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SUMMARY

Resulte are presented of an investigation to develop simpli-
filed methods for designing exhaust-pipe shrouds to provide desired
or maximum cooling of exhaust installations in which the dynamic
pressure of flight is utilized to force the cooling air through the
shroud. Design equations derived from fundamental laws of heat
transfer and pressure drop are given for parallel- and counter-flow
exhaust-pipe-shroud systems. The only date required for use in the
design equations are the upstream temperatures and flow rates of
the exhaust gas and cooling air and the upstream pressures of the
cooling air. The design equations for the parallel-flow system
were verified within the limits of engineering accuracy for one
ghroud to exhaust-pipe diameter ratio by tests of an experimental
exhaust-pipe-~shroud setup. The equations have no diameter-ratio
limitations provided that cooling-air flow in the annulue is turbu-
lent. The verification of these equations for one diameter ratio
lends support to the belief that the equations are applicable to
all practical shroud to exhaust-pipe diameter ratics for which the
cooling-air flow is expected to be turbulent. Although no tests of
counter-flow systems were run, the counter-flow equations are believed
to be equally applicable because of their similarity to the parallel-
flow equations.
For simplification of the design equations, constant values
of 0.24 and 0.30 were used for the specific heats of cooling air and
exhaust gas, respectively, and air properties were pubstituted for
exhaust-gas properties In determining the heat-transfer coefficient

of the exhaust gas. Calculations showed that these substitutions

for the precise terms have a negligible effect on the accuracy of
resulty obtained with the design equations.

Detailed procedures and charts for the design of shrouds are
presented for both parallel-flow and counter-flow systems. These
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procedures permit the determination of the proporticng of an exhaust~
pipe shroud that will provide desired cooling of the exhaust instal-
lation or, if desired cooling cannot be attained, permit the deter-
mination of the proportions of the shroud that will provide the
maximum cooling and the values of installation temperatures that
will exist with that shroud. The design procedurcs, based on the
derived equations, are complete in themselves as regards shroud
design. An example of the use of the shroud-design procedures for

a four~engine bamber is included.

The equations and methods of shr¥oud degign presented are
belleved to be directly applicable to the design of shrouds for the
tall pipes of jet engines provided that the luminosity of the gases
in the tall plpe is negligible and the cooling air exits to the
atmosphere. TFor jet-engine installations in which the Juminosity
of the gaces 1s not negligible, however, the present analysis must
be extended to include the heat transfer to the exhaust pipe by gas
radiation. If the cooling-air exit pressure is decreased from
atmospheric pressure by means of flaps or ejector pumps, the method
of application of the pressure-~drop relations to shroud design pre-
sented must be modified to account for the departure from atmos=-
pheric pressure at the cocling-air exit.

INTRODUCTION

Shrouded exhaust-pipe systems are generally used in airplanes
to reduce the fire hazard, to cool the exhaust pipe, to reduce the
heat radiated to other components of the installation, and to cool
the exhaust gas flowing to turbines. An illustration of such a
system is shown as figure 1. The systems usvally consist of an
exhaust pipe surrounded by another pipe, with cooling air passing
through the annular space formed by the pipes and reducing the
temperatures of the exhaust gas and the pipes.

Although many of the necessary fundamental data have been
available, bthe design of shrouded exhaust~pipe systems has been
hampered by the lack of a coordinated rational design procedure.,
This difficulty has undoubtedly been one of the important reasons
that shroud system trouble has been so prevalent.

The present paper is divided into two rarts, The purpose of
vart I is to present (a) an analysls of the heat exchange and the
pressure drop in parallel-flow and counter=-flow exhauvat-pipe shroud
systems and {b) an experimental verification of the analysis for
the parallel-flow system over a representative range of air- and
gas-flow rates. Part II presents detailed procedures to facilitate

-
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application of the analysis to shroud design. A summary of the
necespary physical properties of air and exhaust gases, extended
vhere necessary, is given in an appendix.

SYMBOLS

In addition to the following definitions of symbols, a graphical
representation is presented in figure 2.

A duct cross-sectlional area, square feet
a velocity of sound, feet per second
C constant in equations (26) and (31)
cp instantaneous specific heat of fluid at constant pressure,
Btu/(Lo)(°F)
~E§ mean of instantaneous specific heats of fluid at constant
pressure, Btu/(1b)(°F)
Cr ” ional area
D hydraulic diameter of duct, feet <h B a3
Wetted perimeter
d diameter, feet
Fy shape modulus i radiation equation
F factor of compressibilit 1+ EE.+,Mi
0 3 g A
Fg emiggivity modulus in radiation equation
5 Apr
f friction factor | ——); also used for fuel=-air ratio
4q1
e ratio of absolute to gravitational unit of mass, pounds per

slug, or acceleration due to gravity, feet per second
per second

H mean total pressure, pounds per square foot

h heat-transfer coefficient, Btu/(sec)(sq £t)(°F)
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mechanical equivalent of heat, foot pounds per Btu (77 8).
thermal conductivity of fluid flow, Btu/(sec)(sq ft)(OF/ft)
length between stations, feet

Mach number

mass rate of fluid flow, slugs per second’

any number to be raiéed to 0.8 and toll.B

an exponent

mean static pressure, pounds per sqﬁare foot absolute

quantity of heat dissipated, Btu per second

2
1 /m
mean dynamic pressure, pounds per square footb (E—QX) )
Bt ; P

average of upstream and downstream mean ¢;namic pressures,
pounds per square foot

surface area of body through which heat is being transferred
mixed mean temperature, °F absolute

mixed mean temperature, °p

mean fluid -velocity, feet per second (%Z)‘

value of velocity such that @V = gV = p,V,, feet per second

weight_rate of fluid flow, pounds per second
We

Pe

cpawa

denotes difference
emiggivity

temperature difference, °F
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1) absolute viscosify of fluid, slugs per fopt-second
P mean density of fluid, slugs per cubic foot (0.000583 p/T)
P average of upstream and downstream mean densities of fluid,
slugs per cubic foot
¢ factor depending on ratio of pipe diameters in heat-transfer
equation (See equation (19).)
¢' factor depending on ratio of pipe diameters in friction-
- factor equation (See equation (27).)
P T ot
S .
hg + hy, b
nd. 2
i i + Z @p
cpe!,qe .—.—i‘_—_—_ e ...].:.—.
bg + hy b
R Reynolds number
B Prandtl number
g ratio of density to standard sea-level density (p/0.002378)
Subscripts:
a cooling air
Fo it bend
a diffuser
e . exhaust gas except when used with AH = when it refers to

shroud, exit
£ friction pressure drop

« 4y due to heating of cooling air

o

inlet duct to shroud

‘m at manifold
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o] free stream

P exhauvst pipe

e denotes radiation heat transfer

8 shroud

t total or stagnation conditions
X refers to any station x feet from shroud entrance
€ station 1

2 station 2

3 station 3

0-1 from free stream to station 1 ,
1-2 from station 1 to & f

li=s from station 1 to 3

I - AL E8TS ARD VERIFICATION
ANALYSIS OF HEAT EXCHANGE AND PRESSURE DROP

IN EXHAUST-PIPE-SHROUD SYSTEMS

An adegquate exhaust-pipe-shroud system is one for which all
parts of the system and the downstream exhaust-sas are below
limiting temmeratures end the pressure drop required for forcing
air throuzh the system does not exceed the pressure drop available.
The analysis of such a system, consequently, requires equations for
predicting design temperatures and pressure drop on the cooling-air
gide of the svstem. These equations should be in a form such that
the desired temperatures and pressure losses will be a function of
known conditions. The present analysis derives such equations for
the usual straight annular exhaust-pipe-shroud systems for both the
case of parallel flow and the case of counter flow. The simplifying
assumption of straizht flow is made, inasmuch as bends increase the
local heat transfer and cooling-air pressuvre losses and therefore
should be avoided. In the present analysis cooling air flows in
the annular space around the exhaust pipe, which is the case usually
encountered.
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Parallel Flow

Oeat-exchange processes in exhaust-pipe~shrovud combinations.-
The analysis for parallel flow is for the case of exhaust-gas
mixture and cooling air flowing in the same direction. (See
fig. 2(a).) ¥or a parallel-flow exhaust-pipe-shroud combination
with exhaust a8 flowing in the inner pipe and coolinz air flowing
in the annular space, the mechanism of heat trausfer is as follows:

(a) Heat flows from the exhaust gns to the exheust pipe by
forced convection

(b) Heat flows from the exheust gas to the exheust pipe by
thermal radiation

(¢) Heat flows from the exhaust pipe to the cooling air by
forced convection

(4) Heat flows from the exhaust pips to the shroud by thermal
radiation throush the cooling air which is a nonabsorbing medium

(e) Hoat is exchanged botween the shroud and the cooling air
by forced convsction

(£) Heat flows from the shroud to the swrrounding atmosphore
by natural convection '

The thermal radiation from the exhaust gas to the exhaust pipe
has been neglected in this analysis. By use of the radiation
formulag for nonluminous gases, calculations show that this radia-
tion is small provided that afterburning does not occuxr. If combus-
tion with a luvminous flame does occur, the heat transfer to the pipe
will be greatly increased, and the analysis should te extended to
include this effect. The heat .loss from the shroud by natural con-
vection will also be neglected. It 1s agoumed thah the heat given
up by the exhaust gas is equal to that picked up by the cooling air.
The fluid temperature differences for use in the convection-heat=
transfer formulas are determined from the true “emperatures, although
for preciseness, stagnation temperatures should be uvsed. In well-
desipgned shrouds, however, the cooling-air velocities are low enough
to make the error introduced by use of true temperatures negliglble.

The design temperatures in an exhaust-pipe-shroud system with
parallel flow are the downstream gag temperature Ten (vhen a

turbosupercharger is used), the exhaust-pipe temperatuires ’cp, and
the shroud temperatures tg. (See fig. 2(a).) In the present paper
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equations are given for these design temperatures. Assumptions are
made herein, which are thought to be permissible vherever it is
advantageous to the simplification of the firal resultis.

Equations for design temperatures.- The heat transfer from a
hot gas to a cold gas can be represented by the equation

Q = h6S (1)
where
h mean heat-transfer coefficient
) mean temperature difference
S surface area of body through which heat is being transferred

For the present case of the parallel-flow exhaust-pipe-shroud
system it can be shown by use of information available in standard
heat-transfer text books and on the basis of the assumptions given
that

s : (2)
Ak 1
he by + hy

where he and ha are convection-heat-transfer coefficients on the

gas and air sides, respectively, and h,. 1s the radiant-heat-transfer

coefficient from pipe to shroud, and

Tkl ()

where

62 = tee hie ta? (5)
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The uge of the log mean temperature difference (equation (3)) is
based on the postulate that hg, hg, and h, do not vary along

the tube length. The area S for the system is assumed to be

S = mdpl (6)

The small difference in pipe area on gas and air sides is neglected
in the theory presented herein and the outer diameter of the pipe
is used.

The heat lost by the exhaust gas and gained by the cooling air
can be obtained by means of the following equations:

Q= 'épewe(tel - tee) (7)
‘ Ss E11.>a""a(’°a2 x ta.l) (8)

In these equations Ebe and E?a are the integrated mean values
: of the instantaneous specific heats Cpe and. CPa’ regpectively,

between stations 1 and 2.

By use of equations (1) %o (8) the following expression can be

obtained:
te x ta
; i ik
tee bae " (9)
5
where
140 iyl
W= = (10)
ewe _...i.__ 3 ..].'_..
hy +'hr he
Co W
Pe''e
= B i (11)
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If equation (7) is made equal to equation (8), the following expres-
sion is obtained for ta2:

tap = z(tel - tee) + by (12)

Substituting for tae in equation (9) the eguivalernt value given
by equation (12) and solving the resulting equation for te2 gives

the following equation for the downestream exhaust-ras temperature:

te
tal + Ztel +

1 " Vay

&

Yop e {13)

GCL)

The exhaust-pipe temperatures can be obtained with reasonable
accuracy from an equation which neglects radiant-heat transfer from
the exhaust pipe to the shroud. This equation is obtained by making
the heat transferred by convection from the gas to the pipe equal
to the heat transferred from the pipe to the cooling air for a dif-~
ferential length dl. (See fig. 2(a).) At any point x the equa-
tion for pipe temperature becomes

A hete, + hata,

o (1)

hg + by

Equation (14) is applicable to any station if the appropriate gas
and air temperatures are used. The downstream pipe temperature tPa

is determined from the downstream air temperature tag and gas tem-
perature te, which are obtained from equations (12) and (13).

The shroud metal temperature at each station is assumed to be
equal to the corresponding cooling-air temperature at that station
in order to avoid the necessity for solving complicated analytical
equations for the shroud temperatures. This assumption is conserva-
tive, for in the normal case the shroud temperature is slightly
lower than the adJjacent mean cooling-air temperature.

From equations (12) to (14) and the eimplifying assumptions
given for shroud temperatures, the design temperatures can be deter-
mined from the dimensions of the exhaust-pipe=shroud system, the
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upstream temperatures, the air and gas flow rates, the specific
heats of air and gas, and the heat-transfer coefficients, all of
vhich will be known in a design problem. The equeations for the
heat~-transfer coefficients are given in the following section.

Fundemental laws for heat-transfer coefficients.- The relatiop
between the convection-heat-transfer coefficient, the exhaust-gas
factors, and the exhaust-pipe diameter is shown in the following
equation based on the law of heat transfer for turbulent flow in
pipes as given in reference 1, page 168:

0.8 0.h
hed: Veaped CpHad
2% AR VU8 (ol 4 Poe (15)
kg He LS

The gas properties are determined at the bulk temperature of the
fluid which to be precise should be the intesrated mean temperature
from station 1 to station 2. Actually, however, the bulk tempera-
ture can be taken as the temperature at the upstream station with
little error in hg - because the predominating Factor affecting hg,
as showvn by equation (l)), is the mass flow per unit area. The
upstream temperature was used in the present work. If, instead

of gas properties at the temperature tel being uvsed, air properties

determined at the same temperature could be used with little error,
the necessity for determining the fuel-alr-ratio and the hydrogen-
carbon-ratio factors would be avoided and the egquations would be
gomewhat simplified. 3By substitution of air properties determined
at temperature tei and. the equation

h'we
"p°8

in equation (15) the heat~transfer-coefficient equation for exhaust
gas then becomes

VP = (16)

e'e

) 0.8 Le\O el
'h Ay Lyr Cp Hab
£ = 0.003 [—2 ( B (17)
.
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or

Ooh- A
kg (Prg ) 0.8
h, = 0.00X WO (18)
H ‘b i ot Bk (

0.
IS

 An equetion similar in form to equation (15) can be used to
determine the convection-heat-transfer coefficient ha in the

annular space. The diameter dp, however, must be replaced by the

equivalent (or hydraulic) dismeter of the annular space dg - dp.

(See reference 1, p. 200, and references 2 to L.) In addition,
according to reference 3, the constant 0.023 must be multiplied by
a factor dependent upon the ratio of the diametbers of the inner and
the outer pipes. This factor is

2
d a
2 log, Es % (—§> + 1

) a :
e CINERE P a'p a 51
§ 8 i 8 S
M ) BRI
C'.p d’S dP F‘.P

References 1 and 2 make no mention of such a factor, but a general
review of the literature on annular spaces shows an increase in
heat transfer of annular spaces as compered with that of circular
pipes. This factor will therefore be included in the present
analysis. The Prandtl number for air (Fpauag/ké) is about

constant and equal to approximately 0.73 over a large range of
inlet-air temperature. Also, 1.Op, can be substituted for Kk,

with little error. With the foregding agsumptions and the fact
that Vapag equals the weight rate of air flow divided by the

crosa-sectional area of the amaular space, the equation for h,

- becomes

“zao'2 0.8

(2 + )" (2 - ) .

The upstream temperature tgy, was used instead of the bulk tempera-
ture of the fluid to determine the air property in equation (20)

(20)

hy = 0.01528 ¢
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because the mass flow per unit area is the predominating factor
affecting ha and the error involved is therefore negligible.

The expression for the radiant-heat-transfer coefficient hr

is derived in the following manner: The heat transfer by radiation
from the exhaust pipe to the shroud at any point x and for a gy
ferential length dl (see fig. 2(a)) can be expressed by the equa-
tion (reference 5, p. 50)

-G 2
L= FyF ~==) | na, A 21
3600 #5100 100/ | “»

The temperstures T and T are the appropriate pipe and shroud
Px

temperatures. For the usuval shroud-design problem it can be shown
by means of an equation in reference 5, page 54, that the emlssivity
modulus Fyp 1s not much smaller than the pipe emissivity € For

the simplification of the present'analySis the approximation of €p

for Fg will be used hereinafter. The shape modulus Fp 1is a

factor which allows for the geometrical position of the radiating
surfaces and, for the case of an annular space, is equal to unity
(reference 5, p. 54). The radiant-heat transfer must be expressed
in a form similar to that for convective heat transfer to obtain
the coefficient h,; thus

4%, = lxr(tpx " tay)nd, A1 (22)

By use of equations (21) and (22) and of factors given for TFy
and Fy, the following equation for hy can be derived:

N i
0.1728_ [(Tpx) (Tsx>
& 3600 P\ 100/ 100/ i

th 5 tax

(23)

The convection-heat-transfer coefficients h, and Ha have

been shown to be little affected by variations of temperatures along
the length and consequently were assumed constant along the length.
Although the same assumption will cause appreciahle inaccuracies in
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the coefficient h,, the fact that h, is 80 much smaller than hg,
cavses variations in h, to affect the over-all coefficient h very

little as can be shown by means of equation (2). The assumption has
been made that h, is also constant along the pipe length. Use of
the log-mean-temperature difference is based on the postulate of the
constancy of the coefficients in accordance with the statement in
reference 2 that the use of this temperature difference will be
sufficiently accurate for such systems.

With the assumption that the radiant-heat-transfer coefficient
is invariant with the length, the temperatures of the pipe, the
shroud, and the air at station 1 can be used in equation (23) to
determlne hy.. The use of cooling-air temperature for the shroud
temperature can be made as previously recommended. The pipe tem-
perature tpl is determined by means of equation (14).

Pressure loss in annular passage.- The pressure loss through

an annular passage consiste of the friction drop, the loss due to
accelerating the fluid, and the loss at the exit; thus

£ = Ope + MHy + OHg (24)

The friction pressure drop in an annulus (see references 1
and 5) can be expressed as follows:

1 .
qa

P dp

Apf = Lt (25)

The friction factor f for smooth pipe varies with Reynolds number
in the following manner:

: C
£l (26)

5]

Over a wide range of Reynolds number in the turbulent region for
pipes of both circular and annular cross section the value of n

is about 0.2. For pipes of circuvlar cross section, the value of C
is almost constant over this range and various results are in agree-
ment as to the value. (For smooth and commercial pipes, the values
of C are 0.046 and 0.054, respectively.) There is a wide dissimi-
larity of results for the value of C for pipes of annular cross
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section. In references 1 and 2 the circular-pipe value of C is
used with the Reynolds number based on the equivalent diameter. In
references 3 and I a much higher value for C is advocated than
that for circular pipes as well as use of Reymolds number based on
the equivalent diameter. 1In referénce 3, for instance, it was doter-
mined from data that the value for € of circular pipes should be
increased by multiplying by the factor

(27)

For hot tests, also, no full agreement is reached as to the tempera-
ture to use in determining the properties of the fluid. Some inves-
tigators use a film temperature and others uce the bulk temperature
of the fluid. Finally, for pipes that are not smooth an equation
in the form of equation (26) is not applicable for some ranges of
Reynolds number and, even if it were applicable, the value of C
would depend upon the degrze of roughness. Because of the undecided
status of results on annular cross-section pipes and inasmuch as the
steel generally used in the shroud gsystems has some roughness, the
friction factors in the present tests were determined experimentally
in order to provide data which would be generally applicable to-
exhaust-pipe-shroud systems in airplane installations. The Reynolds
numbers used herein were based on the equivalent diameter of the
passage dg - dp’ :

If the variation of vaeeadupeend donsity with length in the
annular space is assumed to be linear, the continuity equation
(DaiVal = PapVap = paVa) may be used to show that

me Ll s e N it
Now

P :
R = x (29)
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and

Mg

1(2g? - 4%)a

3“? =

AN (30)

From equations (25), (26), (28), (29), and»(30), therefore,

(e (0 2)
e e ) P e

As in the heat-transfer equation By cCan be determined at the tem-
perature tal with little error resulting in Apf. This procedure
1s used herein.

The cooling air is heated in paseing through the annular passage.
This heating of the air causes a pressure drop to occur due to the
expansion of the air in addition to the frictional pressure drop.

The pressure drop due co the expansion of the air is a large frac-
tion of the total pressure drop in the annular space.

The loss in total pressure due to acceleration of the air
from Val to. Vg, can be derived from equations in reference 1 as

.&2
follows: ]

QHy = %, " 8, (32)
vhere
Qg = -;;Epe,va2 (33)

In the derivation of equation (30), compressibility factors were
neglected because they had very little effect on the differences of
dynamic pressures used to determine AHh. Use of the continuity

equation and equations (30), (32), and (33) leads to the following
expression for 4Hy:
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o L 2 Wa2 S
Hnng (ﬂo) (% * dp)e (2 - d?)a (pa2 pal> o

In equation (3%) the constant factors reduce to 0.000781.

