line integral over
the azimuth angle of the emitter element (of the two elements under
consideration) can be solved by symmetry and hence the quadruple
line integral reduces to a single integral, given as

ra-8 % cos(Br) - cos(Ba)

- cos(m2) J,, w2

-de (25)

Solving this integral, F;_, = G(¢,) — G(¢;), where the function
G(¢) is given as

G)=2-d-{e- f-g+[(—1)- f-9/2— tan(p/2) - (c —a)

=01V -1} /[ =13 - f] (26a)

where
a=(r —x- -tann)/r (26b)

b= (r,—x-tanny)/r (26¢)
c=[rf+r+x"]/@rr) (26d)

d =cosny -8,/ - 1) (26e)
e=(—c4+a-b-c+2c—a—b) (26f)
f=(+1)-tan’(¢p/2) +c—1 (26g)

g=tan"' [(c+ 1) - tan(@/2)/( — 1)?] (26h)

In Eq. (26), n; and n, are the surface orientation angles for emit-
ter and receiver elements, respectively. The sign conventions while
moving in the direction from emitter element to receiver element
are as follows: if the emitter element is in the convergent section,
1 is positive, otherwise negative; if the receiver element is in the
divergent section, 7, is positive, otherwise negative. The integration
limits ¢, and ¢; for the ring elements having no blockage are = and
zero, respectively. For elements that are partially visible, the inte-
gration limits can be found by light-ray projection of the blocking
section onto the plane of the receiver element (see Fig. 4), and are
¢; =m —Min(e,, az) and ¢, = 7, where

o = cos™! {[r,zxg —rr.x? —|—r22 ~x12]/(2r1 “r X 'Xz)}
(27a)
oy = cos ! [(ry — x - tann,) /1] (27b)

The oy considers the blockage due to the throat, whereas o, consid-
ers the blockage due to self-orientation of rings (i.e., cos S, =m/2
limits the visibility). The plane of the receiver element considered
for finding the integrating limits passes through the center of the
axial width of the element.

The integral developed above is applicable to elements with small
axial width; hence, to increase the accuracy of ring-element-to-ring-
element shape factors, each discretized element is further divided.
Shape-factor algebra is then used to recalculate the original ring
element to ring-element shape factor.

Ring Element with Itself

These shape factors are evaluated using the disk-to-disk shape
factor, conservation of energy, and shape-factor algebra. The shape
factor between two disks separated by a distance L (shown in Fig. 5)
is given in Ozisik? as

Fa,b:(R§+R,§+L2—\/(R3+R,§+L2)2—4.R3-R,§)/2R§

(28)
By the law of conservation of energy, by the reciprocity rule, and
because flat or convex surfaces cannot see themselves,

Fa,k—l_ a—>b (29)
Fy i =1—(As/Ap) - Fa_yp (30)
Fox=1—(Fi_o+ Fi_p) (31a)

Fi—a = (Aa/Ar) - Fa_i (31b)
Fro_p = (Ap/Ar) - Fy_i (3lo)
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Fig. 5 Generalized element of the jet pipe and C-D nozzle.
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Fig. 6 Ring-element-to-ring-element shape factors for jet pipe with
C-D nozzle.

Using Eqs. (28-31), the shape factor for any generalized element
with respect to itself is given by

(Aa/Ak)~{1—[R§+R§+L2—\/(R§+RZ+L2)2—4-Rg-R,f]/ZRﬁ}

Fi v=1-

| | Jet Pipe ?(mvcrgenl Sectlorr Divergent Section _ | |
O(ilg N —e—inlet disc _
0.4 \ —=—oulet disc /
L 035 1 /|
S ~
5 03 o
€ 0.25 A
3 O N o’
g 02
£ 0.5 o
0.05 DAAIT I
Qi—s=s == 28 -8 gguuaunss -K‘“—OI—Q—O—Q—Q—A 2S5
0 0.5 1 1.5 2

Axial length (m)

Fig. 7 Ring-element-to-inlet- and outlet-disk shape factors for jet pipe
with C-D nozzle.

are for the first element on the jet pipe, convergent section, and diver-
gent section of nozzle, respectively. There are two peaks for the di-
vergent section element, because the shape factor decreases rapidly
in the convergent section (negative slope), but increases slightly
when the last element of the jet pipe is visible. Similar peaks and
discontinuity are observed in Fig. 7.