An exit loss from the shroud to the free-air strcam is also
present. Inasmuch as the velocities in the shroud are appreciable,
1t is assumed that all the velocity pressure is lost at the exit.
The assumption ig also made that pa2 equals the atmospheric pres-

sure which generally is, or is close to, the existing condition.
Then

0.000781 wa_e

(8 2)° (% - Y

The sum of the pressure drop due to heating of the air and the
pressure drop for the exit loss can be expressed in the following
form: ,

M (35)

6=q’82=

O

“2

Oy + Mg = 29, - dg, . (36)

This expression becomes, through use of equations (3%) and (35),

oHy, + M, =

2 )
V. a
0.3284 a (2 & 1) . G

%8y (ds + dp)? (d.s - d_p)? P

@n

where

Oay Tratio of pal Yo standard density at sea level
0.002378
("al [o-00237 )

The total presswre loss in the exhaust-pipe-~shroud systen,
exclusive of any losses up to the beginning of the annular passage,
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will then be the swmation of the losses given by equations (31)
and (37) as shown by equation (24).

Counter Flow

- Equations for design temperatures.- In the case of counter flow
the dovmstrean exhaust-gas temperature tee and. the temperatures

at station 1 of the exhaust pipe and shroud tp and tsl? respec=

tively, (fig. 2(b)) will be the design temperatvrc for which an
adequate system must be obtained. For cowter flow, tal is the

outgoing~air temperature and tae is the incoming-air temperature.
(See fig. 2(Db).)

Equations (9), (12), and (14) are applicable to the case of
counter flow with the following exceptions:

() Exponent « 1is replaced with ¥ where

1-2 ndpl

Vo= = (38)
cp W 1 1
e € ————— g .
ha + hr he
(b) In equation (12), tal is interchanged with tg . Substi-

tution of the equation for downstream air temperature in equation (%)
for counter flow results in the following expression for teg

tag( - o) - tey (1 = 2)
tey = _ (39)
7 - of

The design temperature tPl is obtained by use of equation (lh),
the upstream gas temperature tel, and the downstream air tempera=
ture tgy. To determine the shroud temperature tsy; analytically

involves complications similar to those in the case of varallel flow.
Consequently, the method of designing for air temperature tal in

place of shroud temperature tgy; wused in parallel flow will also
be used in the case of counter flow..

.
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As in the case of parallel flow the following assumptions are
made for counter flow:

(a) The heat-transfer coefficients are constant along the pipe
length. ZEquations (18) and (20) are, therefore, applicable for
evaluating hy, and h,.

(b) The upstream gas temperature tg; can be used to evaluate
the ailr properties in equation (18).

(c) The upstream air temperature tae can be used to evaluate
air viscosity in equation (20).

The radiant-heat-transfer coefficient h, is evaluated by use of
equation (23), the pipe temperature tpy, and the temperature g,

for both the air and shroud temperatures. A trial-and-error solu-
tion necessitated by the use of teg in equation (14) to evaluate tp2

for use in the h, equation is avoided by the substitution of tey

in place of teg' Since the gas temperature drop is small, this sub-

stitution will cause little error in the calculated design tempera-
ture tee.

Pressure drop.- Equations (24), (31), (34), (35), and (37) are

applicable for the determination of pressuvre drop for the counter-
flow case with the following exceptions:

(a) Ogy 18 replaced with Oap*

(b) uao'2 is evaluated at temperature ta,-

(c) Pgy 18 interchanged with Py -

-EXPERIMENIAL VERIFICATION OF PARALLEL-FLOW EQUATIONS

Heat~transfer and pressure-drop tests were made with an experi-
mental exhaust-pipe=-shroud setup for parallel flow in order to verify
the final parallel-flow design equations (12), (13), (i), (31),
and (34). A further purpose was to determine the degree of con-
servativeness of using air temperature for shroud temperature.
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Exhaust4Pipe-Shroud Setup

Exhauvst-pipe-shroud flow system.~ The test equipment consisted
essentially of an experimental exhaust-pipe-shroud test section, an
aircraft engine, and a source of cooling air. A diagrammatic sketch
of the entire system is shown in figure 3.

The test section consisted:of:two concentric pipes 20 feet long.
The outside pipe or shroud was madeé of black iron with an 1ll-inch
insgide diameter, the inner or exhaust pipe was made of stainless

steel with a GEF_iPCh outsgicde diamcter- . The shroud was covered with
5

a 3-inch thickness of rock wool, and the entire test section was then
surrounded with a metal shield to protect it from the blast of the
propeller on the engine. The pipes were centered at both ends of

the test section and were spaced at the midpoint by three small steel
fins which were welded radially to the exhaust pipe with enough
clearance to provide for expansion of the exhaust pipe and shroud

at high temperatuvres.

An Allison V-3420~11 engine was utilized as the exhawst-gas’
producer. Expansion between the engine and the test section and
engine vibrations were absorbed by four stainless-steel expansion
Joints welded in the exhauvst pipe.

The shrouvd cooling air vas supplied by a centrifuz al blower
provided with a bell-shaped inlet and a 4O-mesh copper screen at the
blower outlet to reduce air-flow pulsations to a minimm. A 12-inch
radial-vaned flow straightener was placed 1 foot downstream of the
discharge as a precaution against whirl in the air flow, and a
venturl 10 diameters below the blower outlet measured the cooling-
air flow. The cooling air had to be conducted around a bend of
about 135° before it entered the test section. In order to reduce
the bend loss, the diameter of the pipe from the venturi to the bend
was gradually increased. A 4O-mesh copper screen placed at the end
of the bend and a radial-vaned flow straightensr placed in the con=
tracting section were required in order to insure a good distribu-
tion of the cooling-air velocity and total pressure at the entrance
to the test section. The cooling air was discharged at the end of
the test section through a diffuser to decrease the exit loss and
congequently to release a larger quantity of the avallable blower
pressure for forcing air throuuh the systenm.

Instrumentation.- The instrumentation installed in each of the.
stations is illustrated in figure 4. The three stations were numbered
from the upstream end of the test section and spaced as follows:

9.9 feet from station 1 to station 2 and 10 feet from station 2 to

v
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station 3. The relative location of all the thermocouples and pres-
sure tubes at a typical station is shown in fizure 5. All instru-
ments at each station were mounted in one plane perpendicular to the
axis of the pipes at 120° intervals.

A1l temperatures were measured with chromel-alumel thermocouples
in conjunction with a Brown self-balancing potenticmeter. Exhaust~
gas temperatiures were measvred with two radiation-shielded inconel=
covered. thermocouples per station which were located near the cenbter
of the exhaust pipe. Average exhaust-pipe temperatires were measured
at each station with two thermocouples spot welded to the oubzide of
the exhaust pipec. These thermocouples were placed radlally in line
with the exhaust-zas thermocouples to produce a minimm blocking
effect in the annular space. Three thermocouples were spot welded
to the outside of the shroud at each station, and one thermocouple
was placed midway between the stations for an averaje station tempera-
ture and a representative temperature gradient down the pipe. Cooling-
air teumperatures were measured with three radiation-shielded-traversing
thermocouples per station. All thermocouples were calibrated before
and after the tests.

Three rakes werc installed radially in the annular space at
each station. BEach reke consisted of four shielded total-pressure
tubes, one unshielded total-pressure tube, and one static-pressure
tube; the static-pressure tube was nearest the exhaust pipe. The
shield had to be removed from the total-pressvye tube nearest the
static-presswre tube as the shield wes responsible for disturbing the
air flow over the static-pressure tube. Three wall static-pressure
orifices were also installed at each station.

The flow of the exhaust gas was obtained by measuring the engine
charge air with a calibrated venturi and by measuring the fuel flow
~with a rotameter. The gasoline used in the tests was 100-octane

grade 130 aromatic fuel, speclfication AN-F-28 vwith 2 hydrogen-carbon
ratio of approximastely 0.17. :

Tests

Isothermal pressure-drop tests.- One test (test A) was made to
determine the pressure drop in the ammular space with only air passing
through the srstem. These runs wvere made to establish the friction
formula inasmuch as the measured pressure differsnces were ahout
equal to the friction losses; the momentum loss duve to change in
density was neglizible with no heat present. The speed of the cooling=-
air blower vas varied so that the range of Re nolds number, based on
the equivalent diameter of the annular space, was from about 100,000
to 324,000, Pressure equilibrium was determined. for all observa-
tions from line plots.
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Heat-transfer tests.=- Four series of runs were made to include
an appreciable range of Reynolds and Prandtl numbers with both
cooling air and exhaust zas flowing in the system. A tabulation
of approximate values of the variables involved in the isothermal
and heat-transfer tests is shown in table 1.

The effect of Prandtl number on the gas and air heat-transfer
coefficients was obtained by varying the fuel-air ratio over a range
from 0.063 to 0.090 while Reynolds number on the cas and air sides
of the exhaust pipe was held constant (test B). This variation of
fuel-air ratio gave a large variation in gas temperatuve. i

The effect of exhaust-zas Reynolds number on the heat~-transfer
coefficient of the exhaust cas was established over a large range
of Reynolds number in two tests. While the fuel-wair ratio and
cooling~air Reynolds number were held constant, the engine power
vag varied to obtain a variation in exhaust-gas Reynolds number.

In one test (test Cy) the exhaust-gas Reynolds number vas varied
from approximately 120,000 to 220,000 at a constant cooling=air
Reynolds number of 170,000. In the other test (test Cn, a con-

tinuation of Cp) the exhaust-gas Reynolds number was varied
from 215,000 to 360,000 at a constant cooling-air Reynolds number
of 250,000.

The effect of the cooling-air Reynolds number on the heat-
transfer coefficient of the cooling air was obtained in test D by
varying the Reynolds number over a range from 170,000 to 280,000
wvhile the exhaust-gas Reynolds number and the fuel-air ratio were
held constant. The cooling-air Reynolds number was variled by
varying the air flow by means of the blower.

The coolingz=air pressure differences were obtained in each of the
four heat-transfer tests to compare these results vhen an appreciable
momentwn pressure loss was present with the results of the isothermal
tests and Yo determine the applicability of the fiiction formula
established in the isothermal tests. The extensive range of Reynolds
number obtained in test D provided for a larse ranze of pressure drop.

Temperature traverses of the annular space at ecach station and
Pressure and temperature equilibrium from line plots were obtained
for all observations. : ’

A comparison of exhaust-;@s samples upstream and downstream of
the test section showed that no afterburning occurred in the exhaust

pipe.
Methods

Verification of shroud-desisn equations.- The method of checking
the equatione Tor the design temperatures and pressure drops was to
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compare the values measured in the tests with the values calculated
by means of the equations, the measuvred values of temperatures at
the upstream station, and the flow rates. In the present tests no
exit loss was involved and calculated values of (A@f + AHh) were

compared with measured values. The degree of conservetism of the
method of designing for limiting air temperatures rather than for
limiting shroud temperatures wes obtained by compering the measured
air temperatures with the measuvred shroud temperatires.

The calculated values of temperatures required determination of
the heat-transfer coefficiemts hy, h,., and hg. 3guation (20),

equation (23), and methods outlined in the sectlon entitled "Funda-
mental lawe for heat-transfsr coefficients” were used to calculate
the convection coefficient on the air side h, and the radiant-heat-
transfer ccefficient hr‘

The emissivity of the exhaust pipe, which wvas required in
evaluating h,, and the emissivity of the shroud were obtained from
reference 5. This reference shows values of 0.79 for oxidized steel
and a selected value of 0.70 for stainless steel (8 percent nickel,
18 percent chromium).

For all tests both equations (15) and (18) were used to calcu-
late the convection-heat-transfer coefficient h,, and tempera-

tures obtained by use of the values calculated from each equation
were compared to determine the effect of using air properties in
place of gas properties. The appropriate temperatures used for
determining the properties were given in the section on '"Fundamental
laws for heat-transfer coefficients." The properties were obtained
from the appendix. A check was made for a few tests of the error
involved in the calculated temperatures by uvee of 0.30 and 0.2L

for Efe and Eﬁa’ respectively, rather than the integrated mean

values of specific heats.

The measured values of air and exhaust-gas temperatures at sta-
tion 1 and the weight-flow rates of air and gas were substituted in
equation (13) in order to calculate the downstream exhaust-gas tem=-
peratures. Measured values of air and gas temperatures at station 1
and calculated values of these temperatures at the downstream sta-
tions were used to calculate pipe temperatires by means of equa-
tion (14). The air temperatures at the dowmstream stations were
calculated from equation (12) and calculated values of downstream-
gas temperature.

The friction factors were obtained first for the data of the
isothermal tests (table 1) by use of equation (25) and were plotted
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against Reynolds number. It was determined from this plot whether
the simple exponential variation of equation (26) is valid and, if
such were the case, vhether the values of C and n may be used.
Values of the friction factor f or of C and n from the iso-

thermal tests were then available to calculate Apf for the heat-

transfer tests with either equation (25) or equation (31). Equa-
tion (34) was used to calculate Oy, in the heat-transfer tests.

Values of calculated downsgtream air temperatures were used to cal-
culate downstream air densities for use in the formulas.

Verification of the design formulas vas accomplished by com-
paring the foregoing calculations with the measured values at both
station 2 and station 3; station 1 wae used as the upstream station
in both cases. The appropriete pipe length was uvsed in the formulas
in each cass.

Intearated mean temperatures and pressures.- As a result of the
large temperature gradient of the cooling air in the annular space
true mean air temperatures and pressures couvld only be obtained by
integrating the measured pressure- and temperature-distribution
curves across the annulus. The integration of all the dgta obtained
in the tests would have involved a vast amount of labor and time
which did not seem warranted. Consequently, a method was developed
for correcting arithmetic averages. For test D mean values of the
measured alr temperatures were obtained for the three stations on
both an integrated and an arithmetic bagis. The arithuetic values
were plotted agsaingt the integrated values and. the resulting straight-
line curves were used to correct the arithmetic averages of the
measured air temperatures for all of the other tests. In all plots
presented. for the comparison: of calculated and measured values, the
results are based on these corrected arithmetic-mean measured air
temperatures.

In order to integrate the ailr temperatures of test D with the
individual measured temperatures weighted according to the local
weight rate of flow, the static and total pressures as well as the
temperatures at each local point must be known. Vhen the pressure
and temperature distributions in the annuvlar space were plotted,
gome doubt arose as to the correct profile for the curves from the
tube and thermocouple positions nearest the walls of the pipes to
the walls inasmuch ag the nearest pressure and temperature readings

were about % inch from the walls of the plpes. As a consequencs,

the pressure-distribution curves in the vicinity of the walls of the
annular space for the isothermal tests were obtained by applying
methods available in reference 6 for obtaining velocity profiles in
pipes and by using a wniform temperature gradient across the space.
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In the heat-transfer tests the temperatures in the vicinity of the
exhaust~pipe and shroud walls which were required to apply the
methods of reference 6 were not available. The pressure-distribution
curves were therefore faired approximately like those of the iso~
thermal tests. j

In order to determine the effect of this fairing on the inte-
grated temperature average, one run of test D was obtained from
another fairing in which the pressure-distribution curve was extended
much cloger to the pipe walls. The temperatures obtained from a
survey nearest a pressure rake (sce fig. 5) were used in conjunction
with the pressuvres of that rake to obtain the integrated-~temperature
averages at the pressure-rake location. The error involved in the
integrated air temperatures by using such noncoinciding temperatures
was also checked by computing one run of test D by use of tempera-
tures obtained from cross plots of the temperature test data at
pointe coinciding with the pressure-tube locations. The. temperature-
distribution curves for test D from the point of reading nearest the
walls to the walls for any survey were determined by a trial-and-
error process by use of information from reference 6 and the pressure-
distribution curves obtained as previously explained.

Only the temperatures at the center of the exhaust pipe were
obtained at each station because of practical difficulties and also
becauvse, in turbulent flow in a circular pipe, the mean temperature
ie very close to the center temperature. The center values were
therefore used for the mean values.

The integrated-pressure averages at each station for test D
were obtained by weighting the individual pressure and temperature
values according to the local weight rate of flow. The required
individval pressure and temperature values were obtained from the
distribution curves described in the section entitled "Verification
of shroud-design equations.” For one run of test D the integrated
values for each station were obtained for sach of the three types of
fairing described in the foregoing paragraphs. Pressure losses were
then compared by using both the integrated- and arithmetic-measured
pressure averages. For tests other than test D, only arithmetic
averages of the measured pressures were used to calculate the losses.

Inasmuch as a few thermocouple failures resulted in the loss of
some of the temperature data, the missing temperature values were
determined by assuming a heat balance between the gas and the cooling
air. The prohibitive time element involved in repeating tests until
a complete set of temperature data was obtained was considered to be
adequate Jjustification for this procedure.
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Comparison of Dxperimental and Calculated Values

The comparisons of temperatures and pressures drops calculated
by using the theoretical equations with measured values will be
given in the following sectiona. A 150 line is drawn on each part
of each figure presented. When the plotted data fall on these lines,
perfoct agreement between the measured and calculated values is indi-
cated. The resultes of the calculations to determine the effects of
using air properties for gas properties in the equation for gas
convection-heat-transfer coefficient hg, ‘the constant specific-
heat values, the arithmetic pressure averages to determine pressure
losses, and the three types of fairing of pressure- and temperature-
distribution curves for the anaular space are given first inasmuch
as they had a direct bearing on the workup of the remalning results.

Effects of approximetions and fairing methods.- The effects of
the different fairing methods and the approximations to simplify the
computations on the calculated design temperatures and pressure
losses can be obtained from teble 2. In this table the percent
difference between the approximate values and precise values or
percent difference between the results based on methods of refer-
ence 6 and resuwlts based on other fairing methods.are given.

Comparigon of calculated values of dovnstream oxhavst~-gas tem~
peratures, cooling-air temperatures, and exhaust-pipe temperatures
obtained by use of values of h, based on air properties at tem-
perature tey with values of temperatures obtained by use of values

of h, based on gas properties at temperature tey showed negligible

differences in the gas and air temperatures and only small differ-
ences in the pipe temperatures. (See table 2.) The pipe tempera-
tures based on air properties were about U4 percent lower than those
based on gas properties. Consequently, comparisons of calculated
temperatures and meagsured velues presented hereinafter have used a

value of h, based on air properties to determine the calculated
values.

The calculations to determine the effect of using constant
values of specific heats in place of integrated mean values showed
that no noticeable error was introduced in the values of calculated
. design temperatures. (See table 2.) In the following results,

constant values of gpecific heats were therefore used to calculate
the temperatures.

The integrated station pressure averages obtained from the
three types of fairing differed to some extent, but the resulting
gtation-to-station pressure losses agreed very well. (See table 2.)
Also, the pressure losses for test D based on the arithmetic averages
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of measured pressuvres were in excellent agreement with losses based
on integrated averages of measured pregsures. This agreement was
congidered sufficient Jjustification for the procedure of using the
arithmetic averages of the measured pressures to determine the
measured pressure losses.

The three types of fairing resulted in slightly different inbte-
grated mean air-station temperatures, but these differences and
their consequent effect on the results from the design equations
(table 2) were not significant enough to warrant basing the inte-
grated mean air temperatwres on any other than the original fairing
described in the methods. The original fairing method was conse-

- quently used to determine the 1ntegrated air temperatures for all

of the runs of test D.

With regard to the comparison of arithmetic and integrated
average temperatures, the following results of test D may be of
interest to other investigators:

~ (a) Measured air temperatures based on arithmetic averages were
about 5 percent higher than those based on interrated averages.

(b) Calculated downstream exhaust- gas temperatures based on
arithmetic averages were about 1 percent higher than those based on
integrated averages.

(¢) Calculated downstream air temperatures based on arithmetic
averages vere about 4 percent higher than those based on integrated
averages.

Dovnstream exhaust-gas te@g@fatures.- A comparison of the cal-

culated downstream exhaust-zas temperatures with the measured tem-
peratures for stations 2 and 3 is given in fiure 6. The calculated

temperatures are less ‘than l% percent lower than the measured values.

This small difference probably results either from determining the
heat-transfer coefficients for use in equation (13) by the methods
outlined or from errors of measurement. A conclusion is drawn that
the design equation (13) and the simplified equations for heat-
transfer coefficients for determining the downstreanm emhaust-gas
temperature are satisfactorily verified.

Exhaust-pipe temperatures.- The comparison of the calculated
exhaust-pipe temperatures with the measured temperatures for the
three stations are presented in figure 7. At station 1 the cal-
culated temperatures average about 3 percent lower than the measured
values. Corresponding values for stations 2 and 3 are approximately
5 percent and U4 percent lower, respectively. The difference between
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the calculated and measured valves at station 1 is probably -due to
the fact that the pipe-temperature equation was derived by assuming
that the radiation was negligible; which tends to make the calculated
values higher than the measured values. An opposite effect ia
created by using the heat=-transfer coefficient h, based on air

properties rather than on gas properties; this substitubion has a
tendency to reduce the pipe temperatures. The difference between
the calculated and measured downstream temperatuvres may be a cumnla-
tive effect caused (1) by using calculated exhaust~rag temperatures
which are lower than the measured values, (2) by using calculated
air temperatures vhich are higher than the measurcd valwes, (3) by
neglecting radiation, and (i) by using air properties in the equa-
tion for valwe of hg. The Tirst and fourth fachors tend to decrease
and the second and third factors tend to increase the calculated
exhaugt-pipe temperatures. From figure 7 it is concluded that
exhaust-nipe temperatures, predicted from equations of the type of
equation {14) with air properties used throvghort in the heat-
transfer-coefficient formulas, will be from 3 %o 5 percent too low.
The verification is still accentable, however, vithin the limits of
engineering practicability.

Cooling=air temperatures.- The calculated dovmsbrsam cooling-
air temperatures deviate about 3 to L rercent from the measured
values as shown by figure 8. This difference is attributed to the
fact that the calculated exhaust-gas temperatures used in equa-

tion (12) were about l% rercent lower than the messured valuss. In

the lower range of temperatures at station 2 the calculated tempera-
tures are higher than the measured values whereas in the higher
range the opposite is true. At station 3 the calculated values are
in general hisher than the measured values. ‘The vse of' gas prop-
erties instead of air properties would not have appreciably changed
the result given in figure 8 because such a substitubion had s
negligible effect on the calculated downgtream exhaust-zas and air
temperatures. Althoush the difference between the calculated and
measured alr temperatures is rather large, the proposed method
apparently leads to the prediction of conservative values of down-
stream air temperatures. The use of equation (12) and methods given
to predict air temperatures are therefore considered satisfactory
for shroud design purposes.: j :

Relation of measured. ghroud temperatures 4o measured covling-
air temperatures.- Inasmuch as the aralysis uegés as a design criterion
the cooling-air temperature rather than the shroud temperature, thesge
wo temperatures should be compared. Ths results of this comparison
are shown in figure 9. The shroud temperature was about 20° F higher
than the corrected arithmetic mean cooling=air temperature at station 1L
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about 20° F lower at station 2, and 40° ¥ lower at station 3. The
shroud temperature also increased from the upstream station to the
downgtream stations. Inasmuch as the calculated downstream air
temperatures were in general higher than the measured air tempera-
tures, the procedvre of using the air temperature as a design
criterion will result in a very conservative design for the shroud
temperatures.

Determination of constants in friction-pressure~drop equation.-

The friction factors for the isothermal tests were plotted against
Reynolds number of the cooling air on logarithmic coordinates

(fig. 10) and the values of C and n for use in equation (31)
were found to be 0.07 and 0.20, respectively. The exponent n 1is
approximately the value obtained for straight pipes but the value

of C is high as compared with values obtained for smooth and com-
mercial pipes (0.046 and 0.05k, respectively, reference 1). Although
in references 3 and U4 higher values of C are advocated for annuler
spaces than for pipes, the value of C determined for the diameter
ratio of the test setup on the basis of equation (27) was calculated
to be 0.058, which is still lower than the value of 0.07 determined
experimentally. Consequently, it is believed that indeterminate
pipe roughness was probably a factor influencing the value of C.
Tnserting the values of C and n in equation (31) gives the
following expression for Amf:

w2 0879 I;aze " < g °31>Wal.8 (40)
_ (as - dp) ; (ds - d?> Pag

Cooling-air pressure losses for heat-transfer tests.- The data

of figure 11 show the comparison of the calculated and measured
cooling-air pressure losses from stations 1 to 2 and stations 1 to 3
for the heat-transfer tests. The isothermal data are also plotted
in figure 11 as a check on the calculations. Perfect agreement
between the calculated and measured pressuvre losses is obptained for
the isothermal data, as indicated by the plotted points which fall
along the 45° lines, because the C and n values used to calculate
the friction pressure drops were obtained from the measured pressure
drops .«

The calculated values of the pressure loss averaged about
10 percent higher than the measured values for the heat-transfer
tests. This difference is due partly to a slight overestimation of
the heating- and friction-pressure losses from equations (3%) and (40)
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since these equations are very sensitive to downstream air tempera-
tures, which have previously been shown to have been overestimated
by about 3 or 4 percent. The difference between the calculated and
measured preesure losses for the heat-transfer tests ig in tle con-
servative direction, as was the calculated cooling-air temperature,
and therefore a design based on the equations will be conservative.

- GENFRAL DISCUSSION

The cooling-air flow rates and the ratios of the cooling-air
flow rates to erhaust-gmas flow rates used in the experiments were
much higher than those usuwally encowntered in flight. These rates
and ratlos were used because errors in measurement are reduced when
larger quantities are involved and because the Tlow rates in flight
are in the turbulent-flow region as were those of the experiments.
Moreover, the laws of heat transfer and pressure loss in pipes
- established in a certain range of the turbulent-flow region are
generally applicable with little error to other ranges in the region.
For the latter two reasons and becauvse, in general, the design
formulas for parallel-flow systems were verified in the experiments,
it is believed that the design formulas will be applicable to flizht.
In a calculation of a shroud design the fact that the pressure loss
will be overestimated will result in the calculated temperatures
being more nearly equal to the actual temperatures than in the
experimental results. '

Since the equations have no diameter-ratio limitation provided
that the cooling-air flow in the annulus is turbulent, the verifica-
tion of the parallel-flow equations for one ratio of shroud diameter
to exhaust-pipe diameter lends support to the belief that these equa=
tions are applicable to all prgctical values of the ratio of shrouvd
diameter to exhaust pipe diameter for which the cooling-air flow is
expected to be turbulent. Although no countor-flow tests were run,
the counter-flow equations are believed to be equally as applicable
to design problems as the parallel-flow equations bscause of their
similarity. TIn the analysic the assumption that thz downstrean
shroud temperature would always be a little less than the downstream
cooling-air temperature was made for the case of parallel flow and
the case of counter flow. The validity of this assumption was
verified for parallel flow by experimental data. In the case of
counter flow, however, the temperatures of the exhauvet gas, the
exhaust pipe, and the cooling air are highest at. the downstream sta-
tion of the shroud. It may be possible, therefore, because of radia-
tion from the exhaust pipe and because of the small temperature differ-
ential between the cooling azir and the shroud that the shroud. tempera=~
ture may be higher than the cooling-air temperature at the downstream
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station. Thorough exploration of this possibility would require
either a complex analysis or further testing, both of which were
outside the scope of the present investigation.

One nroblem of immediate importance for which the equations
derived in this paper should be applicable is the design of shrouds
for the tall pipes of jet engines. The design equations will be
applicable without modification if the luminosity of the gases is
negligible. If luminosity of the gases is appreciable, the analysis
will require extension +to account for the heat transfer from the
exhaust gas to the exhaust pipe by thermal radiation. If flaps or
ejector pumps are used, and the cooling-air exit pressure is thus
decreased from atmospheric, the application of the pressure-drop
relation to shroud design must include methods For determining this
cooling-air exit pressure.

Further research is needed Lo establish definitely the basic
laws of heat transfer and pressure losses in annular spaces, espe-
cially with respect to the fluid temperatures and constants that
should be used. The principal sowrce of difficulty in the deter-
mination of such laws 1s the temperature gradient of the cooling air.
In addition, investigation of pressure losses in annvlar bends would
be a great ald in predicting accurately the pressure drops in specific
exhaust-pipe-shroud installations. Finally, the extension of the
present work to include tests of shrouded tail pipes for Jet-engine
installations would be.desirable.

SUMMARY OF RESULTS

The design equations for predicting shrouded exhaust-pipe-instal-
lation temperatures for parallel-flow systems were verified within
the limits of engineering requirements by teste of an experimental
exhaust-pipe~shroud setup for one ratio of shrovd diameter to exhaust-
pipe diameter. A comparison of measured values with values calculated
by use of the design equations based on constant values of specific
heats of exhaust gas and cooling air, air properties, and corrected
mean air temperatures showed that:

(a) The calculated values of downstrean exhaust-gas temperatures
generally were never more than 1% percent lower than the measured
values.

(b) The calculated values of exhaust-pipe temperatures generally
were lower than the measured values by not more than 5 percent.
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(c) At the downstream stations the calculated cooling-air
temperatures were above the measured shroud temperatures.

(d) Conservative values of cooling-air total-pressure losses
_were obtained with the pressure*drop equation. The calculated
values of totalfpressure loss were about’ lO percent Higher than the
measured values.”

The use of constant values of 0.2L and 0,30 fTor tne specific
heats of cooling air and exhaust @as, - respectively, and the substi-
tution of air proverties for exhaust gas properties for determining
the heat-=transfer coefficient for the exhaust-gag in the design
equations resulted in a negligible change in the valuee of cal-
culated exhaust-zas and cooling-air temperatures and only a slight
decrease in the values of calculated exhaust-pipe temperature.

I1'- PROCEDURES FOR SHROUD DESIGN

GENERAL DESIGE CONSIDERATIONS

The problem of shrouvd design requires the deuenn*nation of the
diameter of the shroud for which certain desgipg: —11stallahion tempera—
“tures will not exceed specified limits when the pressure drop .
available for forcing air through the system is lmown. In order to
provide satisfactory cooling for all operating conditions, the shroud
nust be designed for the flight condition in which the cooling
requirements are the most difficult to meet; generally, this condi-
tion will be maximum power (climb) at rated altitude.

An analytical method for determinmn& the shrond dlameter with
a minimm of pressure loss in order not to exceed. & limiting tem~
perature such as that given in detail for the case of intercooler
design in reference 7 could theoretically be developed. . Such methods
are impractical if not almosn impossible with the complex equations
which were derived in the analysis and, consequently, graphical .
‘solutions were used. ‘

The general procedure for design is, for a given length. of
shroud, to use the equations to determine the desim temperatures
and the cooling-air presswre drop.’ A value of- shfeud diameter is
assumed and calculations are made for several assumed values- of
cooling=air-flow rate. These calculations are repeated for other
. assumed values of shroud diameter. Curves of the sigmificant design
temperatures are plotted against cooling-air-flow rate for each.
shroud diameter assumed. From these curves the value of cooling-air
flow rate Tor each shroud diameter giving a temperaturs equal to one
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of the imposed limit temperatures and lower than all the other
limiting values 18 noted. FEach of these combinations of shroud
 diameter and cooling-air-flow rate for which. choking does not occur
( ap < s O) is then used to calculate the pressure loss in the

shroud. A plot of this pressure loss against shroud diameter is
made and. compared with the pressure available for forcing air through
the shroud system. Any ghroud diameter for which -the pressure loss
required is less than that ‘available will zive adequate cooling.

The diameter to choose will be that diameter which will give the
greatest available pressure loss, unless thie diemeter causes exces-
sive cooling drag. When the latter condition occurs the diameter to
choose is that for which cooling drag is a minimmmm.

When the pressure drop required is greater than that available
and augmentation methods fail to increase the available pressure
drop sufficiently, the shroud may be divided into shorter segments
so that two or more cooling-air entrances and exits are provided as
diagrammed in figure 12. The shorter-length segments require less
pressure drop than the single-segment design. Due to the complexity
of the duct systems involved, no more than two segments will generally
be used. If the limits imposed on the design installation tempera-
" tures -cannot be met with a shroud system of practical size or number
of segments for the pressure drop available, some alternatives are
available and will be discussed in a secwion to follow.

The ch01ce of the size of the inlet duct carrying the cooling
air from the free stream to the shroud inlet is important and is
‘interrelated with the shroud design, because part of the dynamic
pressure of flight is utilized to overcome ‘the losses in this duct
‘and thereby a decrease is caused in the pressure drop available for
‘cooling in the shroud. The choice of size, within practical limits,
is such that no appreciable gain in pressure drop available is
obtained with'further~increase in the area of the duvet.

Detail 8step~by- step procedures for the deslgn of a shroud are
given for the following svstems., v

(a) Single~segment system for parallei flow

(b) Single-segment system fof_ééunter flow

(¢) Multisegment system for paralleiior'counfer flow
Iﬁ'dfder to expedite use of these procedures methodical calculation
forms for parallel-flow and.counter flow are given in tables 3 and L,

respectively. In addition, table 5 and figures 13 to 16 are given
to simplify the calculations. The design procedures are concerned
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with step-by-step explanation of how these calculation forms are
uged to design a shroud for a specific installation. Figure 2
illustrates the symbol notation in the shroud-system sketch.

A typical example has been solved for an installation of a
four-engine bomber and results are listed coincidental to the dis-
cussion of the procedures. The numerical calculations are included
in table 3 and pertinent values are given in the discussion of the
procedures. The example uses a straight exhaust~pipe=-shroud system
for parallel flow with the exhaust gases belng delivered to the

~turbine of the twrbosupercharger through a single, straight exhaust

pipe. A gtraight inlet duct of constant cross-~sectional area has
also been assumed. Temperature limits were specified for all the
design installation temperatures for illustrative reasons. In an
actval design problem, however, the design installation temperatures
for which limits must be specified are peculiar to each installation.

SUPPLEMENTARY THEORETTICAL CONSIDERATTIONS

Certain derivations, other than those given in the analysis
presented, are required in the procedures in order to design a
shroud system. The methods of determining the cooling-air weight
rate of flow at which choking occurs at the shroud exit (designated
herein the choke factor), the cooling drag, and the pressure, tem-
perature, and avallable pressure drop at the shroud entrance must be
considered. The discussion of these factors follows.

~ Choke factor.- The method in the parallel-flow design procedures
for determining the cooling-air weight rate of flow at which choking
occurs in the shroud system is dependent on a relation obtained from
compressible~flow theory. With the assumption that no heat is added
to the air in the inlet duct and that no friction drop occurs in the
annular space of the shroud-pipe system, a relation between the ratio

of the air stagnation temperatures at the shroud exit Ta2 and
t
shroud inlet (assumed equal to Toy) and the choke factor
Tot

1.384w, can be obtained from compressible-flow
(d. g Q)H ‘
s "% )JHay
theory for Mach numbers at the shroud exit wp to 1.0. Data for

curves of thig relation were calculated for downstream cooling-air
Mach numbers of 0.6, 0.7, and 1.0.

The given procedure for desipgn is to determine the cooling-air
flow rate for which the choke factor is at its limiting value based
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on a downstream cooling=-air Mach number of 0.6 instead of 1.0. The
value of V¥, 8o obtained is not the maximum value that will exist
in the shroud before choking occurs; however, the use of the choke=
factor curve for a Mach number of 0.6 is recommended for the fol-
lowing reasons: (1) The pressure drop will increase with Mach

number. (2) The shroud-exit pressure losses are smaller for lower values
of Méa, theraby Increasing the pressure drop available in the shroud

for cooling purposes. (3) The limiting choke factor is overesti-
mated by the stagnation-temperature ratio relation because the
latter relation is based on the assumption that no friction occurs
in the annulus. (4) The pressure-drop and heat-transfer formulas
are more applicable at low cooling-air exit Mach numbers than at
high cooling-air exit Mach mumbers. At Ma, equal to 0.6 or less

the assumption of cooling-air exit static presswre equal to the
free~stream static pressure; which is used in the pressure-drop
formulas, and of the heat-transfer equation being based on true
temperatures instead of stagnation temperatures (the latter being
the corvect temperatures to use) will lead to little error in the
results. At the present time some aircraft shrouded oxhauvst-pipe
systems are not cooling satisfactorily, possibly because they are
at the choking limit.

Cooling drag.~ When more than one shroud diameter will provide
adequate cooling of the installation the best selection of the shroud
diameter would e the one giving the lowest cooling drag if this
drag is appreciable as noted in the foregoinz general considerations.
The drasg power is obtained from the formula

] b
‘Drag pover = ~§VO(VO - Vé) (k1)
. 8

where the velocity V, 1s that of the free stream, the velocity Vo
is that at the shroud exit, and the value of Wy corresponds to the
value of dg selected.

Pressure at shroud entrance.=- The total pressure at the shroud

entrance is determined by the following equation:
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where
Moy pressur'e drop in inlet duct, pounds per square foot
Ho free-stream total Pressure, pounds per square foot

L]

The total pressure of the free stream is obtained from altitude
tables in reference 8. Standard-air values were used in the present
example as it was only glven for illustrative purposes. In actual
designs probably the summer-air values will be required, which are
also given in reference 8. - Although summer=-air temperatures are
higher than stendard-air temperatures, a check calculation for the
example showed that the use of the swmer-air temperatures in place
of those for standard air made no appreciable difference in the
shroud dimensions necessary for adequate cooling. The details of
determining the pressure loss in the inlet duct MH,.q will be

given in step (10) of the procedure for a single-secment shrovd with
parallel flow. :

The static pressure at the shroud entrance Paj must also be

determined. From compressible~flow relations given in reference 10
it can be shown that

7=l

| =

| Pay 04
0 L
Y (Hél:) ; (43)

where Payy and 8414 are the density and velocity of sound of cooling

a2

Paltlalt V? - 1 \Ha;

air at station 1 based on stagnation conditions and 7 is the ratio
of specific heats. Now the stagnation temperature at station 1 is

squal to the free-stream stagnation temperature. Then equation (43)
reduces to ,

7=l

) .
1,38 \Toy f 2 (Pal>7 ; _,<P81-> ‘ (1)
(%7 - 4.2)ms,. V7 - L\Bay/ " \Ea,

This equation is represented by a curve in figure 16 whers the
left-hand side of the equation is the ordinate end the abscissa
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Hay = ps
is “‘imﬁ_}. The figure is divided into several parts for 4if-
Hay it
- s TR
ferent ranges of ---l-—--f-J:- I the values of the ordinate
Hg
3

and Hal are inown, Pay WY be determined from figure 16.

Termperature at shroud entrance.~ The btemperature of the cooling
alr at the shroud entrance is determined from the equation

7=l
1 al
P = mn e w T . (24’5)
a alt (Hal) Ot (H 4 l)

vhere Tot is the free-stream sternation temperatire.

Available preseure drop at shroud entrance.~ The pressure drop
available for forcing the air throuzh the whole system (inlet duct
and shroud) is equal to H, = P, with the zssumptions that all
the velocity head at the shroud exit is lost and that the static
rressure at the exit is free-stream static pressure. The pressure
drop required by the inlet duvct is equal to L.y« The pressure
drop available for forcing the air through the shroud ic the dif-
ference, or

Ml vatlable = (HO g po) - Ay, (46)
b ! :

In the foregoing formulas the subseript 1 has been used to
denote shroud .entrance. This subscript 1s for parallel flow. For
counter flow all subscripts referring to this station should be
changed to 2.

af il
g PRy Ly

SINCLE~-SEGMENT SHROUD FOR PARALLEL FIOW

For a parallel-flow system the shroud must he designed so that
imposed limiting values of dowmstream exhaust--zas temperatures teg:

exhaust-pipe temperatures tp, and. downgtream shrond temperatures tsg

vill not be excoeeded. (See i, 2(a).) Values assumed or caleulated
for this examplgtare given in the {ollowing ateps:
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Step 1 - Exhaust-gas flow rate Wyt

From manufacturer's data or the following approximate formula,

obtain
. 7.5bhp(l + f) (47)
3600
where
£ fuel=air ratio

bhp  brake horsepower

Then, for the illustrative example,

W, = 4.8 pounds per second

' Step 2 - Inlet exhaust-sac temperature IOSE

The value of tey, may be obtained from the equation
- x1 (48)

where

ty,  exhaust-gas temperature at manifold obtained from
manufacturer 's data or by analytical nethods

X cooling rate of gas in exposed exhaust pipe, approxi-
mately 2° per foot -

1 length of exposed exhaust pipe between meniiold and
shroud entrance

For illustrative purpoées, a value of tel ils assumed, as
= 1800° F

Step 3 - Exhaust~-pipe diameter 'dP:

The outside diameter of the exhaust pipe dP is odbtained from
manufacturer's data or installation drawings.




NACA

Step

Step

Step

Step

TN No. 1195 39

4 - Airplane and aitifude cbnditipns:

Airplane altitude and velocity are secwred from manufacturer's
data for the design flight condition. Free-stream conditions P,

T,, end p  are obtained from altitude tables for standard

air. (See reference 8.)
5 = Design downstream exhéust-gas témperature teg‘

Obtain te, from manufacturer's data on the safe operating

temperatures of the turbine or, if a turbine is not used, the
value selected by the designer for reasons peculiar to the
installation» Decrease this design imposed maximum value

of te, by approximately l% percent in the.design procedure

to correct for‘tne slight underestiﬁatioh of downstream
exhaust-zas temperature by equation (13). For the example, the
design maximua temperature is 1675° F and, therefore, -

— 14500 T
te2 = 1650° F

6 = Design exhaust-pipe temperature tpt'

Obtain from available data or estimate from experience the
maximum temperature at which the exhaust pipe can operate
without danger of failure. Approximate limits to use if no
data are available are firom 1200° F to 1450° F. Decrease this
desizn impossed maximum value of tp by approximately 4 percent

in the design procedure to correct for the slight underesti-
mation of downstream exhavst-zas temperature b~ equation (14).
For an imposed maximum pipe temperature of 1450° F,

. e}
tp 1400° F

T.- Design shroud temperature tg:

Obtain from the geometry and location of components of the
installation the maximum shroud temperature that will not pro-
duce adverse-effects of heat radiation. Limits to use, if.
none are specified by the airplane or engine manufacturer, are
between 500° F and €00° F. .If the shroud touches or passes
close to rubber, neoprene, or other organic materials, use a
lower limit of 500° F and shield the shroud at these points.
Thig value of %5 is used for the critical downstream
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cooling=air temperature tae because, ag broucht out in the

section entitled "Relation of measured shroud temperatures to
measured cooling-air temperatures,"” a conservative design
procedure to meet a limitinz shroud temperature is to design
for a limiting cooling-air temperature of the same value as
the shroud-temperature limit. For tho present illustration,

o
ts=ta=800 b)

8 - Emissivity of exhaust pive X

The emissivity €p for the most commonly used exhaust-pipe

material, stainless steel, is about 0.70, and this value can
be uged inasmuch as emall errors in the absolute value of €p

will have a neglicible effect on the design. If another
material is used, refer to a standard heat-transfer test for
values. The value usod in the example 1s

ep‘ = 0,70

9 - Cooling-air-flow rate W,:

Assume a large range of values of cooling=alr-flow rate
(approximately 1/8 to 1/2 of value of W) and use with each
assumed value of shroud diameter. Assumed values used for Wq
are 0.50, 1.00, 1,50, 2.00, 2,50 pounde per second.