Radiation Shape-Factor Analysis for Annular Ducts

For the annulus (radiation shield and fuselage), all elements are
either partially visible or totally invisible to each other. Compared to
the previous case of jet pipe with C-D nozzle, the added complexity

(32)

+(A1,/Ak)-{1—[R§+R§+L2—\/(R§+R§+L2)2—4~R§-R§]/2R,§}

Ring Element to Inlet and Outlet Disk
From Eqs. (28-31), the shape factor of the ring element with left
and right disk is calculated as

Fi_o = (Ag/AY) - {1 - [R§+R§+L2

—\/(R3+R§+L2)2—4-Rg.Rg]/sz} (33)

Fooyp = (Ay/Ay) {1 - [R§ +R2 4L

_\/(R3+R,§+L2)2—4-R§.Rg]/zkg} (34)

Using these relations along with conservation of energy, the shape
factors with respect to inlet and outlet disk are given by Eqgs. (35)
and (36), respectively:

k-1
Fk—ID:Fk—a_ZFk—i (35)
im1
N
Fi_op = Fr_p — Z Fr—i (36)
i=k+1

Inlet Disk to Outlet Disk

Using the law of conservation of energy and shape-factor relations
developed in the preceding section, the shape factor between inlet
and outlet disk is obtained as

B k—1 Ak
Fio—op=1- | () Fw (37)
ID

I=1

Figures 6 and 7 show shape-factor values for various cases ob-
tained by solving the equations stated earlier. Graphs plotted in Fig. 6

in finding shape factors of annular ducts with varying cross section
is that the blocking section (one that blocks the larger view) for
every pair of ring elements has to be evaluated. Various cases that
are required are as follows.

Ring Element to Any Other Ring Element
These shape factors are obtained as

Fioo= (D" [Gg) — Gi)] (38)

where m = 2 if both ring elements are on the inner or outer surface
of ducts, else m = 1, and G (¢) is given by Eq. (26). The integration
limits are determined by light-ray projection of blocking sections
(Fig. 8) and are given by the following equations:

¢ =m — max{ cos™! [(rl2 xy =1t x4 x,z)/

@ri-rexx)]}, (39a)
Qo =m — max{ cos™! [(r,z X —rtxt 4 xlz)/

@ri-ryexx)]} (39b)

Figure 8 illustrates the blockage effect while evaluating the shape
factor for radiation-shield inner surface element to fuselage inner-
surface element for layout 1 (see Fig. 1). The presence of the inner
duct (jet pipe and C-D nozzle) introduces blockage; besides, the el-
emental area on the emitter can see the receiver through the annular
aperture formed at the radiation-shield exit (i.e., the radiation shield
itself produces the blockage effect, which is referred to as blockage
on the outer surface). Blockage due to the inner duct sets the upper
integration limit, and blockage on the outer surface sets the lower
integration limit (Fig. 8). These integration limits are found by pro-
jecting the blocking section onto the plane of the receiver element
and using the laws of the triangle.
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on outer duct

Receiver element  Projection of
blocking section
on inner duct

S Elemental area on emitter
6\\ 7%( Blocking section
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Fig. 8 Blockage effect in annular ducts: S1, jet pipe inner surface; S2, jet pipe outer surface; S3, radiation shield inner surface; S4, radiation shield
outer surface; S5, rear fuselage inner surface; and S6, rear fuselage outer surface.
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Fig. 9 Generalized elements in the annulus region.