10 -~ Selection of shroud-air-inlet duct size:

Assume an inlet duct cross-sectional area. TFor the values of
cooling-air-flow rate W,, wuse the equation for the pressure

drop in the inlet duct

Ay 2
I inlet
AHO'l = 0.0‘jqco + ZLP""Q_if + Z’Kbqib Z L{d l - d q_id
Yormyriwedd | Lo <k &
Inlet loss Sum of Sum of Sum of diffuser
: straight- bend losses
section losgses

losses




WACA

Step

Step

Step

T Wo. 1495 k1

and the methods and data of reference 9 to calculate the pres=-
sure drop available at the shroud entrance. (All or part of
the equation is used depending on duct geometry.) Repeat these
calculations for other assumed values of duct size. Plot
Movailaple 28einst W, for each duct size. (Fig. 17(2).)

Select the inlet-duct area that shows no appreciable gain in
rressure drop with further increase in duct area. When space
limitations restrict the size of the inlet duct, use the
largest area possible to get maximm AMavailable:  From
flgure 17(a), the values selected for duct size are:

Ay = 0.2376 square foot,

a3 = 0.550 foot

1l - Length of shroud 1:

Obtain 1 from installation geometry and purpose of shroud.
The initial choice showld be & single-segment shroud. The
value of 1 for the present example ig:

1 = 18 feet
12 - Diameter of shroud dsz

Assume & large range of practical shroud diameters, such as,
for the present problem,

&y = 0.542, 0.583, 0.625, 0.667, 0.710, 0.752 foot

13 - Curves of cooling-air static pressure at shroud inlet pal:

Determine the value of Py, by computing items (30) to (36) of
table 3 with values of Wa assumed in step 9. The calculations
cannot be comtinued for any combination of dg and W, that

causes item (34) to exceed 0.5507, for at this value choking
occurs in the inlet duct to the shroud. Plot the choke factor

(item (34)) ageinst W, for each dge (Shown, for the present

examples, as the radial lines of figure 17(b).) The cooling-
air-flow rate for each dg 1s further limited by choking in

the shroud due to heat addition to the air. Thus, the limiting
value of choke factor (item (3L4)) must be obtained for the
actual value of downstream cooling-air temperature that will
result with each Wy« These temperatures are not yet known;
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therefore, the calculations must be cbntihgéd 80 that'Jtaa

can be determined for all the assumed Wy~ velues for each dg
~ that will not cause the inlet duct to choke. Plot' pay-

against Wy for each dgy as in figure 17(c). .

Step 1} = Curves of cooling-air temperature &t'shroud'inlet Tayt

Determine value of ty; by computing item (37) of table 3.
Plot tal against W, for each ds as in figure 17(d).

Step 15 - Curves of upstream exhaust*pipe temperature tpl:

Determine value of ty, by computing items (38) to (50) of
table 3. Plot tp ~against W, for each dg (Fig. 17(e))-

Step 16 - Curves of downstv'eam exhaust*ga.s temnerature teg’

-Determine value of tea by compubing items (52) to (64) of
table 3. Plot to, asainst W, for each dy (fig. 17(f)).

Step 17 - Curves of downstream cooling-air temperature ta2:

Determine value of %, by computing item (65) of table 3.
Plot tgy, asainst Wy for each dg (i o A 0 O

Step 18 - Curves of downstream exhaust-pipe temperature tne

Determine tPa by'computing 1tems (66) and (67) of table 3.
Plot tp2 against W, for each &g (figs 17(h)).

Step 19 - Design dg and W, combinations:

Select from the plots obtained in steps 15 to 18 (fige. 17(e)
to 17(h)) the value of W, needed for each dg %o make every
installation temperature equal to its specified limiting value.
(See steps 5 to T.) All installation temperatures considered,

the maximum value of Wy, obtalned for each dg is the cooling-

air-flow rate required to maintain all installation temperatures
below specified limits. Plot these maximum values of W, on

the radial dy lines of the plot obtained in step 13 (fié. 17(bv))

to obtain the choke-factor curve for required cooling-air-flow
rate: Select the value of tay for these same W, and dg

combinations from the plot obtained in step 17 (fig. X7(g)).
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Sfep

~Use these values of tae to determine the cooling-air down-

stream stagnation +emperature from the equatlon

[ ol WéTaQ.z
4 02361 -~ |-

8!—)&2/‘

Ta

=

24 Tap
where paev is cooling-air downstream ouatic pressure assamed
equal to free-stream static pressure. Detormine TaEt/TOt for
each d _and W combination. Obtaln the value of the limiting
approx1mate choke factor for each T32 /T o from the curve

for Mgy = O. 6 of figure g ).' (Recommended design procedure

is to limit Ma, to a value of O. 6.} Plot these values of
choke factor on the radial d5 lines of plot obtained in

- step 13 (fig. 17(v)) to obtain the choke-factor curve for the

recommended design. limit. Select from this plot the valyes

of 44 for which the choke factors for required cooling-air-
flow rate are.less than the choke factors for: the recomended
design limit. (For the 1llustrative exrmple, values of dg
selected from figure 17(b) were 0.667, C.710, and 0.752.) Use
these values of dy, and the corresponding values of required
cooling-air-flow rate W, in the shroud pressure-drdp calcula-~
tions (items (68) and (69) of table 3). For the dg and
required Wy combinations for which choke factors for required
cooling=air-ilow rate are greater than the recommended design
1imit choke factors, it is possible to determine the Mach
number at the shroud exlit. Thosge combinations for which Nge
is less than 1.0 may possibly provide sat1rfac+0fj cooling if

sufficient pressure is available to force the air throu,h the
system. Such designs, however, are not recommended.

20 - Curve of cooling-air pressure.drop through shroud 4H:

Determine the pressure drop for each dy and Wy combination

finally obtained in step 19 by computingz items (70) to (88)

of table 3. Select values of Paqs tal, and. 1y ap Teeded for
this calculation from the plots obtained in steps 13, 1k, and 17
(figse 17(c), 17(d), and 17(g)). Plot the 2. =1o)

required
obtained, the ALH for the inlet-duct size previously

available

- selected (step 10), and dg against W, on the same curve.
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The d5 values are plotted agalnst their corresponding combi=
nation values of W, that meet imposed limiting temperatures

as obtained in step 19. The plot for the illustrative examples
is given in figure 17(J).

Step 21 = Selection of shroud diameter dg:

Compare the pressure-drop-required curve with the pressurs-drop-
available curve (from step 20). Three situations are possible:

(1) A1l of the pressure-drop-required curve is lower than the
pressure~-drop-available curve. For this case select the value
of 'ds corresponding to the value of W, having the greatest
excess available pressure drop or, if appreciable, the lowest
cooling drag. Any shroud dismeter will give adequate cooling.

(2) Only a pert of the pressure-drop-required curve is lower
than that availeble. For this case select the value of dg

in the range of the value of Wy for vhich the pressure=-drop~
required curve is lower than the availlable-pressure=~drop curve.
The beet diameter to use in this range is determined as in the
preceding case 1.

(3) A1l of the pressure~drop-required curve is higher than that
available. For this case no single-segment shroud of any
diameter used will provide satisfactory cooling. In order to
obtain the required cooling the shroud must be divided into
segments of ghorter length. The design procedure for this

cagse 18 conbtinued in the sectlon on multisegment shrouds.

The sample problem fell into the category of case 3 in step 21.
(See fig. 17(J3).) A two-segment shroud was assumed and the design
continued as explained in a subsequent section. on multisegment
ghrouds. The inlet ducts for both segments were assumed identical,

‘The design procedure, calculations, and curves for the multisegment

ghroud are similar to those for the single-segment shroud; there-
fore, they are not given for the sample problem. A sghroud divided
into two segments of equal length, 9 feet long and 0.752 feet in
diemeter, was found to provide satisfactory cooling for the subject
installation. Pertinent values are listed in the following table:

Value of V- to | AH in shroud | LHgvailable | Cooling=

Segment provide required { for required for required | alr-exit
cooling cooling Wa velue Mach

(1b/sec) (1b/sq ft) (Iv/sq £t) number
First L2 85,6 91.5 0532
Second 2.00 88.1 91.0 . 433
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The exit Mach number for both segments is noted to be far below the
recammended design value of 0.6. The drag power for the two-segment

shroud wvas less than % percent of the brake horsepower of the engine.

This drag power is an inappreciable power requirement'and will have
a very small effect on the airplane performance..

SINGLE-SEGMENT SHROUD FOR COUNTER FLOW

The desiecn of a shroud for counter flow proceeds exactly as
for parallel flow using, however, the calewlation form given in
table 4. For a counter-flow system the shroud must be designed to
meet limiting values of downstream exhaust-zas temperature (in the
exhaust=zas~flow direction) tee, downstream coolin-~air tempera=

ture (in the cooling-aiv~flow direction) tay, and upstream sxhaust=
pipe temperature (in the exhaust=gao-flow direction) tpl {llug=

trated in fipgure 2(b)+ This condition constitutes the only appre=
ciable difference between the design for counter flow and parallel

| flow.

Stepe 1 to 1t - Pactors and curves required for shwvoud design:
The factors and curves required for shroud design are deter-
mined exactly as in parallel flow, steps 1 to 14, respectively.
In steps 10, 13, and 1h, station 1 is replaced by station 2.
Step 15 =~ Curves of downstream exhaust-gas temperature tepnt

Determine tep by computing items (38) to (64) of table k.
Plot tep against VW, for each dg.

Step 16 = Curves of downstream cooling-air temperature tay

Determine tg) by computing item (65) of table 4. Plot tgy
against W, for each dg.

Step 17 - Curves of upstream exhaust-pipe temperature tpl:

Determine tpl by computing ltems (66) and (67) of table 4.
Plot tpl agalnst W, for each dge.
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18 - Deslgn dg and W combinations:

Select from the preceding plots of installatlon temperature
(steps 15 to 17) the value of W, for each dg glving a

- temperature equal to the limiting temperature. After all

Step

Step

installation temperatures are considered, note the value of Wy
which gives a temperature equal to one of the limiting values

and lower than all the other limiting valuves for each dg. The
procedure given in step 19 of parallel flow ioc used to determine
the dg and Wy combinations that will not exceed the recom-
mended limiting choke factor. These combinations of dg and Wy

are used in the pressure-drop calculation. (Items (68) and (69)
of table L.) ’ '

10 = Curve of cooling-air pressure drop through shroud AH:

Determine the pressure drop for each d5; and W, combination
obtained in step 18 by computing items (70) to (E3) of table k.
Select values of Pap: tae; and ta; needed for this calcula-

tion from the previously drawn plots of these values against Wy
(steps 13, 1k, and 16). Plot the MHpequired B0 Obtained,

the MHavailable for the inlet duct size previously selected
(step 10), and dg against W, on the same curve. The dg
values are plotted against their corresponding combination
values of Wy that meet imposed limiting temperatures as
obtained in step 186.

20 - Selectioﬁ of shroud diameter dg:

Selection of shroud diameter is exactly the same as for parallel
flow (step 21). Similarly, if no single-segment shroud of any
diameter used will provide satisfactory cooling, the shroud
must be divided into segments of shorter length. The design
procedure for this case 1s continued in the following section
on multisegment shrouds.

MULTISEGMENT SHROUD FOR PARALIEL OR COUNITR FLOW

The design of a multisegment shroud proceeds in much the same

manner as that of the single-segment shroud for either parallel flow
or counter flow, because each segment is treated as an individval
shroud and is dependent only on the preceding sezment for the inlet
exhaust-gas temperature.
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Step

Step

Step

| - Step

1 - Diameter of shroud dg:

Select the shroud diameter from the pressure~drop curve, obtalned
for the singe-segment shroud, which requires the smallest pres=
sure drop for adequate cooling. This value of dy is used for

all the shroud segments.
2 = Segment inlet-exhaust-gas temperature tel:

Determine the inlet-exhaust-sas temperature for each shroud
segment by assuming linear gradient of exhaust-gas temperature.
The exhaust~gas temperature at the shroud entrance and at the
turbine inlet are the inlet-exhaust-gas temperature and the
design downstream exhaust-gas temperature, respectively,
obtained for a single-segment shroud from steps 2 and 5 of the
parallel-flow or counter-flow design procedures.

3 - Segment design downstream exhaust-gas temperature t62:

The sepment inlet temperatures obtained in step 2 are used as
the limiting exhaust-gas temperatures to be met at the exit of
the adjacent upstream segment; that is, tep of first segment

equals tey; of second segment, and so forth. (See fig. 12.)
i =~ Determination of shroud diameter dgt

The design then proceeds exactly as explained previously, with
table 3 used for parallel flow or table L for counter flow;
each segment is treated as an individual shroud. The pressure
drop in each shroud segment is calculated only for the value

of dy from step 1 and the value of Wy that gives the
required cooling and for which the recommended limiting choke
factor is not exceeded. The shroud diameter selected in

step 1 will provide eatisfactory coolingz if the pressure drop
in each shroud segment is less than the preseure drop available
for that segment.

It is unlikely that more than two segments with two entrances

and two exits willl ever be used because of the complexity of the

system, the additional weight, and the possible attendant drag

increases.

|
duct
\
|
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DESIGN PROCEDURE WHEN MULTISEGMENT SHROUD SYSTEMS

PROVIDE UNSATISFACTORY COOLING

When the pressure drop available for cooling 18 less than the
pressure drop required for adequate cooling, the available pres-
sure drop can be increased by several methods: (1) locate the
intake of the inlet duct in a region of hicher dynamic pressure,
(2) locate the shroud exit in a reglon of lower pressure, (3) use
a fan or ejector pump, and (4) install diffuser at the shroud exit
to recover some of the exit dynamic pressure. If such improvements
are impossible or the resulting gain in available pressure drop is
insufficient to provide the additional cooling required, the only
alternative left ie to gelect the most favorable shroud geometry
based on the criterions set up in the foregoing procedure, to
determine the cooling-air-flow rate and design temperatures that

" will be obtained for the pressure drop available, and then to adapt

the installation by relocating components of the installation and
selecting materials that can withstand these temperatures.

DISCUSSION OF DESIGN PROCEDURES

For this in&estigation the heat transfer from the exhauét eas

" 4o the cooling air was determined to be more greatly affected by

the cooling-air-flow rate than by any other variable that may change
with flight condition. - Since the cooling-air-flow rate varies
approximstely as the square root of the density at the shroud inlet
and the pressure drop available and since the density decreases 80
rapidly with altitude, in the usual case the most critical flight
condition for design is maximum-power flight for the slowest speed
(climb) at rated altitude. T

In the procedures glven herein all of the exhaust gas was
agsumed to flow through one exhaust pipe. In the cases in which
two exhaust pipes carry the gases from the engine to the turbine
or to the atmosphere, the exhaust-gas-flow rate for each pipe is
assumed equal to one-half the exhaust-gas=flow rate through the
engine. ; o il - '

In the design procedure a wide range of practical shroud
dismeter is assumed, as was 1llustrated when the sample problem
was discuseed. Since incrsasing the shroud diameter relative to
the exhaust pipe decreases the downstream coolinz-air temperatures
and the cooling-air pressure drop for a shroud of constant length,
(see figs. 17(g) and 17(j)) it would seem desirable to assume large
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valves of shroud diameter. The exhaust-pipe temperatures and the
exhaust-gas temperatures, however, increase with increase of shroud
diameter. (Seec figs. 17(e), l?(fj, and 17(h).) The shroud diameter,
therefore, is limlted by the allowable exhauvst-pipc and exhaust-gas
temperatures and the weight and space limitations of the installation.

Analytical methods for determining the upstream exhaust-gas
temperature te, are not well developed and constitute another
problem which is not considered herein. In the present work the
manufacturer's data are assumed to exist. The fligzht condition for
which the shroud is belng desipned will set the ensine-operating
conditions that will enable the designer to determine from the
engine data the gas temperature at the exhavst menifold. The exhaust-
gas temperature at the inlet to the shroud system cair then be assumed
equal to or slightly less than the temperature at the exhaust mani~
fold, depending on the length of exposed pipe from the exhaust mani=
fold to the shroud system entrance. The temperaturs drop in the
uncooled length will probably be not more than a few degrees per
foot of length.

For the case of a design in which a single-segment shroud does
not provide satisfactory cooling it has been proposed that a multi-
segment shroud be used. Another proposal for those cases in which
shroud temperature is exceeded in a single~gegment system would be
to use a double shroud around the hot imner pipe. No calculations
were made for such a system but it has definite possibilitiee pro=
vided that space is available. Again for those casea in which the
ghroud-temperature limit is exceeded, local heat shislds may provide

?_satlefactory protection of the 1nstallation et the cri tical points
of the shroud systen.

CONCLUDING REMARKS

The equations for predicting installation temperatures and
coolinr-air pressure loss for shrouvded exhaust~pipe systems for
prarallel flow are considered to be verified within the limite of
engineering requirements for one ratio of shroud diameter to exhaust=
pipe diameter. by experimental data. Since the equations have no
diemeter-ratio limitations, provided that twbulent cooling-air flow
exiete in the annulus, the verification of the equations for one
diameter ratio lends support to the belief that the equations are
applicable to all practical ratios of shroud diameter to exhaust=
pipe diameter for which the cooling-air flow 1g expected to be
turbulent. No experimental data were obtained for counter=flow
eystems. The counter-flow equations, however, are believed to be
equally applicable because of their similarity to the parallel-flow
equations.
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The epplication of the equations to the design of shrouvds has
been considerebly simplified by the use of constant values of 0.24
and 0.30 for the specific heats of the cooling air and the exhaust
gas, respectively, and by the use of air properties in place of
exhaust-gas properties for determining the heat-transfer coefficient
of the exhaust gas« Calculations showed that these substitutions
have & negligible effect on the accuracy of the results.

The detailed procedures and charts, based on the derived equa-
tions, permit the determination of the proportions of an exhaust-
pipe shroud that provides desired or maximum cooling of an exhaust
installation for both parallel-flow and counter-flow systems. The
procedures for the initial choice of a singlé~segment shroud are
extended to multisegment shrouds for the case in which desired
cooling cannot be realized with a single-segment shroud. These
procedures are further extended to include the' case in which desired
cooling cannot be attained with a multisegmént shroud of practical
proportions. For this sitvation the procedures permit the deter=
mination of the shroud proportions that provide the maximum possible
cooling and the determination of the valve of installation tempera-
tures that exist with that shroud. The results of the design
example, which is included to illustrate the use of the design
procedures, indicate that in well-designed shrouds- adpquate cooling
can be obtained with inappreciable coollng ara

One problem of immediate significance for which the equations
and methods. of shroud design are believed’ to‘bﬂ directly appliceble
is the design of shrouds for the tail pipes of jet engines provided
that the luminosity of the gases in the tail pipe is negligible and
the cooling air exits to the atmosphere. If the luminosity of the
gases is not negligible for Jet-engine installations, however, the
analysis presented in this paper must be extended to include the
heat transfer to the exhaust pipe by gas radistion. TFor installa-
tions in which flaps or ejector pumps are used the method of appli-
cation of the pressure-drop relations to shroud design must be
modified from that of the present method to account for the departure
of the cooling-air exit pressure from atmospheric pressure.

Langley Memorial Aeronauticel Laboratory

National Advisory Comittee for Aeronautics
Langley Field, Va., June 19, 1947
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ARTPENDIX
PROPERTIES OF EXHAUST-GAS MIXTURES AND AIR

Status of Data on Properties

During the present investigcation which led to the development
and verification by experiments of equations for the design of
exhaust-pipe shrouds and the development of shroud-design procedures
based on the equations, ‘certain properties of air and exhaust-gas
mixtures for temperatures as high as 2300° F were required. Thess
properties were the enthalpy, instantaneous specific heat, viscosity,
and thermal conductivity.

Data existed on the enthalpy and instantaneous specific heat
of air from 80° F to 2240° F in reference 11 and on the instan-
taneous specific heat, viscosity, and thermal conductivity of air
from =100° F to 1600° F in reference 12. IEquations were also given
in reference 12 for the dstermination of viscosity and thermal
conductivity. Some data on the properties of mixtures of two gases
are given in the literature, but only a small amount of data on
viscosity is available on mixtures of gases with as many constituents
as exist in exhaust gas from engines. Equations for the instan-
taneous specific heat and enthalpy of exhaust-gas mixtures, how-
ever, were derived in reference 1l based on classical thermodynamics
and tables of constants included for use in the equations. The data
of both references 1l and 12 were based on the work of many experi-
menters over a long period of years.

In order to meet the foregoing requirvement for the shroud
design investigation values of viscogity and thermal conductivity
of air from 1600° F to 2300° F and values of instantaneous specific
heat and enthalpy of exhaust-gas mixtures from 500° F to 2300° F
had to be calculated by use of the equations of references 1l and 12.
In addition, formulas had to be derived for the viscosity and thermal
conductivity of exhaust-gas mixtures in a menner similar to the
derivation of the formulas for instantaneous specific heat and
enthalpy of exhaustb-gas mixtures in reference 11, and values of the
proverties had to be calculated with use of these newly derived
formulas over the same range of temperature as the other exhaust-
gas-mixture properties were calculated. The exhaust-gas-mixture
properties involved properties of individual gases such as carbon
monoxide which were obtained for the most part from reference 12.

The purpose of thisg appendix is to give tables or charts of the
forsgoing properties and also the Prandtl numbers of air and exhauste
gas mixtures over the range of temperature indicated and basged on the
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foregoing calculations and data. Details of methods for obtaining
the properties and the derivation of the formulas for the viscosity
and the thermal conductivity of exhaust-gas mixtures are included
herein. Although some of the results have been given 1ln other
papers, these results have been replotted so that all reeults will
be in convenient form in one paper.

The accuracy of the calculated results is wncertain in most
cases because of the nonexistence of experimental data. Some indl=
cation of the accuracy can be obtained by noting the accuracy of
the properties of the individuval gases in the references from which
they were obtained and the manner in which calculated data fair into
the experimental data. As far as the properties of exhaust-gas
mixtures are coacerned, regardless of the accuracy of the individuval
gas proparties, the accuracy depends on the exactness of the clagsical
thermodyremic theory (presumably the best theory to date) which wes
used. in reference 1l and in the present paper. Until experimental
data are available, the calculated results presented herein are
considered to be the most accurate available.

Symbols

al e “HQO P}
2,016
-
%2 = Ta.016
; 'J,C -
by = -
12
fin K00 = Kop
12

O W g, o+ Sl = Brty
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G2 w8, + 2o = 2o,

y; Co constants in formuwla for viscosity of air
Cp instantaneous specific heat of air at constant pressure,
g Btu,/1b/OF
Cp instantaneous specific heat of exhaust gas at constant
i pressure, Btu/1b/F
Cy instantaneous specific heat of air at constant volume,
s Btu/1b/°F
VL0 Instantaneous specific heat of water vapor at constant
2 volume, Btu/lb/°F
2 Lad
f R o
12
2k = kcop
Dp = o =
HEN0 * Hoo T Meo
2 « Hp 2

2.016

kHQO i kCO - k002

2.016
fuel=air ratio

ratio of absolute to gravitational wnit u& nass, 1b/slug,
or acceleration due to gravity, £t/sec™

heat conment (enthalpy) of cooling air, Btu/lb  (referred
to 0° absolute): :

heat content (enthalpy) of exhaust gas, Btu/lb  (referred
to 0° abeolute)

constant in equation (A23)

constant in equation for k, determined from My and cva



B
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$1= g0, *+ vE, -
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constant in equation for kps0

 thermal conductivity of cooling air,

Btu/sec/sq £t/°F /£t

thermal conductivity of exhaust gas,
Btu/sec/sq £t/°F/ft

thermal'cpriductivity of exhaust-zas congtituents
(designated by subscripts), Btu/sec/sq £t/F/ft

molecular weight of air (29)
hydrogen-carbon ratio

Sutherland constant in viscosity equation
temperature, °C absolute or °F absolute
exhaust-zes temperature, °F absolute
temperature, %p

mols of exhaust ggs per mol of ailr

absolute viscosity of air, sluzs/sec/ft
absolute viscosity of exhaust e, slugs/sec/ft

ahsolute viscosity of exhaust-;;aé constituents
(desicnated by subscripts), slugs/sec/ft

Moo = M0

¢2 = KCOQ - k}i’e i kco o EQO

Pry

Prandtl number of air (cpap.ag ,ka)

Prandtl mumber of exhaust a8 (cpe“e@ /ke)
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Chemical Symbols

Cco mols of carbon monoxide in exhaust @8 per mol of air
burned

(60)* =.CO + H2

002 mols of carbon dioxide in exhauet gas per mol of air
burnied

]

COE b }‘2

(e02)

H2 mols of hydrogsn in exhauvst gas psr mol of air burned
HQO mols of water vapor in exhaust gas per mol of air burned

(520)" = 0 o

(HEO) mols of water vapor in alr per mol of air burned
a

N2 mols of nitrogen in exhaust gas per mol of air burned

02 mol.s of oxygen required for combustion per mol of air
burned

02' mols of excess oxygen in exhaust gas per mol of air burned

(02) mols of oxygen in air per mol of air burned (0.2098)
a

Methods of Obtaining Properties of Air

Enthalpy 1,.~ The enthalpy for air over a range of temperature
from 80° Lo 2240° T has been reported in table IT of reference 1l.
All entialpy values were referred to a temperature of 0° absolute.
The valuss given were based on information published in chemical
journals fram 1933 to 1939; the complete bibliography containing the
information is given in reference 11. These values were plotited
acaingt temperature for use in the present paper in order that all
of the data compiled herein would be available in one paper in a
convenient manner.
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Instantaneous specific heat cpa.- The instantaneous specific

heats of air based on the same information as that for the enthalpy
of air and over the same range of temperature are also glven in
table IT of reference 1ll. In reference 12 the instantaneous specific
heats of ailr are also given from =-100° F to 1600° F. The results of
references 11 and 12 are in excellent agreement for the overlapping
range of temperature. A curve of instantaneous specific heat of

air over a ranze of temperature from =-100° F to 22h0° F was then
drawn based on the data of the two references. Further comparison
of the data of references 1l and 12 with data on instantaneous
specific heat in reference 13 up to 1600° F showed. the latter data
also agreed very well with the other values.

Viscosity p,.- Values of viscosity of air for a temperature

range from ~100° F to 1600° ¥ have been reported in reference 12 in
a table and a figure. These values were based on the work of many
experimenters and a bibliography in reference 12 gives the reports
used. The viscosity values given in reference 12 were replotted for
presentation herein. At temperatures between 1600° T and 2300° F
the following formula given in reference 12 was used to calculate

the viscosity values which were also plotted on the curve of
viscosity against temperature:
3
7,2 :
M, = Gy cetem (A1)
# 1 Potase
a 2
where
Ta temperature of air}AQF absolute
ey a constant
Cp a congtant

The constants in the formula were obtained from the data given for
temperatures below 1600° F.

Conductivity k,.- Values of conductivity of air are also given

in reference 12 over a temperature range froam =100° F to 1600° F. .
As for the viscosity Mo these values of conductivity are based on
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the work of many experimenters whose reports are listed 1in refer-
ence 12. The conductivity of air values given in this reference
were replotted for use in the present paper. TFor temperatures
between 1600° F and 23000 Fihe conductivity values were calculated
by use of the following formula given in reference 12:

The constant Kl was calculated from the data on u, and Xk,

for temperatures below 16000 ™ 4in reference 12 and from values
of cy,, the instantaneous specific heat at constant volume, cal-

culated by means of the following formula given on page 178 of
reference 13:

¢, = 0.1509 4 0.0000342T, - 0.00000000293T,% (A3)
a .
where Ta is air temperature in Cp gbsolute. Values of the con-

ductivity of air for temperatures above 1600° F were then calculated
by use of equations (A2) and (A3), the value of K, calculated by
the method given, and the calculated values of p, for temperatures
above 1600° F. The k, values above 1600° F were then plotted with
the values below 1600° F.

Prendtl number Pr,.- The Prandtl muber for air cpauagfka

was calcilated for a range of temperature from -100° F to 2300° F
by use of the valuves of Cpa’ T and ka that had been deter=

mined for thig range of temperature.

Methods of Obtaining Exhauvst~Gas Mixture Properties

Enthalpy i, end instantaneous specific heact Cp.*” Equations

for the calculation of the enthalpy i, and the instantaneous
specific heat e of exhaust-gas mixtures for any fuel-air ratio

and hydrogen-carbon ratio of the fuel are given in reference 11,
The equations are based on classical thermodynamics and complete
details of their derivation are given in the reference. Tables of
constants to be used in the equations are included in the relfer-
ence. The energy of combustion of CO and Hy (carbon monoxide

and hydrogen, respectively) at the absolute zero of temperature was
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included in the constants to be used in the enthalpy equations of
reference 1ll. These constants were recalculated for the present
paper without this energy. The result is that the enthalpy cal-

culated with the new constants will be jwcp &Te above the abgolute
Yo

zero of temperature. Calculations of the enthalpy and instantaneous
specific heat were then made with the equations, the constants of
reference 11 for Cpg and. the new constants for 1y over a range

of fuel-alr ratio from 0.0l to 0.12, hydrogen-carbon ratios from 0.10
to 0.20, and exhaust-gas temperatures from 500° F to 2300° F.

It was intended to present faired curves based on these cal-
culations for the entire ranges of exhaust-gas temperatures, fuel=
air ratios, and hydrogen-carbon ratios. It was possible to do so
for the instantaneous specific heat and these curves are shown
herein. Since the hydrogen=-carbon ratio is a constant for each
fuel, these curves and all the rest of the curves for exhaust-gas-
mixture properties are presented in families of constant hydrogen=
carbon ratio. The accuracy of interpolation for variables between
the given curves is limited only by the accuracy of the curves
themselves. Inasmuch as the fuel=air ratio for the stoichiometric
mixture varies with hydrogzen-carbon ratio between the limits 0.06
and 0.08, the range of fuel-air ratio over which appropriate equa-
tions were applicable was indefinite. Congsequently lean-mixture
equations were applied up to a fuel-air ratio of 0,06 and rich-
mixture equations down to a fuel-air ratio of 0.08, and the values
for a fuel-ailr ratio of 0.07 were obtained by cross plotting the
calculated values against fuel-alr ratio and interpolating in the
range between 0.06 and 0.08. In order to present faired curves of
enthalpy of sufficient accuracy for use, the curves would have
requlred. a greatly expanded scale and consequently a very large
figure. In order to avoid this large plot, the calculated values
of the enthalpy of exhaust gas for the ranges of temperatures, fuel=-
air ratios, and hydrogen-carbon ratios are presented in a table.
One figwre is ziven simply as an illugtrative curve of enthalpy for
one hydrogen~cerbon ratio to show the variation of enthalpy with
temperature and fuel-air ratio.

Viscosiby e+~ Data on viscosity over only a limited range of

conditions (reference 14) were available for mixtures of gases with
a large number of constituents such as are found in exhaust-gas
nixtures. Mixtures of two constituents are about the only gas
mixtures usually reported in the literature. An equation was there=
fore derived for the viscosity pg by methods which were similar

to those used to arrive at the equations for i

o and cPe in
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reference 11. This equation was then used to calculate p, over

a range of exhaust-gae temperature, fuel-air ratio, and hydrogen-=
carbon ratio. The derivation of this equation is glven herein.

Discussions in references 15 and 16 on the viscosity and
thermal conductivity of mixed gases may be summarized as follows:
For ervhaust gases containing no hydrogon the viscosity of the
mixture is very nearly the average of that of the components,
welghted in proportion to their partial volumes. The absolute
viscosity must be used for this calculation. When hydrogen is
present, the averaging process ylelds too low a viscosity. The
average viscosity computed by excluding hydrogen from the average
ig probably a little too large. The thermal conductivity is
obtained by an averaging process similar to that for viscosity. The
result is more nearly correct for thermal conductivity than for
viscosity, particularly, when hydrogen is present. Then, approxi-
mately,

N ;
Wy = \002)“002 + (Hg)uﬁe PP (AL)
xk, = (coz)k-co2 + (He)kge il & (A5)
where
X mols of exhaust gas per mol of air
COp, Eé, oo mols of exhaust-gas constltuents per mol of air

MCOQ’ kﬂé’ +es physical properties of exhaust-gas constituents

The equation involving k. has been included at this point to show

ites simllarity to the eguation for ug. The conductivity, however,
will be talen up in the next section.

The first part of the problem is the debermination of the mols
of constituents per mol of ailr and exhaust-gas mixture in terms of
fuel-air and hydrogen-carbon ratios. These values are then substi-
tuted in an equation similar to equation (AlL) and a formula derived
for Mg in terms of the fuel=air ratio f, the hydrogen-carbon

ratio m, and the viscosities of the indlvidual gases. Finally,
valves of u for the individual gases are obtained and substituted
in the equation for M
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Formulas are given in reference 1l for the masses of exhauvst=
gas constituents formed when 1 mol of air is burned for ranges of
mixtures leener than the stoichiometric and richer than the
stoichiometric. The masses of the constituents are functions of
the fuel-air and hydrogen=carbon ratios. Various assumptions are
made in reference 1l in order to determine these formwlas. One
assumption is that, in the range of mixtures leaner than stolchlo=
metric, the fuel is completely converted to carbon dioxide COo
and water HpO. A further assumption made is that the amount of
water vapor in the combustion air is negligible and can be dis-
regarded for both the lean and rich mixtures. The formula for Mg

in the lean-mixture range is

xing = (00 oo, + (E20)ump0 + (Mo)umy + (O2")r0p (A6)
where
0p' mols of excess oxyzen in exhaust gas per mol of air after
combustion
N2 molsg of nitrogen in exhaust @as per mol of air
Now |
Fg 5 (N2)’*Ng 4 (02 '> Fog * (02)‘“02
where
O2 mols of oxygen required for combustion psr mol.of air
or

(N2>IJ'N2 i (02 )“02 = Mg (02)”'02 | (AT)
Substituting equation (A7) in equation (A6) gives

Xy = by + (002);‘1002 + (Hao),quo - (02)%2 (A8)

From the formulas in reference 11 the following formulas were
derived:
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COp (A9)
12(m + 1)
Mo
0w (A10)
& 2.016(m + 1)
L m
P (i§'+ 2% 2.01@} s
8 (m + 1)
Xs )+ [ ' (A12)
| b AT oOlO(m 4 l)

whem

p 4 fuel=-alr ratio

m ' ' hydrogen-carbon ratlo

M, molecular weicht of air (29)

If equations (A9) to (Al2) are substituted in egquation (AS8),
the viscosity of the exhavst sas becomes

where

Mg f(aim + by)
— e
My m+ 1

e ' -1;‘ fm

(A13)

+
M, 2x 2.016(m + 1)

(ALY)

(A15)
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In the range of mixtures richer than stoichicmetric one of the
agsumptions made is.tpat the constituents of the exhaust gas are COp,

Hp0, H,, CO, and N.. (Sce reference 11l.) Then,

Xy = (COE);.LCO2 o (320)1%0 + (HQ)H.HQ + (CO)ugo + (Ng)“NQ (A16)
Now | |
; V(NQ)_L%NE =y, - (Oe)apoz (A17)

where

(Oe)a mols of oxygen in air per mol of air (0.2098)
Equation (Al6) then becomes

Xpg = (002)11002 + (Heo)uﬂgo + (Hg)une +(CO)pp + 13, = (02);}102 (418)

From reference ll the followlng equations for the mola of exhaust
cag and constituents were derived:

: J fMa M m
» a
forls 2.016(m + 1) 2 e

R My ¥
CO 2.016(m + 1) * 6(m + 1) ) 2(02-)3. Kz (A23)

Nyom Lo (02)a (a22)
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i \I[—K(COE)' + (Co) ' + (Hgo)']2 + (X - 1)(co) '(Hp0) '
2 =

2(K - 1)

A K{Cop)' + (CO)* + (Hp0)'

2(k - 1)
where
K = 3.8
(0y)" = (CO2) - (H,)
(0D) ' m £E0) # ()
(Hx0)" = (H20) + (Hp)
™, M m

(A23)

(A2L)
(A25)

(A26)

-

v o 1 B ) + &
2 -
( )a 12(m + 1) 2.016(m + 1)

(A27)

Substitution of equations (A19) to (A27) in equation (A18)
leads to the following expression for n, in the mixture range

richer than stoichiometric:

g (02)3 i Iip
—= = ——C, Dy o+ By ) +
[Ma o e 1) i

1
¢lJ (A28)

RL 1 (92) ¢ gt g (l m
— - -+ oG + e r—————
My My l+m\12 5,016



where
: e

(MEA0 * HCO T WCOp)
2.016

El = (A3l)

f1 = (Koo, * M, = H0O " HE,0) (a32)

The viscosities of the individual gases were next determined
for use in finding the constants a;, by, and so forth in the

equations for pg. The viscositles of Hp, ln, 0Op, COp, and CO

were obtained by means of formulas and values given in tables in
reference 12. The viscosity of Hy0 was calculated by use of the

Sutherland equation obtained from reference 17, page 1. This equa=
tlon is

3
(¥520) =( '1' )2 (273.1, + s) it
(“HQO)OO ) 27 3ol T+ S
where
iy temperature, 0° ¢ absolute
S Sutherland conetant (from reference 17, table 1, p. U4,

S for HO = 650)

o

The viscosity of H,0 at 100° C 1s 0.2527 X 10 ~ slugs per second=

foot. (See reference 15, p. 180, units changed to British engineering.)
This value and the value of S were used in equation (A33) to calcu~

late the viscosity of water at 0° C. Since the value of (""HQO) -
; 0~ C

l
6t NACA TN No. 1495 X
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was lmown, values of the viscosity over a large range of temperature
were calculated by use of equation (A33).

The constants in the equations for He were then calculated by
use of the viscosities of the individual gases and equations (Alh),
(A15), (A29), (A30), (A31), and (A32). Those constants wers then
used to calculate u, over renges of fuel=air and hydrogen=-carbon
ratios and temperatures by use of equations (ALl3) and (a28).

Conductivity K,.= No data on the conductivity of mixtures of
gases with a large number of constituents were available. Conse=
quently, derivations of equations for ky 1in a manner identical to
that used for the equations of Mg, on the basis of equations (AY4)
and (A5), were made. The derivations led to equations, for the
range of mixtures leaner than stolchlometric, identical to equa=
tions (Al3) to (A15) and for the range of mixtures richer than
stoichiametric to equations identical to equations (A28) to (A32),
with the exception that every value of u 4in the foregoing equa~«
tions 1s replaced with a k. The constants in the equations for ko
are demoted ap, by, Cp, Dp, Ey, and ¢ which correspond to
the constants in the equations containing Mo

The conductivities of the individual gases were then determined.
The conductivities of COn, Np, CO, Op, and Hp were determined

In the same manner that was used to determine the conductivity of
alr, which has already been described, by use of the data on the
conductivities of the individval gases at temperatures below 1600° F
in reference 12, the data on the viscosities of the individual gases
calculated in the manner given in the preceding section of this
Paper, and equations for instentaneous specific heat at constant
volume given in reference 13 for the individusl gases., The con=~
ductivity of Hp0 was calculated from the Fformula

¥50 = Xoim,0%vg,0 (A34)
vhere K, was obtained from veference 15, p. 180, and values
of cv}320 were calculated from an equation given in reference 13.
The values of viscosity “320 already described were also used.

The constants in the equations for ks were then calculated by

use of the conductivities of the individual gases and equations
similar to equations (Alk), (A15), (A29) to (A32) with the term p
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replaced with k 1in all instances. These constants were then used
to calculate Xk, over ranges of fuel-air ratios, hydrogen=carbon
ratios, and temperatures fram equations similar to equations (Al3)
and (A28). The thermal-conductivity curves were oxtirapolated
between the fuel=air ratios of 0.06 and 0.08; the. curves are dashed
in this range. : 3 : :

Prandtl number Prg.=- The Prandtl number Cpted /ke for ‘fhe

gas mixtures was calculated by use of the values of Instantaneous
specific heat, viscosity, and conductivity that werec read from
falred curves of these properties. Because of the excessive over=
lapping and crossing of falred curves of the calculated Prandtl
numbers of exhaust gases that were plotted for a range of tempera=
ture, fuel-air ratio, and hydrogen-carbon ratio, the data are pre=
sented in a table. One plot of Prandtl number for one hydrogen=-
carbon ratio was prepared to illustrate the variation of Prandtl
number with fuel=air ratio and temperature. Valuos at the fuel-air
ratio of 0.07 were calculated from the interpolated values of
specific heat, viscosity, and therwal conductivity.

Properties of Exhaust=Gas Mixtures and Air

Air properties.=- The instantaneous specific heat and enthalpy

of alr over a range of temperatire wp to 2300° F are given in
figure 18 and the viscosity, conductivity, and Prandtl number of
air up to the same temperature are given in figure 19. The cal=
culated values of viscosity and conductivity above 1600° F fair
very well into the values below 1600° F (fig. 19); thus, confidence
1s provided in the formulas used in the calculations.