Ring Element with Itself

Such shape factors are evaluated using annular-disk-to-ring shape
factor, conservation of energy, and shape-factor algebra. The annu-
lar disk to ring element shape factor is obtained by the integration
given in Eq. (40). This integral is derived from the basic quadru-
ple line integral definition of the shape factors and can be solved
numerically:

2 R .
Fdisk—c]cmcnl:(_l)m' |:< ) . / e'(g+h'l)'drdiski|
Adisk R

i

(40a)

where
a = (Felement — X * tan Netement) / Fdisk (40b)
b = [Fement + % + Tda] / @raisic - Fetement) (40c)
¢ = x| (A retement) (40d)
d=f-{1+[tan(p/2)/f1*} (40e)
e=c-(a+1)/(b+1)* (401)
f=yb-1/b+1) (40g)
¢ = {tan”'[tan(e/2)/f 1}/ f 1}/ f (40h)
h=f3)2 (401)

i = tan~'[tan(g/2)/f] + tan(p/2)/d (40j)

In this integral, ¢ for the inner and outer frustum of the cone ele-
ment (Fig. 9) is given by Eq. (41). The expression for ¢ is found
by the shadowing technique; the shadow is the region of obscura-
tion when a solid is illuminated from a point light source. In this
case, the solid corresponds to the intermediate blocking segment,
and the obscuration region is obtained by projecting each of the in-
termediate blocking sections in the segment on to the plane of the
receiver, which is the region bounded by the common tangents to
the projected circles of any intermediate blocking section and the
inner ring element:

@i = cos™'[(ry — x - tan ;) /rgisk] (41a)
G0 =7 — sin” (R, /rgiq) — sin~' (r1/1r2) (41b)

Using the annular-disk-to-ring-element shape factors, shape-factor
algebra, and the fact that the inner-duct outer surface is convex (i.e.,

F,_,=0), other shape factors can be obtained as follows:
Fi_o=1— (Adgisk, /A1) - Faisky -1 — (Adisky /A1) - Faisky -1 (422)
Fyo1=(A1/A2) - Fi» (42b)

Fy 2=1—F_ — (Adgisk1/A2) - Faiski —2 — (Adiska/ A2) - Faiska -2

(42c)

Ring Element to Inlet and Outlet Disks

These shape factors are found on similar lines adopted for a jet
pipe with a C-D nozzle. The only difference is that the number of
visible surfaces is more than one and varies from element to element
(viz., the last element on the C—D nozzle outer surface can see only
the fuselage inner surface, but the element on the radiation-shield
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Fig. 10 Geometry of annular ducts.
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Fig. 11 Shape factors for ring element on radiation-shield inner sur-
face for layout 1.

inner surface sees the inner surface of the radiation shield, fuselage,
jet pipe, and C-D nozzle outer surface). Equations (43a) and (43b)
give these expressions (Fig. 10):

k—1
Few=F o= Y (Z Fk_f) (43a)

surfaces \i=1

N
Fi—op=Fr-p— Z (Z Fki) (43b)

surfaces Ni=k+1

Inlet Disk to Outlet Disk
This shape factor is derived along similar lines, as explained in
the preceding section, and Eq. (44) gives the expression

(I
Fp_op=1- Z |:Z (A—I:;'Fk—m):| (44)

surfaces Li=1

Figures 11 and 12 give the shape factors for various cases in layout
1 (see Fig. 1). Figure 11 is for the first element on the radiation-
shield inner surface. The peak observed for Fi; _ g5 is because only
a few elements of the fuselage inner surface are visible to the first
element of the radiation-shield inner surface through the narrow slit
between the radiation shield and the jet pipe. Figure 12 gives the
shape factor of the 15th element of the rear-fuselage inner surface
with other surfaces. The small peak observed at around 0.63 m in
Fig. 12b is due to the visibility of the jet-pipe outer surface to the
15th element of the rear fuselage from the slit between the radiation
shield and jet pipe.