The instantaneous specific heat (fig. 18) varied from about 0.2
at room temperature to 0.29 at 2300° F. Consequently, the valus
of 0.24 usually used may be in error as much as 15 percent.

The Prandtl mmber is also usually assumed a constant with a
value of about 0.73. Figure 19 shows that use of this value at
room temperatures will lead to little error, but ite use at high
temperatures will lead to some error because the Prandtl mmber
falls to a value of about 0.62.

Eﬂmust-;p.s-mixbw-e properties.~ Values of the enthalpy i1,
of exhaust-gas mixtures are given in table 6. Figure 20 illustrates
the type of variatlon obtained with fuel-alr ratio and temperature
for a hydrogen=carbon ratio of 0,10. From table 6 and figure 20 it
1s apparent that the main change in enthalpy occurs because of
temperature change. s . :
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The varilation of the specific heat of exhaust=ges mixtures
with temperature, fuel=alr ratio, and hydrogen=carbon ratio is
given in figures 21(a) and 21(b). An appreciable change in Do

occurs for a wide variation in temperature and fuel=air ratio, bub
the change with hydrogen~carbon ratio is much less. Appreciable
error could possibly be introduced in a problem dealing with
exhaust=gas mixtures if a constant valus of Cpe such as 0.30,

which is sometimes assumed, is used.

Curves similar to those of figwme 21 for Cp, 8re given in

figure 22 for the viscoslty Bge Values of p, and of the constants

to be used in the exhaust-gas-mixture viscosity equatigns are given
in table 7 for a temperature range from 500° F to 2300° F. Only the
values of Mg for the extreme ranges of hydrogen=cerbon ratio, 0.10

and 0.20, are glven in figire 22 because the change in He was small

enough such that Interpolation between the values given for other
ratios will result in good estimates of viecosity.

As stated previously, some data on the viscosity of exhavst-
gas mixtures are glven in reference 1li. The ranges of .onditions
for which these data were obtained were from 759 F to 890° I and
fuel-air ratios from 0.0625 to 0.167. The hydrogen=carbon ratio of
the fuel used was not given. For the ranges tested the viscosity
was found to be nearly independent of the fuel=air ratio used. No
mentlion is made in reference 14 of the effect of hydrogen-carbon
ratio on the viscosity pg. Figure 22 shows that the viscosity is-

affected to some extent by both fusl-air ratio and hydrogen~cerbon-
ratio veriations. In order to compare the results of refersnce 14
with those of figure 22 1t was assumed that gasoline with a hydrogen-
carbon ratio of 0.17, a normal value for aviation gasoline, was used
in the tests of reference 14. The comparison showed that the
average differences between the two sete of results varied from
about 3 percent to 4 percent; the experimental values are higher
than the calculated values. Inasmuch as reference 14t states thab
the experimental values can be as much ag 2 percent too high because
of experimental errors and also because the hydrogen=carbon ratio
had to be assumed, the agreement is very good.s

Curves of exhaust-gas-mixture conductivity k., against fuel-

air ratio for several constant temperatures zre given in figure 23(a)
for a hydrogen-carbon ratioc of 0.10 and in figwe 23(b* for a ratio
of 0.20. Only results for the two H/C ratiocs are given for the
same reason that only curves of Mo Tor these two ratlios were glven.

Values for any intermediate hydrogen~carbon ratio obtained by_intepr=
polation will differ from the calculated values by less than + percent.
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Constants end values of conductivity of air X, wused in the

k, formulas are given in table 8 for a range of teumperatures

from 500° F to 2300° F. In the range of fuel-alr ratio leaner than
the stoichiometric from 0.01 to 0.06, the conductivity changed very
little with fuel-air-ratio change. (See figs. 23(a) and 23(b).)
Above the range of the stoichiocmetric mixture the conductivity
increased rapidly with increases of fuel-sir ratio. The increase
of conductivity with temperature was rapid in both the lean and
rich fuel-air=-ratio ranges.

Values of Prandtl number for exhaust-gas mixtures, for a tem-
perature range from 500° F to 2300° F and a fuel-air ratio range
from 0.01 to 0.12, at a hydrogen=-carbon ratio of 0.10 are given in
figure 24 to illustrate the type of curves obtained. Values for -
other hydrogen-carbon retios are given in table 9.

A summary teble is glven below for easy roference to the
figures and tables for obtaining the properties.

Property Syribol Units Location
Enthalpy of air o Btu/1b Fig. 16
Instantaneous specific heat | c,, Btu/(1b) (°F) Fig. 18

of air e
Viscosity of air Mo slugs/( sec) (£t) Fig. 19
Conductivity of air k, | Btu/(sec)(£t2)(%F /L) | Fig. 19
Prandtl nimber of air o O s Lt i el - Fig. 19
Enthalpy of exhaust gas 8 Btu/lb Table 6
Instantaneous specific heat oy Btu/(lb)(QF) Fig. 21
of exhaust gas e
Viscosity of exhaust gas g slugs/(sec) (£t) Fig. 22
Conductivity of exhaust gas k, Btu/(sec)(fte)(QF/ft) Fig. 23
Prandtl number of exhaust Pre ---------------------- Table 9

gas
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TABIE 1

APPROXTMATE VALUES OF VARTABLES INVOLVED IN ISOTHERMAL

AND HEAT-TRANSFER TESTS

Range of variables

Cooling-air Exhaust-gas Exhaust-gas Exhaust-gas Fosl-adr
Test of Reynolds number, | Reynolds number, | Prandtl number, | temperature r:tio
test v (dg - ) [n VA /u ue gk oF
& Iso- o ERR-BECw o SRR VELY 3 e | | e,
Ehetenl 324,000
Heat 0.59 1160 0.063
B iranibes 265,000 220,000 to to to
0.66 1500 0.090
120,000 0.64 20
N s 170,000 %o to to 0.078
220,000 0.65 1270
215,000 0.58 1150
Heat A
c 250,000 to to to 0.089
2 | trensfer ’ 360,000 0.61 1420
170,000
Heat 2
D to 189,000 0.64 1170 0.078
transfer 280,000 2
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TABIE 2

EFFECTS OF APPROXIMATIONS AND FAIRING METHODS ON
DESIGN TEMPERATURES AND PRESSURE LOSSES

(a) Effect of using air properties in place of gas properties

Design
temperatures Station Percent error due to use of air properties
2 0.2
Exhaust gas, t, . 0.2
2 -1.0
Cooling air, t, 3 1.5
8 i =4.5
Exhaust pipe, tp 2 =3.5
3 -3.0

(b) Effect of using comstant values of specific heat in place of integrated meen values

Design Percent error dus to use of comstant
temperatures Station values of specific heats

2 -0.3 to O

Exhaust gas, tg 3 0.k to 0
2 -0.3 to 0.8

Cooling air, t, 3 -0.6 to 0.5
1 =0.3 to 0.3

Exhaust pipe, tp 2 -0.2 to 0.3
3 -0.6 to 0.5

(c) Effect of fairing method on measured pressure

[

osses

Percent deviation from results on originel fairing -
methods of reference 6

Shroud-segnent length

Arithmetic Extreme Coinciding
meen fairing reke fairing
Ml -2 .0 1.1 =-2.0
oH) g 13.0 -1.3 0.3
(d) Effect of fairing method on design temperatures
Pearcent deviation from results on original fairing -
methods of reference 6
Design Station
tenperatures Arithmetic Extrems Coinciding
mean fairing reke fairing
2 a3 =0.3 =-1.0
Exhaust gas, t, 3 1.0 0.3 «1.0
2 3.0 0.8 2.0
Cooling air, t, 3 3.5 0.6 1.4
: 8 0.3 -1.% 0.7
Exhaust pipe 2 1.3 0. =1.2
T % 3 14 0.k -0.8
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TABLE 3

CALCULATION FORM FOR SHROUD DESIGN - PARALLEL FLOW

Step | Item* Quantity Source Symbol Units
Factors for design
(1) Brake horsepower Manufacturer bhp hp 2142
(2) Fuel-air ratio Manufacturer £ 0.0961
1 (3) Exhaust-gas-flow rate through engine Manufacturer's data or equation (A7) LA 1b/sec .84
2 (4) | Exhaust-gas temperature at shroud entrance m"f“tﬁ"m‘i‘:ﬁ:g‘;:“m (48) tey op 1800
3 (5) Exhaust-pipe dismeter (outer) Manufacturer 4 £t 0.4583
(6) Velocity of airplane Performance data A ft/sec 1468
: (7) Altitude Performance data £t 30,000
(8) Exhaust-pipe material Manufacturer utainif;s _—
5 (9) Design exhaust-gas temperature Manufacturer t°2 °F 1650
6 (10) Design exhaust-pipe temperature Manufacturer tp Op 1400
1 (11) Design shroud temperature Manufacturer tey op 800
Pressure drop available at shroud entrance
(12) Free-stream static pressure (7) and reference 8 2, 1b/1t2 €28.1
(13) Free-stream temperature (7) and reference 8 TS F abs. b1l
g (1%) Free-stream density (7) and reference 8 Py slugs/ft3 0.000889
(15) Free-stream dypamic pressure (1) x (6)2 x Fcole a9, lb/rt2 102.8

1'.I:tzu. are carried in paremtheses to indicate row used in calculations.
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TABIE 3 - Continued

CALCULATION FORM FOR SHROUD DESIGN - PARALLEL FLOW - Continued

Step :mll Quantity i Source ] Symbol | Units I ] i I I I T [
Pressure drop available at shroud entrance
9 | (16) Cooling-air-flow rate A‘l""‘/a ”(; e (33” Vo 1b/sec | 0.50 | 1.00 15 [ 200 |25 |05 |1.00 |15 |20 | 250
Cross-sectional area of inlet Area of straight section of 2
(a7 duct straight section aseumed inlet duct Ay i 0.1647 0.1964
(18) | Lemgth of inlet duct straight sectiom x"""h”:_d'“ anm mzm o2 1y £t 6 6
Hydreulic diameter of inlet k4 x (17)/Perimeter of inlet duct
(19) duct straight section straight section Dy Y 0.458 0.50
(20) | Dynamic pressure in straight section 0.00048 x R16)/(17)]2/(n) Yy n,/nz 4.98 19.90 .79 | 79.62 |[12k.41 | 3.50 1k.00 31.%9 | 55.99 87.49
(21) “a, [(23) - 460] ema f1gure 19 Ha, ARNaN 0.317 x 2076 0.317 x 106
((sec) (£t)

10 | (22) By 0.031 x (16) x (29)/[(27) x (21)] Ry 135,970 | 271,940 | k07,910 | 543,880 | 679,850 | 124,480 | 248,960 | 373,4k0 | 497,920 | 622,400
(23) Friction factar (22) and reference 9 Ty 0.00512 | 0.00445 | 0.00412 | 0.003%2 | 0.00377 | 0.00521 | 0.00452 |0.00421 | 0.00398 | 0.00383
W Aia o 5 1 < e % x (18) x (20) x (23)/(19) y /e | 133 | he | 960 | 1610 | 2ho7 | 0.87 | 3.03 | 630 | 0.57 | 15.79
ere the inlet duct contains more than one straight sectian,the calculations of 1tems (16)to(2k)are

repeated to determine the pressure loss in each straight section. If the intake duct contains
bends and/or diffusers, supplementary calculation forms will be needed to calculate the Iressure
losses in each bend and/or diffuser as given by the equation and method of step 10 of the
single-segment design procedure.
Bend and 2
(25) Total pressure drop in inlet duct | 0.05 X (15) + (24) + diffuser | Ay 1b/2t’ 647 9.76 . | 2124 | 29.21 | 6.01 8.17 - | 1.a% | 15.71 | 20.93
losses
(26) P’”“:;ﬁ“’m;':ﬁ:“‘ & (15) - (25) M i1ab1e | 10/2E2 96.33 | 93.04 | 88.06 | 81.56 | 73.59 | 96.79 | 9%.63 | 91.36 | 87.09 | 81.87

11?.- are carried in paremtheses to indicate row used in calculations.
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CALCULATION FORM FOR SHROUD DESIGN - PARALLEL FLOW - Continued

TABIE 3 - Continued

Step! Iu-l Quantity Source Symbol Units
Pressure drop available at shroud entrance
ximate. . .
9 | (16) Cooling-air-flow rate “m(: = (3))3’ Wy lb/sec | 0.50 [1.00 1.5 |2.00 |25 0.50 | 1.00 1.50 |[2.00 |2.50

(17) Cross-sectional area of inlet Area of straight section of A 2 0.2376 0.287

duct straight section assumed inlet duct

Length strai ion of

(18) | Length of inlet duct straight section u:&d mz: ;:2: o2 1y =% 6 6
(19) Hydreulic diameter of inlet b x (17) /Perimeter of inlet duct D; £t 0.55 0.60

duct straight section straight section 1
(20) | Dynamic pressure in straight section 0.00048 x [(16)/(17)]2/(1)4) 9 1b/ft2 2.39 l 9.56 [ 21.52 I 38.251 59.78 | 1.69 } 6.75 I 15.20 | 27.02 [ h2.22

lugs 6 6

21 13) - 460|and £1 1 el 0.317 x 10 0.317 x 10
(21) Hag [(29) - s6o]ent £1gwe 29 "0 |(sec)(2t)

10 | (22) R 0-031 x (16) x (19)/[(a7) x (21)] R 113,190 | 226,370 | 339,560 | k52,740 | 565,930 | 103,780 | 207,560 | 311,330 | 415,100 | 518,88
(23) Friction factor (22) and reference 9 1, 0.00531 | 0.00461 | 0.00428 | 0.00403 | 0.00390 | 0.00541 | 0.00L69 | 0.00433 | 0.00412 |0.00395
R . a I x (18) x (20) x (23)/(19) &, w/et? | 055 | 1.2 | 3.9 | 6.69 | 0.0 | 0.36 | 126 | 2.6 | ko | 6.58

Where the inlet duct contains more than one straight section, the calculations of items (m)w(eu) are
repeated to determine the pressure loss in each straight section. If the intake duct contains
bends and /or diffusers, supplementary calculation forms will be needed to calculate the rwessure
losses in each bend and/or diffuser as given by the equation and method of step 10 of the
single-segment design procedure.
: Bend and 2
(25) Total pressure drop in inlet duct [0.05 X (15) + Z (24) + aiffuser 2 S 1b/tt 5.69 7.06 9.13 11.83 | 13:1% | 5.5 6.41 7.76 9.54 n.m2
losses
Pressure drop available at 2 5 . A 5 .26 1.08
(260 Mg ot (15) - (25) Hyyaglable | 1b/fE 97-11 { 954k [ “SILL W97 |GGG, | 7.0 | EohMaS - 90.08 1505 :

1Itm are carried in parentheses to indicate row used in calculatioms.
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TABIE 3 - Cantinued

CALCULATION FCRM FOR SHROUD DESIGN - PARALLEL FIOW - Continued

sofret] iy soe SN T | N N 0
Design variables
11 [(27) | Length of shrond segment Ansumed. 1 e 18 18 18
12 ((28) Shroud diemeter Assumed. 3 0.583 0.6e5 0.667
9 |(29) Cooling-air-flow rate Assumed Vg 1b/sec 0.50 I 1.00 l 1.50T2.oo lz.so 0.50 I 1.00 I 1.50 l 2.00 ! 2.50 | 0.50 I 1.00 l 1.50 ] 2.00 ] 2.50
Cooling-air conditions at shroud entrance
\ Froo-stream stagnation 2
(30) ok (13) + 0.0000832(6) Toy F ave. 429.6 429.6 429.6
(29) and cwrve of My nilaple
(a1) Pr::.mﬂrqnvlﬂnh Lo ”“M,,:; B, a110n10| 107062 9711 | 95.7h | 93.67 | 90.97 | 87.66 | gr.11| 95.74| 93.67| 90.97| 87.66| or.11| 95.7%| 93.67| %0.97| 7.66
) [ e (12) + (31) H,, w/ee® | Te5.21 |723.8 (72077 |T29.07 |115.76 | 725.21 | 723.84 | 72077 | Ta9.07 | T25.78|725.21 | T23.8% | 72177 | T29.07 | T25.76
(33) (a.f - a.,’) (28)2 - (5)2 0.1299 0.1606 0.2349
13
1.380, \| 7,
(3%) -_z—'—;_E— 1.3ax(29)x(;fﬁ/[(g)x(33)] 0.1523 [0.3053 |0.459% [0.6151 0.1095 | 0.2195 | 0.3303 | 0.4423 | 0.5557 [0.0842 | 0.1688 | 0.25%0 |0.3401 | 0.4273
(a2 - &%) x5y
(35) (Hay -».1)/n.1 (34) and figure 16 0.01652(0.0705 [0.1840 |=======f=mmmmmn '0.0086 | 0.0350 | 0.0839 | 0.1670 | 0.3345 |0.0050 |0.020k | 0.0473 | 0.0890 |0.1%5
(gByj |FortiuETa s asa N prsmerion ()1 - (39)] Pay w/ee? | 7131 | 672.6 | 588.6 [------- 718.9 | 698.3| 660.8| 598.3| ¥75.6 | 721.5 | 708.8| 687.2 | 6504 | €05.7
1 [ap)) [Poeingats bampmmtme et || (30} [(a6/(32)]*2% 6o tay °r R4 | 39.3 | -Sh7 [--omeme 315 | -34.7| -b10| 52.3| 77.6 | -31.0| -32.9| -36.3 | -b17| 510
oxhaust-pipe
(38) w08 (3) and tadle 5 3.531 3.531 3.531
(39) 418 (5) and tadle 5 0.2456 0.2456 0.2456
o) | [reeg 0 fu2:8] () . r1gwe 1h 0.158 i catp
Heat~transfer coafficient Btu 0.0: 0.0:
(1) e oan Kt 0.001735 x (38) x (k0)/(39) By (s (22)(T) 1851 15 0.01891
(k) | Foctar depemding on rmtlo | (28)/(5) and tigwe 25 ¢ 1.088 1114 1.138
(83) M.0.2 (37) and figwre 13 0.0503 [0.0502 |0.0499 [==me=e= |ommemnn 0.050k (0.0503 |0.0502 |0.0499 |0.0k9% |0.0504 |0.0503 |0.0502 |0.0501 [0.0%00
15
(k%) ‘,.o.a (29) and table 5 0.57h | 1.000 | 1.383 0.57h | 1.000 | 1.383 | 1.741 | 2.081 | 0.57k | 1.000 | 1.383 | 1.741 | 2.081
(45) (2 + a,)‘”‘ [(28) + (5)] ana tavle 5 1.033 1.0663 1.099
(46) (% - %) (28) - (5) 0.1250 0.1667 0.2087
-01528 x (h2) x (43) x (k) Btu
(47) | Hoat-transter costfictent |0:01520 x (K2) x (A3) x (Mh) |— Bt 10.00373/0.00648]0.00889 [ =====n= [=znenn 0.0027T (000482 0.00665(0.00832 0..0098% 000219000381 [0.00526 |0 .00662 |0 .00786
ke sy (45) x (46) = (s0c)(££2)(%F)
(48) bete; + Batay (4) x (b1) + (37) x (57) 33.% | 33.82 | 33:55 33.95 | 33.87 | 33.76 | 33.60 | 33.27 | 33.97 | 33.91 | 33.8% | 33.76 | 33.59
(%9) by + by (51) + (&7) 0.022640.0254 |0.0278 0.0217 (0.0237 |0.0256 (0.0272 |0.0288 p.02110(0.0227 |0.0242 (0.0253 |0.0268
(0) | Tpstromm exmmst-pipe (48)/(49) ot LY W98 | 1332 | 1206 [-m-neem 1566 |17 | 1321 [ 1236 | 155 1610 | 193 | oo | 132 | 1253

Lftems are carried in parentheses to indicate row used in calculations.
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TABLE 3 - Continued