Heat Balance and Numerical Accuracy

The mostimportant way to validate results obtained from this ther-
mal model is to check for energy, mass, and momentum balance. The
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b) Fss 52
Fig. 12 Shape factors for ring element on rear-fuselage inner surface
for layout 1.

ambient and ram air are radiative and convective heat sinks, respec-
tively. Although exhaust gas is the main heat source, the freestream
may act as a convective heat source or sink, depending on the flight
altitude Mach number. The heat-balance equation for the system is
given by

N
Z |:(Wl ~Cp - ATo)pr+ (m - Cp - ATo)pu + (m - Cp - ATy) Fiut
k=1

6
+ gervwm + Z (C}r)i| =0 (45)
k

surf=1

The gasdynamic equations used to obtain temperature, pressure, and
Mach number are derived from conservation of mass, momentum,
and energy?!; also, wall heat balance equations are solved to de-
termine the wall temperatures. Thus mass and momentum balance
for the system is implicit; however, heat balance for the system is
carried out, and the percentage error in heat balance with respect
to enthalpy drop in exhaust gases does not exceed 0.002%. Hence,
the results obtained are fairly accurate. A convergence criterion of
1 x 10~* is used for the wall temperature, and a criterion of 1073 is
used for the heat balance.

The integral for evaluating the shape factor of the annular disk
to the ring element [Eq. (40)] is obtained by Simpson’s % rule. All
shape factors obtained are checked by the summation rule, wherein
the summation of the shape factor of an element with respect to
all other elements and itself is unity (which follows from the law
of energy conservation). The order of error in the summation rule
varies from 1077 to 1073,

Results

Figures 13 and 14 show temperature distribution over duct walls
obtained from the combined radiative- and convective-heat-transfer
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model for layouts 1 and 2 (see Figs. 1 and 2), respectively. The re-
sults are obtained for a flight Mach number of 0.6 at an altitude of
2 km. The rear-fuselage operating temperature is higher in layout 1,
because the rear fuselage is directly exposed to the hot nozzle. Also,
the convective heat loss from the nozzle in layout 1 is less than in
layout 2, because the nozzle section in layout 1 is in contact with
low-velocity fluid, due to adiabatic mixing of fluids II and III.

The temperature profile of the three fluids (core exhaust gases
and two ram airflows) is in Fig. 15. The core exhaust gases undergo
a large variation in temperature; hence, there is a need to model
the variation in thermophysical and transport properties of the fluid
with temperature. Temperature distribution obtained by Mahulikar®
is in Fig. 16. By comparison with Fig. 14, the difference in temper-
ature estimation and the nature of the predicted temperature pro-
files is seen. This difference is because of the assumptions made in
Mahulikar® (e.g., ignoring variation in thermophysical properties of
fluid and aerodynamic heating of rear fuselage, and the approxima-
tion of coaxial cylinders).

440 —=— Radiation shield 900
420 f--mm e —a—Fuselage I 860
—e— Jet pipe

Temperature (K)
Temperature of jet pipe (K)

Axial Length (m)

Fig. 13 Temperature profile obtained from combined convection and
radiation model for layout 1.
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Fig. 14 Temperature profile obtained from combined convection and
radiation model for layout 2.
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Fig. 15 Temperature profile of the three fluids in layout 2.
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Fig. 16 Temperature profile obtained for three coaxial cylinders by
Mahulikar.’”
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Fig. 17 Temperature profiles obtained from turbulent forced-
convection model for layout 1.
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Fig. 18 Temperature profile obtained from combined convection and
radiation model for layout 2, ignoring variation in properties.

The temperature distribution over duct wall surfaces for layout 1
using only the turbulent forced-convection model is in Fig. 17. After
comparison with Fig. 13, it is clear that temperature distribution is
significantly different if surface radiation interchange is neglected.
This emphasizes the need to model surface radiation interchange of
the actual geometry for temperature prediction in infrared signature
studies. Accounting for the variation in fluid properties with temper-
ature has a significant effect on the overall temperature distribution,
especially for a jet pipe with a C-D nozzle, because the tempera-
ture of combustion gases flowing through the core is high and the
gases undergo wide temperature variation (see Fig. 15), which is
substantiated by comparing Figs. 18 and 14.