CALCULATION FORM FOR SHROUD DESIGN - PARALLXL FLOW - Continued

Step| Ttea| Quantity Source | Syabol I Units ] I I [ I ] | l I
Design variables
11 [(27) | Length of shrovd segment Assumed. 1 ¢ 18 18
12 ((28) Shroud dismeter Assumed [ £t 0.710 0.7R
9 |(29) Cooling-air-flow rate Assumed Vg 1b/sec 0.50 ] 1.00 l 1.50 [ 2.00 l 2.5 0.50 [ 1.00[ 1.50 I e.ool 2.5
Cooling-air conditions at shroud entrance
(30)) | FExseeiemn Soagmatin (13) + 0.0000832(6)2 To, | o abe. 429.6 gE6
(29) and curve of Afgvagianlel :
Prese! wvailable 2 5 G 5 ’ .
(31) e GG far mbm,:; By a11able| 1b/fE 9T-LL| 95.7h | 93.67| 90.97 | 81.66 | or.11| 95.7M 93.67| 0.9 Br.66
(32) | Totad xr:nr- at shroud (12) + (31) Hyy 1/0¢2 T25.21 | 723.8 (72177 (719.07 (715.76 | T25.21| 73.84 TR1.77| 729.071 T15.76
() (a2 - 42) (28)2 - (5)2 0290 e
= 1.38%W,
(%) _2'_;~:'=_ 1.38kx (gg,(p)’#/@g)x(m} 0.0673 (0.13481{0.2029 | 0.2726 [0.3412 | 0.05570 0.1115 0.1678 | 0.2247| 0.2803
! [ - ) x 5] '
(35) ("u - ).1)/!.1 (34) and figure 16 0.00318 0.01290(0.0298 | 0.054% (0.0896 | 0.0022 [0.0088| 0.0200 [ 0.0366| 0.059k
(36) ng-atr static pr (21 - (39)) Pay 1 /1¢2 T22.8 | 7183 | 699.8| 679.2 | 650.7 | Te3.5| Ta7.2| 706.9| 6%.0| 672.2
(37 [coottneate t-wn:m at (30) [(36) /(32)]0-25 - 1o s % -3.8) -2.0 | -3%.1| -372 | -W.8 | -%0.7 | 31.5| -3.9| -35.0| -37.9
Upstream exhaust—pipe temperature
(38) w08 (3) and tadble 5 3.531 3.531
(39) ‘,1.8 (5) and table 5 0.2456 0.2456
@) | [m(ery )0 fu2-8] (4) and rigwe 14 0.18 o.78
Btu
Hoat-transfer coefTicient et
(%) - :.- geatT1ct 0.001735 x (38) x (h0)/(39) h, (s00)( £82)(%n) 0.01891 0.01891
(ko) [ Tootey Sopeting w0 | (28)/(5) and r1gure 15 [ 1161 Ll
'(‘3) u.°" (37) and figure 13 0.050% (0.0503 |0.0503 |0.0502 [0.0501 |0.050k 00504 |0.0503 (0.0503 |0.0502
15
(%) '.o.!l (29) and tadle 5 0.57h | 1.000 | 1.383 [ 1.741 | 2.081 | 0.57h |1.000 | 1.383 | 1.7k1 | 2.081
(%5) (2 + 8)°8 [(28) + (5)] ana tavie 5 1133 167
(x6) (84 - %) (28) - (5) 0.2517 0-2931
-01528 x (k2) x (h3) x (h%) Btu
(7) | Eoat-tranater cosffictent [0-0152 e R [ .00K33 0. 4 | i g . i
) Sl T B, Heuie 00313 00043300054k (0.00650 [0.00153 P.00266 0.00367 [0.00462 [0.00552
(48) Bty * Baty, (%) x (81) + (37) x (¥7) 33-98 | 33.9% | 33.89 | 33.8 |33.76 | 33.99 [33.95 [33.% [33.88 |33.8
(%9) By + by (%1) + (¥7) 0.02071|0.0220k (0.02324 (0.02435 0.02581 J0.020kk P-02157 P.02258 0.02353 0.02kk3
(50) Upstroan 'ﬂm"m (48) /(x9) tny o 166 | 15k | 158 | 1300 1329 | 1663 157 |1502 | wwko | 1385

&m.mmdumwmmm-unmm.
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CAICULATTON FORM FOR SHROUD DESIGN - PARALLEL FLOW - Continued

TABLE 3 - Continmed

1|
sajre] oy | — |E o N P Al o O e R VB e |
8i (1) SIS TReS swar (8) and 1iterature “ 0.70 0.70 0.70
() (tpy - tay) (50) = (37) 153 1593 | e | 1363 | 128 | 1233 | 160 | 156 | w3y | 136 | 1304
(53) (lpllm)" {[(5°) + *6°]/1°°}' 146,98 168,470 (126,870 |100,570| 82,540 | 68,030 | 183,59 145, 340( 119,710( 101,200 | 86,100
(5%) (Tay Jr00)* {fm » "601/100}" 3% | 312 | 263 |-meeeenfomeemn 31 | st | 5 | 26 | em | 339 | 32 | 2 | 06 | 2a
(55) o et 1eme STeT |0.0000k8x (51) x [(53) - (5¥)] /(52)| 1y (.”)?::2)(‘,” 0:00322|0.00251 (00020} | ======= | ===== == | 0.0035%0(0 8[0.00247 0.002157 | 0.001856| 000375 0.00319| 0.00279 0. 002k ok [0 .002211.
(56) ( Son }-) —3 i 196.9 | 164.2 | Lhk.h [==eeees(ccmeeen 2115 | 18.3 | 162 18 8.5 | 221.0 6
B @+ ) o : % 5 .3 138. o 195. 177.0 | 162.6 152.2

(51) =1 /('s,.v,) 10.57 x (5) x (27)/(3) 17.86 17.86 17.86

% |(8) EATEAN 1.25 x (3)/(29) z 12.10 | 6.05 | 4.033 |==meen [-mmen -] 12.0 | 6.05 |4.033 [3.025 | 2.2 | 12.1 [6.05 |k.033 [3.025 | 2.
(59) o (51)[1 + (58)] /(56) 1.1890 [0.7671 [0.6225 [=mmemmm[=mmnmnm 1.1064 | 0.6906 [0.5531 | 0.4853 | 0.kk13 [1.0586 [0.6438 |0.5078 | 0.hk27 | 0.h012
(60) & o(59) 3.2838 [2.1535 [1.8636 [==-=mem [=mmmmnn 3.02h | 1.995 [1.730 |1.625 |1.555 | 2.8% | 1.004 | 1.662 | 1.557 | 1.kok
(62) tey = tay (8) - (37) 1833 | 18480 | 1857 |------m [-memee- 183 | 1835 |18 | 182 | 1878 | 1831 | 1833 |18y | 182 | 187
() | (toy - tay)f® (61)/(60) 558 | &k | 997 606 | %o |1061 | 1k | 1208 | 635 | 963 [105 | 183 | 1243
(63) Zty, + tay (3) x (58) + (37) 21,750 10,850 | 7220 [-meemem mmmm-m- | 21,788 | 10,855 (7217 | sSko2 | k278 |21,7%0 (10,857 | 7223 | swi2 | kego
(o) |Pormstroan d::-t-au [(e) + (63)]/[1+ (58)] tep °r 1703 [ 1660 | 1629 |==mmm=r|---=--- 1706 | 1670 | 1645 | 1623 | 160k | 1709 | 1677 | 1655 | 1636 | 161

) Downstream cooling-air temperature
17|(65) |Pometrean sealtngats [ (58) () - (60)]+ (1) "’le [ ¥ [om ’ &7 ] 62 I ------ ’-——-[ 1106 ] 7% ] 583 [ ™ [m ’wro [ m | e [ 397
pipe temp

(66) Betep + Botay (%1) x (68) + (¥7) x (65) 36.%5 | 36.62 | 36.%2 35.32 [35.20 |3%.99 |3%.72 | 3.2k | 3k.67 |3b.h2 | 34.18 |33.95 | 33.61

18
(en) et (66)/(49) o r 1610 | k2 | 1310 |-=-e-e- -ee--- | 1629 | w83 (1369 | 1ers | 191 | 1643 1515 | waw | 1330 | 1256

Ht-mmdmm-wmm.m-dumcmam.
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TABIE 3 - Continued

CALCULATION FORM FOR SHROUD DESTGN - PARALLEL FLOW - Continued

Step I Ttem [ Quantity Sowrce l Symbol 1 Taits [ ] I L l | l
8 | (51) killiﬂ;i: L (8) and literature €p 0.70 0.70
(52) (tpy - tay) (50) = (37) 1672 1572 W2 et 1371 | 169k 1606 1535 W75 3
(53) (15, [100 )" {f(;o) + h&]/mo}" 194,850 | 160,000 | 135,330 | 117,130 | 202,430 | 203,140 | 171,160 148,18 | 130,320 | 115,870
(5%) (Tay 0" {[(37) + 460] /100f* 39 | 36 | 3w | 3o % | 3o | 3w | 27 317
(55) | Redtent hest-tramafer | ; jooou8x (51)x [(53) ~W]/(2) | By ( ?::2 & 0-00391 | 0-003M. | 0.0030k | 0.00875 | 0.00850 | 0.00k02 | 0.00357 | 0.0032k | 0.00296 | 0.00273
sec) () |
L 1 2 1
= <ha ‘i h.) 1) + () T (a1) 28.0 | 205.7 | 188.6 | 175.0 | 16k.0 | 233.0 | 213.3 | 1977 | 1m.8 1740
(57) =1 /(Ep.v.‘) 10.57 x (5) x (27) /(3) 17.86 17.86
16
(58) %g"e/ pa¥a 1.25 x (3)/(29) z 21 6.05 8033 | 3.005 | 2 — 605 4033 | 3.025 | 2.
(59) ® (51)[1 + (58)]/(56) 1.0260 |0-6121 | 0-A764 | 04109 | 0.3726 | 1.0043 |0.5903 | 0.kshs | 0.38%0 0.3510
(60) ' o(59) 2.790 1.8k 1.610 1.508 1.452 2.730 1.805 1.576 1.476 1.521
(61) Vo1 =ty (% - (31 831 282 | 183k [ 1837 B2 | 18 | 182 | 1833 | 1835 | 1838
(&) (f,.l - tay )/.P (61) /(60) 656 993 139 1218 1269 671 1015 1164 124 1293
(63) Ztey + tay (&) x (58) + (37) 21,750 | 10,858 T220 508 B3k 21 7% | 10,858 T221 shio 4318
P [ o [t6e) + (63)]/[1 + (58)] Vo °r o | 168 | 16k | 166 | 62 | | 168 | e | e | 16
Downstream cooling-air temperature
w [(e) | wames | o - (o], on e | *» [w [@][ =] w] = [ [0 [ [ar | o
haust-pipe temp
(66) hote, + Bata, (¥1) x (64) + (k7) x (65) 2h | 3396 | 3360 | 3386 | 3323 | 33.96 |33.62 |33.37 | 33.6 2.9
18
(67) | Powmstzean -nt:-:t-mo (66)/(h9) h op 1653 15% 150 137k 1308 | 1661 1559 1478 1k09 1345
]‘Ita-ﬁ are carried in paremtheses to indicate row used in calculations.
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TABLE 3 - Concluded

CALCULATION FORM FOR SHROUD DESIGN - PARALLEL FLOW - Concluded

Stepllt-ll

Quantity 2 |

Source

Symbol [ Units ]

Cooling-air pressure drop in shroud

Selected from critical t -
- (€8 Shroud ddameter Seetistefincn HiatingiTov e a4 I ] 0.667 | 0.720 |o0.7%2
(69) Cooling-air-flow rate mm,:fm:é'm:’im:; o 2 Vo Y7 YO [ — — 1.6 | 1.9h | 2.37
(70) | Upstream cooling-air static pressure Pay 10/t2 | mmmmmen e 618 680 680
(68), (69) and curves
(1) Upstream cooling-air temperature le? against tay I e e e -38 -37 -36.5
a
(72) | Downstream cooling-air temperature tap T SRR SE— 520 440 368
(73) |Downstream cooling-air static pressure| Pap = P = (12) Pap 1b/262 628.1
(74) Upstreem cooling-air density 0.000583 x (70)/[(T1) + 460 Pa slugs/et ==-mmrmn mmmeenen 0.000937 [0.000937 [0.000936
1
(75) Downstream cooling-air density 0.000583 x (73)/ [(72) + 460] Pap a).u.gg/nj ---------------- 0.000374|0.000407 |0.0004k2
P,
(76) <1 + ;—2) 1efmmpm) | .} [ ---em---| 3507 | 3.303 | 3117
(m w18 OR3P S [ (N peew—— E— 2.383 | 3.208 | L2
(18) (85 + )28 [(68) + ()] emd tavle 5 | | | eeeeeeenfeeeeeee 123 | 133 | 14m
20 |(79) (4 - )3 G TG I I N [ — 0.0003 | 0.0260 | 0.0253
(&) w22 (71) and figure 13 | | | =emeeeee e 0.0502 | 0.0502 | 0.0503
(81) rrieu:: pressure :r’:zixt';rmd 0.0879 x (2(7;8,)( )(}29’)‘ (17) x (&) Oay Oy By 2 e e 59.07 | k.97 | 33.10
P, -
(&) 2 i =1 exmnm]-2 | | | k.015 | 3.606 | 3.233
(83) W,2 (69)2 2.624 | 3.764 | 5.619
(&) (8 + 2)2 [(68) + (5)]2 1.266 | 1.365 | 1.465
(®) (2 - a)? RO R T R s 0.0436 | 0.0634 | 0.0863
(bg) | Texting el exiting presswre 400  lo.aa8 x (8) x (B3)/[(86) x (85)] |euy (M, + )| 1frR [ mommceocmooec 62.68 | 51.50 | k7.20
(e7) Toﬂ-éo Fressure mi‘:i’m’d (81) +¢86) Oy & 1b/et2 [ memmmemm|mmmeaen 121.75 | R.47 | &.3
(88) | Cooling-air pressure drop in shroud 0.002378 x (87) /(Th) & B8l ] B 309.0 | 23%.7 | 207.1
]th- are carried in parentheses to indicate row used in calculations.
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" NACA TN No. 1495

TABLE 4

CALCULATION FORM FOR SHROUD DESIGN - COUNTERFLOW

Stcpl It-l] Quantity Source I sm«:lJ Units
Factors for design
(1) Brake horsepower Manufactirer bhp hp
(2) Fuel-air ratio Manufacturer L
1| (3) | Exhaust-gas-flow rate through engine | Memufacturer's data or equation (47) Vo 1b/sec
2 (%) Exhaust-gas m‘b\n‘e at shrouwd | Manufacturer's data and equaticn (48) A op
e or analytical method el
S 5(%5) Exhaust-pipe diameter (outer) Manufacturer a4y £t
(6) Velocity of airplane Performance data 8 £t/sec
5 (7) Altitude Performence data 14
(8) Exhaust-pipe material Manufacturer
58 (9) Design exhaust-gas temperature Manufacturer top op
6 | (10) Design exhaust-pipe temperature Mamufacturer tp °F
7 | (12) Design shroud temperature Manufacturer tey °r
Pressure drop available at shroud entrance
(12) Free-stream static pressure (7) and referemnce 8 P, :I.'b/ﬁ;2
"(13) Free-streem temperature (7) end reference 8 ol °F abs
: (14) Freo-streen density (7) and reference 8 o, slugs/rt3
X (15) Freo-streem dynamic pressure (1) x (6)% x ¥q_[2 o /12
9 | (16) Cooling-air-flow rate inr g 36 A 1b/sec
‘(a7 Cross-sectional area of inlet-duct Area of straight sectiomn A ﬂz
straight section of assumed inlet duct 1
(18) |Lemgth of inlet duct straight secticn Bongth o1 Suviohh Seciies 3 e
Blee - | Ry R
(20) |Dynamic pressure in straight section 0.00048 x [(16)/(17)]2/(14) 4 1b/2t2
(21) g [(13) - 460] ana f1gure 19 Hag (-::)(ﬁ)
g (22) Ry 0.031 x (16) x (19)/[(27) x (21)] Ry
(23) Friction factor (22) and reference 9 1,
S etk e lous S masidie 4 x (28) x (20) x (23)/(19) 5, /22
ere the inlet duct® contains more than ome straight section, the calculatioms of items (16) to (2h)
are repeated to determine the pressure loss in each straight section. If the intake duct contains
bends and/ar diffusers, supplementary calculatiocn farms will be needed to calculate the pressure
losses in each bend and/or diffuser as given by the equation and method of step 10 of the
single-segment design procedure. '
. o\ Beod end 2
| (25) Total pressure drop in inlet duct 0.05 (15) + Z (24) + L d:l_;r::a- Mo, 1b/tt
(26) Pressure d.rozn :!v:;cl:bh at shroud (15) - (25) maniiable 1 /“2

1Ttems are carried in parentheses to indicate row used in calculations.
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TABIE 4 ~ Continued

CAICULATION FORM FOR SHROUD DESIGN - COUNTERFLOW - Continued

NACA TN No. 1495

swpl Ttem! ] Quantity J Sowrce Symbol Units
Design variables
XL (ET) Length of shroud segment Assumed 1 £t
12 | (28) Shroud diameter Assumed £t
9 | (29) Cooling-air-flow rate Assumed Na 1b/sec
Cooling-air conditions at shroud entrance
(30) Free-stream stagnation temperature (13) + 0.0000832 (6)2 To, OF abs
(29) ana of inlet
(31) Pressure drop available at shroud entrance &) amx;“.ﬁ,%lzlz;‘ s w/et?
(32) Total pressure et shroud entrance (12) + (31) Ho, 1b/2t2
5| (39 a2 -a? (28)2 - (5)2
(34) 1-3&w,\j—!;/[(a,2 - 42)x n.e] 138 x (29) x (30)2/2/[(32) x (33)]
(35) (ap - Pa,)[Hay (34) and figure 16
(36) | Cooling-air static pressure at shroud entrance (32)[1 - (35)] P, 1v/rt2
n | (37) Cooling-air temperature at shroud entrance (30)[(36)/(3]2)]0'266 - 460 ta, °r
Downstream elh@\um temperature
(38) w08 (3) and table 5
(39) a8 (5) and table 5
(%0) Ky(Pr, 04 108 (4) end f1gure 14
(41) Heat-transfer coefficient on gas side 0.001735 x (38) x (40)/(39) B, —Drd_
(nc)( ﬁa)(w)
(52) Factor depending om ratio of pipe dlameters (28)/(5) and figure 15 [}
(43) 102 (37) and figare 13
(i) ".0'8 (29) and table 5
15 | (45) (2 + 4)0® [(28) + (5)] ana table 5
(46) (% - &) (28) - (5)
0.01528 x (42) x (k3) x (k&) Btu
(&7) Heat-transfer coefficient an air side (1) x (%) b, -————(”e)(“e)(o”
(48) hte) + Byty, (%) x (41) + (37) x (b7)
(49) by + b, (%) + (57)
(50) oam pipe t ture (48) /(49) tp r
8 | (%1) Buissivity of exhaust pipe (8) and literature e
(5) (tﬁa = tga) (50) - (37)
T
15| (53) (pp [100)"* {{cs0) + u60] joo}
(0 (Tag100)* {len + wo] podft

]M are carried in parentheses to indicate row used in calculatioms.
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NACA TN No. 1495

TABLE & - Concluded

CALCULATION FORM FOR SHROUD DESIGN - COUNTERFLOW - Concluded

st-J n-"[ Quantity ] Sowrce l Symbol [ Unite
(55) | Radiant heat-transfer cosfficient 0000048 x (51) x [(53) - (58)] /(52) b —lm
(sec)(££2)(°F)
o9 (=) RN
(s1) a1 /(5 W, ) 20.47 x (5) x (27)/(3)
(58) Spe¥e/(Toa¥a) 1.25 x (3)/(29) z
® o9 ¥ (501 - (58)] /(56)
(60) oV o(59)
(61) tag(2 - ") (N[ - (60)]
(6) tay(1 - 2) W[ - (s8]
(63) z - of (58) - (60)
(6%) @ temp [t61) - (62)] /(63) e °r
Downstream cooling-air temperature
st (65) | Domstroen cooling-atr temperatire | (58)[(4) - (60)] + (31) tay or
P Dipe temp
(66) Bgtey + Byty, (8) x (k1) + (¥7) x (65)
o (67) P Pipe (66)/(49) tn r
Cooling-air pressure drop in shroud
38 (68) Shroud diameter hl.::.‘mt:‘:n nﬁ:::a temperatwre ’;L:M g, t
(69) Cooling-air-flow rate J a8 per instr in step 18 Wy 1b/sec
(70) | Upstream cooling-air static pressure Pap /12
(72) Upstream cooling-air temperetwre em‘ﬁaﬁgm tay °r
(12) air t i tay r
(73) | Downstream cooling-eir static presswre oy = B = (12) Py 1/rt2
(1% Upstreem cooling-air denstty 0.000583 x (70)/[(72) + M60] P alugs/t?
(15) Downstresn cooling-air density 0.000583 x (73)/[(72) + %60 By slugs/t3
(16) 14 ;1 1+ (T8)/(75)
m w18 (69) and table 5
(18 (8 + a8 [(68) + (5)] ana tad1e 5
91 (19) (8 - &) [ce8) - (5)]3
(80) a2 (T1) and r1gure 13
) i e "-...7':3’“"" . 2o (2("18: iT(s':;)( 2 Sap 2Py /et
(@) 2.y [2 x (/)] -1
Pay
'(93) w2 (69)2
(8% (8 + 3)? [t68) + (]2
(8) (4 - 4)? [c68) - (]2
(0): | e e s Eovemmy 0.328 x (8) x (83)/[(8) x (89)]  |oay(am, + )| 13/re?
G ek ot e (8) + (8) oa, 2 1/ee
(88) | Cooling-air pressure drop in shrowd 0.002378 (87) /(T%) & /0t

Utems axe oarried in parentheses to indicate row used in calculations.
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NACA TN No. 1495

TABLE 5

VALUES OF N RAISED TO THE 0.8 ARD 1.8 POWERS

) 3 2 3 I 5 6 7 8 9

P 8

sictel et delile. @,
O A\ Fw

0.2759 | 0.2869 | 0.2978 | 0.3086 | 0.3193 | 0.3299 | 0.3404 | 0.3508 | 0.3612| 0.3715
.3817 .3918 4019 4119 4219 4318 1416 L4510 4611 4708
L80L 4900 AL996 | 5091 5185 5279 5373 S466 | .5559| .5651
.223 .5835 .2357 .6018 .6108 .6199 .6289 .6378 6468 6557