Figure 19 shows the temperature distribution obtained by ignor-
ing the effect of heat generation in the boundary layer (aerodynamic
heating) over the rear fuselage, which is found to be about 20 K lower
than that in Fig. 14. The difference increases with flight speed, and
because infrared (IR) power emitted by the fuselage is proportional
to the sixth power of temperature in the band 3-5 um (see Ref. 1),
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Fig. 19 Temperature profile obtained for layout 2, ignoring aerody-
namic heating of rear fuselage.
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Fig. 20 Effect of altitude on rear-fuselage casing temperature.

ignoring aerodynamic heating can lead to substantial error in evalua-
tion of IR signatures. Figure 20 shows the decrease in rear-fuselage
temperature with increased aircraft altitude, because the ambient
temperature of the atmosphere decreases linearly with altitude up
to 16 km. Also, the convective-heat addition to the rear fuselage
decreases, due to lower mass-flow rates in the engine.
Aerodynamic heating of the airframe occurs at all speeds (as the
temperature in the boundary layer is always higher than that of the
freestream) and is a heating source for the airframe. In case of the
rear fuselage, the power plant is always the heat source. Even if heat
is generated in the boundary layer, the freestream acts as a convective
heat sink. It is only at very high Mach numbers that the freestream
acts as a heat source, owing to higher recovery temperature. Hence,
for aircraft with fuselage-embedded engines, the aerodynamic heat-
ing of the rear fuselage occurs only when the freestream starts acting
as a heat source instead of a convective heat sink. This transition
of the freestream is dictated by flight Mach number and altitude;
transition altitude and transition Mach number are defined below.
At transition, the rear-fuselage wall behaves like an adiabatic wall.
Definition: Transition altitude is the altitude at which transition
of the freestream from heat sink to heat source occurs when flight
Mach number is kept constant and flight altitude is decreased.
Definition: Transition Mach number is the Mach number at which
transition of the freestream from heat sink to heat source takes place
when the Mach number is increased and the altitude is kept constant.
Figure 21 shows variation of transition Mach number with flight
altitude. The variation is approximated by a second-order polyno-
mial (shown by the solid line in figure), because the recovery temper-
ature varies with the square of the Mach number. The rear-fuselage-
casing temperature depends on the freestream recovery tempera-
ture, which in turn varies with the square of the flight Mach number.
Hence, the variation of the rear-fuselage temperature with the Mach
number is nonlinear (Fig. 22). Here, two cases are considered. In
one case, the freestream flow is calculated after an oblique shock
(in supersonic flights), whereas it is neglected in the other case.
The heat-transfer coefficient increases after the shock, because of
increase in Prandtl number across the shock. Hence, aerodynamic-
heating effect (at operating altitudes lower than the transition alti-
tude) is enhanced, and the temperature of the rear fuselage obtained
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Fig. 21 Combined effect of altitude and Mach number.
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Fig. 22 Effect of flight Mach number on rear-fuselage casing
temperature.

is slightly higher than as when freestream flow is modeled after the
shock. As shown in Fig. 22, the effect is not significant, but increases
with flight Mach number.

Conclusions

1) Closed-form solution for radiative shape factor from ring el-
ement (cylinder or frustum of cone) to ring element in annulus is
derived, which can be applied to elements with small axial width.

2) Neglecting variation of fluid-transport properties with temper-
ature, or aerodynamic heating of rear fuselage, introduces signifi-
cant error in overall temperature distribution, which is critical for
infrared signature studies.

3) For actual geometry of layout, the local flow properties vary sig-
nificantly. Also, the shape factors are different from those for coaxial
cylindrical ducts. Hence, approximating the aircraft rear-fuselage
engine-layout geometry as coaxial cylindrical ducts can lead to er-
rors in temperature predictions, for infrared signature studies. Thus,
modeling surface radiation interchange for complex geometries is
certainly worth the complexity.

4) Above the transition Mach number, the contrast (IR signature)
with the rear fuselage is lower, compared to the contrast with the rest
of the airframe (subject to comparison of contrast per unit solid angle
subtended at the IR detector), owing to lower operating temperature
of exposed casing, because of ram air cooling (additional convective
heat sink).

5) Below the transition Mach number, the contrast with the rear
fuselage would be greater than that with the rest of the airframe,
owing to higher operating temperature as a result of power-plant
heat sources. Similarly, above the transition altitude, contrast with
the rear fuselage would be greater than with the rest of the airframe,
and vice versa.
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