7518 | 7603 | 7689 | .rr7h | .7Bs9 | .7ouk | Boe9 | 8113 | .8197| .8eB1
8365 BLk49 8532 .8615 8698 8781 8863 8946 .9028| .9110

9| 9192 <9273 9355 9436 9517 9598 9679 9759 9840|9920
1.0 | 1.000 1.008 1.016 1.024 1.032 1.040 1.048 1.056 1.064 | 1.0T1
1.1|1.079 1.087 1.095 1.103 1.111 1.118 1.126 1.134 1.142 | 1.149
1.2 | 1.157 1.165 172 1.180 1.188 1.195 1.203 1.211 1.218 | 1.226
1.3|1.23% 1.241 1.249 1.256 1.264 1271 1.279 1.286 1.294 | 1.301
1.k 1.309 1.316 1.324 1.331 1.339 1.346 1.354 1.361 1.368 | 1.376
1.5/ 1.383 1.391 1.398 1.405 1.413 1.%20 1.427 1.435 1.842 | 1.449
1.6 1.456 1.464 1.471 1.478 1.486 1.493 1.500 1.507 1.514 | 1.522
2.0 | 1.7T81 1.810 1.879 1.947 2.01% 2.081 2.148 2.214 2.279 | 2.344
3.0 | 2.408 2.472 2.536 2.599 2.662 2.724 2,786 2.848 2.910 | 2.97T1
4.0 | 3.031 3.092 3.151 3.212 3.272 3.331 3.390 3.449 3.508 | 3.566
5.0 | 3.624 3.682 3.739 3.797 3.854% 3.911 3.968 L .02k b.081 | 4.137
6.0 | 4.193 4 .249 k4 .30h 1 .360 4415 L .470 k4 .525 4.580 4.635 | 4.690
T.0 | 4.743 4,797 4 .851 4 .905 4.959 5.012 5.066 5.119 5.1T2 | 5.225
8.0(5.278 5.331 5.383 5.436 5.488 5.540 5.592 5.644 5.696 | 5.748
9.0 | 5.800 5.851 5.902 5.954 6.005 6.056 6.107 6.158 6.208 | 6.259
10.0 | 6.310 6.360 6.410 6.461 6.511 6.561 6.611 6.660 6.710 | 6.760

N1.8

b o A
O\ @I W FW N

HFHHEHRHEE

A\ Fw -

O\ @Y O\ Fw N
o s .
505000000

[

0.05519| 0.06026| 0.06552| 0.07T098| 0.07663| 0.08247| 0.08850| 0.09%T72| 0.1011| 0.1077
1145 .1215 .1286 .1359 <1434 1511 .1590 .1670 1752 .1836
1922 +2009 2098 »2189 2281 2376 2hT2 2569 2668  .2769
* 2872 2976 .3082 .3189 «3299 .3409 .3522 .3636 3751 .3868
+3987 4108 4230 4353 4478 L4605 4733 4863 4995|  .5128
5262 +5398 5535 5675 5816 5958 .6102 6247 6394 L6542
6692 .6843 6996 <TASL <7306 464 7622 .T783 945  .8108
8272 8439 8606 B8TT5 8946 .9118 9292 9466 9643  .9821
1.000 1.018 1.036 1.055 1.073 1.092 1.111 1.130 1.149 A

[
=
&

1.187 1.207 1.226 1.246 1.266 1.286 1.306 1.327 1.347
1.388 1.410 1.430 1.452 1.473 1.494 1.516 1.538 1.559
1.604 1.626 1.648 1.671 1.694 1.716 1.739 1.762 1.786
1.832 1.856 1.880 1.904 1.928 1.952 1.976 2.001 2.025
2.075 2.100 | 2.125 | 2.150 | 2175 2201 |lezer 2.252 2.278

NN
o e+ e 8+ @
g

2.330 | 2.357 | 2.383 | 2.410 | 2.436 | 2.463 | 2.490 2,517 | 2.544 572
3.482 3.802 b3y 4 .478 4.835 5.204 5.584 5.977 6.381 | 6.797
7.225 T .664 8.115 8.5T7 9.050 9.535 |(10.031 [10.538 [11.056 |11.586
N2.126 [12.677 [13.239 [13.812 [1k.395 [14.989 [15.594% |16.210 |16.836 [1T7.4T2
18.119 [18.777 [19.445 [20.123 |20.812 [21.511 [22.220 [22.939 [23.669 |2L.408
P5.158 [€5.918 |26.687 [27.467 |28.257 [29.057 [29.866 [30.686 |[31.515 |32.354

33.203 [34.062 |34.930 [35.808 [36.696 [37.59% [38.500 |39.417 |[LoO.34k h1 279
b2 .22h  |43.179 [4h.143  [45.117 |46.100 |47.093 (48.095 |49.106 |[50.126 |51.15T
52.196 |53.2k% [54.302 (55.359 |56.446 |57.531 (58.626 [59.730 |[60.842 [61.965
63.096 |[64.236 |65.386 |66.554 |[67.711 [68.888 [70.073 |T71.267 |T2.4T1 |73.683
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NACA TN No. 1495

TABLE 6

VARIATION OF EXHAUST-GAS ENTHALPY REFERRED TO 0° ABSOLUTE WITH EXHAUST-GAS
TEMPERATURE, FUEL-ATR RATIO, AND HYIROGEN-CARBON RATIO

r
o 0.01 0.02 0.03 0.0k 0.05 0.06 0.07 0.08 0.09 0.10
%, .
(Btu/1b)
E
5= 0w
ko 217.0 217.6 218.2 218.8 219.5 £20.0 221.6 223.2 £27.2 231.1
6eo 26e.2 263.2 264.2 265.1 266.1 267.0 269.1 271.1 275.5 279.9
800 308.3 309.8 31.2 312.6 314.0 315.4 317.8 320.2 ol 330.0
980 395.6 | 357.6 | 359.5 | 3614 | 363.2 | 365.0 36'5-9 370-3 376.0 | 381.3
160 k03.9 806.4 408.8 k.2 413.6 15.9 518.9 k21, he6.1 %33.9
13%0 §53.2 456.2 b59.2 Lée.2 865.1 k67.9 b'u.g K754 481.5 887.7
1520 503.3 .0 510.6 s1h.1 517.6 521.0 525. 529.5 5; 542.5
1700 55k .1 558.4 5.7 566.8 570.9 574.9 5797 584 .5 ho1.2 598.2
1880 605.2 610.2 615.0 619.9 éeh.6 €9.2 634.5 639.8 645.0 o
2060 657.7 663 .4 669.0 67h.5 679.9 685.1 691.0 696.8 TOk & T12.2
22ho T10.4 T16.8 T23.1 T29.3 735.3 T41.3 47,7 T54.0 1.0 T70.2
= = 0.12
k4o 217.3 218.2 219.1 220.0 2203 221.7 224.9 226.3 230.6 23h.9
6e0 262.3 263.9 265.2 266.5 267, 269.1 271.9 274.6 279.6 2844
800 308.. 310.7 312.5 314.3 316.1 217.8 321.1 32h.3 329.7 335.2
980 356.1 358.5 360.9 363.3 365.6 367.8 371.6 375.3 381.2 387.2
1160 Lok .5 Lo7.5 L10.5 - 116.3 19,1 k23.3 .5 k3k.0 L4o.5
1340 153, L57.5 .1 16k .6 468.1 k715 476.3 481.0 87.9 Lok .9
1520 504..0 508.3 512.6 516.8 520.9 525.0 g-: 535.5 543.0 5504
1700 54,9 %560.0 565.0 569.9 57h.6 579.3 585 .2 591.0 598.9 606.9
1 606.0 611.8 617.6 3.2 68.7 634,1 635.0 646.9 3 659.1
2060 658.7 .3 671.8 678.1 6864 690.5 6975 fok.5 T13.h 2.k
22ko T4 T718.8 726.1 733.2 T40.2 Th7.1 4.7 7€.3 TIT 781.2
E
c" 0.14
bho 217.6 218.8 220.0 221.2 222.3 223.4 226.4 229.3 233.9 238.5 247.6
60 26e.9 264.6 266.3 267.9 269.5 271.1 272.3 273.5 2083.h 288.7 299.3
800 309.2 311.5 313.7 315.9 318.1 320.2 324.3 308.3 33h.1 340.1 3.1
98 3%.6 359.5 36e.3 365.1 367.9 370.6 375.0 3797 386.2 393.8 4o6.1
1160 %05.0 408.6 k2.1 115.5 518.9 2 27 .4 L32.5 439.5 446.8 461.5
13% 45k b 458.7 hée.9 467.0 471.0 4¥75.0 480.7 486.4 kol .0 501.9 517.9
1520 504.6 509.7 514.6 519.4 b 28,8 535.1 5514 5h9.7 558.1 575.4
1700 555.7 561.5 567 .2 572 578.2 58%‘6 590 .6 5975 606.2 615.3 633.9
1 606.8 613.5 620.0 626.4 %.6 638.8 6464 654.0 663.3 672.9 6%2.9
2060 659.6 667.1 67k .4 681.6 T 699-5 T04.0 T12.2 2.0 732.3 ?3.15
220 7124 720.8 T29.0 1371 T45.0 TR T61.7 T70.6 781.0 791.9 k.3
== 0.16
Lko 217.9 219.4 220.8 2022.3 223.7 £25.0 228.6 23.1 237.1 2k2.1
&0 263.2 265.3 267.3 269.3 271.2 273.1 2T77.3 281.5 287.2 2%.9
80 309.6 312.3 31h.9 317.5 320.0 322.5 32&-3 332.1 338.5 3.0
98 357.0 360.% 363.7 366.9 370.1 373.2 378.6 38.0 391.2 398.%
1160 L05.5 k09.6 413.6 417.5 o ke5.2 431.3 437.3 bhs.1 153.0 o
13%0 455.0 459.8 464.6 469.3 473.8 478.3 485.0 hol.7 500.1 %08.8 526.1
1520 505.3 511.0 516.5 522.0 3 532.6 540.0 k7 556 .4 565.7 584.6
1700 556.4 562.9 569.3 575.6 581.7 587.8 595.8 603. 613.6 6e3.6 643 g
188 607 .6 615.1 622.3 6e9.5 636.5 6434 652.2 660.9 671.3 68&.0 703.
2060 660 .4 668.8 677.0 685.0 6%.9 T00.7 710.2 719.6 T730.7 4.0 765.3
22k0 713.4 T22.7 731.8 740.8 .6 758.2 768.3 778.5 T90.3 &oe .k get.1
E
3 0.18
ko 218.2 219.9 221.7 223.3 225.0 226.6 230.8 23:.9 2k0.3 2k5.5 2%0.7 255.9
60 263.6 265.9 268.3 270.5 272.8 275.0 279.9 284.7 290.9 297.0 303.1 309.2
800 310.0 313.0 316.0 319.0 321.9 32k,7 330.3 333.8 3%2.8 9.T 253.0 263.6
980 gg’r.: 61.3 365.0 368.6 T2.2 375.1 .0 388.2 396.0 ,g.'r 11,5 19.3
1160 6.0 10.6 15.1 k9.5 3.8 28.0 tgg.o kh1,9 50.4 558.9 k67.6 316.2
1340 555.6 561.0 nss.e k71.5 k16.2 481.6 2 596.8 506.1 5154 »h.9 53h.
1520 506.0 512.2 518, ok b ;3; 536.2 b, 6 5%.9 5.9 573.0 583.3 593.6
m 557.1 564.3 5TL.4 5718.3 ol 591.8 600.9 610.0 60,7 631.6 ébzg 653.9
608.% 616.6 &k, 6 ggg.; 640.2 647.8 658.5 668.9 681.9 69%.1 708.. T22.7
2060 661.3 670.5 679.5 E 697.0 705.5 716.2 726.8 739.1 E;" 764.2 T77.0
22h0 k.3 T24.5 T3%.5 T T.0 763.5 7.9 786.3 199.4 .5 826.1 839.8
H
§ =020
kho 218.% 220.5 222.% 22k.b 226.3 228.2 gg:.o 239.8 g;ee 248.8 2% .4
&0 263.9 266.6 269.2 271.8 274.3 276.8 & 7.9 o 300.9 307.5
800 310.3 313.8 317.1 320.4 322.6 326.8 333.1 339.% Egz.e eoyé.; 361.8
980 egz.g 6.1 266.3 m.a E; .3 a’re.z .3 392.3 .6 .9 k17.3
1160 ] 11.6 16.5 21, 6.1 30.8 38.7 B46.5 1556 64,8 A7h.2
130 k56,1 k62.0 166.9 473.6 k79.2 L84.7 %93.3 501.9 511.8 1.9 532.2
150 506.6 513.5 520.2 526.8 ;gg.a 539.7 549.1 5%8.5 569.2 580.2 5914
1700 557.8 565.6 513.3 580.9 g 595. 605.8 616.0 1.7 639.% 651.5
1880 609.2 618.1 626. 635.k 643, 652.0 665,1 676.2 650.6 T05.4 720.6
2060 662,1 672.1 681.9 691.5 700.9 710.2 T22.1 733.9 TH7.1 160.7 7.6
22k0 715.2 726.3 737.2 T47.8 758.3 768.6 781.3 T79%.0 808.1 822.6 837.3
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NACA TN No. 1495

TABLE T

CONSTANTS FOR THE CALCULATION OF ABSOLUTE

VISCOSITY OF EXHAUST GAS

Temperature Ha 8 " C1 Dy B no
(°r) (slugs/(sec) (£t) x 106)
500 0.587 | 0.0223 | -0.0112 | 0.T26 | 0.0k93 | 0.202 | -0.133
700 663 -0399 - 0116 .T83 0537 23k -.159
900 32 0580 - 0121 854 <0591 270 =
1100 800 0756 -.0121 .903 0632 +300 -.223
1300 864 0945 - 0124 K] <0672 331 -.255
1500 928 1116 -.0128 | 1.008 0712 362 -.286
1700 9TT .1280 -.0131 | 1.0k6 «0Th1 387 -
1900 1.028 <1h3 -+0133 | 1.088 LOTTh A1k -.332
2100 1.0TT .1602 -.0135 [ 1.130 .0806 4ko -.358
2300 1.125 +1753 -.0138 | 1.169 -0837 55 -.380
TABLE 8

CORSTANTS FOR THE CALCULATION OF THERMAL
CONDUCTIVITY OF EXHAUST GAS

Temperature X ap b2 C2 D2 ) ¥

(°r) (Btu/(sec) (sq £1) (°F/£t) x 105)

500 0.695 | 0.0921 | -0.0127 | 0.861 | 0.05% 0.306 | k.08
T00 81k 1315 -.0118 919 0648 360 | k.39
900 .98 1748 -.0118 | 1.01k 0727 426 | 4.8k
1100 1.045 2214 -.0111 1.078 0787 489 5435
1300 1.16% 2772 - 0099 1.153 .0861 563 5.87
1500 1.281 «3333 -.0093 | 1.231 .0933 639 | 6.3
1700 1.3% .3947 -.0085 | 1.271 097k <710 | 6.9%
1900 1.500 597 -.0078 | 1.345 .1043 7193 | T7.48
2100 1.607 5293 -.0068 | 1.415 21111 880 | 8.01
2300 1.707 | .6033 -.0051 | 1.472 175 «968 8.60
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NACA TN No. 1495

TABLE 9

VARIATION OF EXHAUST-GAS PRANDTL NUMEER WITH EXHAUST-GAS TEMPERATURE,
FUEL-AIR RATIO, AND HYDROGEN-CARBON RATIO

£
o 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12
t,
= = 0.10
500 0.679 0.683 0.68 0.689 0.6 0.695 0.699 0.68& 0.646 0.608 0.573 0.536
T00 672 676 679 .6 6 +690 .693 .678 645 .608 513 339
900 666 .670 674 .6 .68 605 6 674 643 .607 573 539
1100 .6ée 666 670 673 617 681 68 669 640 605 5 538
1300 .656 660 ¢ 5 672 676 .679 663 +635 602 569 536
1500 .650 . 658 662 666 670 673 .658 629 597 565 532
1700 6Lk 67 651, 655 659 663 -665 651 623 -591 559 527
1500 .636 640 J6hY 647 o 656 675 643 616 58 552 .520
2100 621 631 635 639 643 647 6l 635 607 576 Skl 513
2300 619 623 .630 634 .638 .639 . S97 568 .535 504
o2
o
500 0.679 0.683 0.687 0.691 0.6% 0.699 0.698 0.671 0.629 0.588 0.552 0.51k
T00 672 o .6 68 689 693 +691 668 629 5 S5k 519
900 b67 671 675 68 68 68 687 66k .68 5 5504 520
1100 662 667 671 675 680 684 .6ee 660 66 588 554
1300 656 660 670 67k 679 676 654 621 5 552 517
1500 650 o 660 664 669 673 671 .6h9 616 581 ST 514
1700 W6l 648 653 657 o 666 664 643 610 575 541 509
1900 636 641 645 9 654 658 655 .63% «603 o 534 501
2100 .627 632 637 641 645 650 646 .626 5%k 560 526 ko5
2300 .620 624 628 632 .636 640 636 617 258 55 518 b
E . o.1k
500 0.679 0.684 0.689 0.693 0.698 0.703 0.698 0.660 0,613 0.568 0.530 0.493
700 673 67T .68 .6 6% 697 690 657 .613 STL 534 k99
900 667 672 677 .68 687 6% 685 655 .613 572 535 501
1100 662 o g'ég 677 .68 687 .6 651 612 571 536 502
1300 .656 661 o 671 677 68 67k 6kl 1606 568 533 ko8
1500 651 656 .661 .666 671 676 610 .640 602 564 530 L4956
1700 .64 649 654 659 664 669 .663 635 597 559 524 ko1
1500 .6 .6l 6k 651 656 661 654 .6e1 550 553 51T 48
2100 .6 .633 .63 643 .648 653 645 617 581 543 509 ATT
2300 621 .65 .630 634 638 643 634 .608 ST 535 500 169
= = 0.16
500 0.679 0.685 0.690 0.696 0.701 0.707 0.6 0.649 0.597 0.548 0.508 0.471
T00 673 678 .6 6 654 700 .6 64T 5 552 515 479
900 667 672 678 .68 690 695 684 645 5 554 516 R ]
1100 .663 .668 67k 679 685 650 .68 642 598 554 .518 L8y
1300 656 .66 .668 673 679 .68 612 635 SR 551 514 479
1500 651 657 66 .668 67k 679 .668 .631 589 548 513 478
1700 645 .6%0 655 661 .666 672 662 627 58 543 . 473
1900 637 .6k 648 .653 .658 664 65 619 .;g 537 b9 466
2100 629 634 640 65 .65%0 655 643 .608 o 527 ho1 459
2300 622 .66 631 636 640 645 631 598 558 519 483 h52
E 0.8
0.68 0.685 0.6%2 0.698 0.704 0.711 0.6 0.638 0.58 0.531 0.450 0.453
T00 673 679 685 691 697 .70 697 636 584 5371 kg7 461
900 66T 6Th .680 666 6% 6 .68 V635 505 539 499 465
1100 663 669 675 .681 .681 693 67T 632 58 539 501 466
1300 657 .663 . 675 .68 .688 671 N4 .58 536 g8 463
6% .65 664 670 676 .68 666 623 576 532 ko6 461
1700 645 651 657 .663 669 o 659 618 570 527 R h56
1900 638 ggo 655 661 o 'g 650 610 564 521 483 kg
2100 .630 636 .6h1 647 652 .65 641 600 o 526 513 476 Ll
2300 623 .68 .633 637 642 647 .629 591 kT 506 U469 438
S
5= 020
500 0.68 0.687 0.694 0.700 0. 8 o i
AR IR I IR IE I IR IR I IR
o 675 681 .6 .6 .701 .6 o o o . :
1100 .63 -670 616 1683 2 5% ik i Ll 58 ot
1300 .g;g o 671 il & & 670 .619 568 521 e e
o o o o 67! o o .61k 563 S17 479 Lkl
1700 616 6% 658 .665 671 .6 .6 .608 :
| | | | = g‘;T‘; b1 O - R O
! : ; <039 . <660 <639 +593 Sk kg9 Lée "
2300 o . . . . ‘ 4
3 624 62_9 634 639 6hk 2649 .628 58 535 b2 L B3 .h232
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NACA TN No. 1495

Station 1 Station 2
Shroud
t
tsl Exhaust pipe — 851 —‘ tsz
tal < l :p 'taz
Cooling-air flow
by g — X tpy
=
tel 1 Exhaust-gas flow ——— tex“ ltez
P P
Pay Cooling-air flow — o &x e
H&l Hax H&2
= x en dl
<z 1} -
(a) Parallel flow.
Station 1 Station 2
Shroud
tsl Exhaust pipe — _l ‘tsz
ta) ¢ «4——— Cooling-air flow taz
*py 2
tel l Exhaust-gas flow ——————» lteg
P,
Paj 1 «————— Cooling-air flow 82
Hal < “Haz
il
(b) Counter flow. NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS

Figure 2.- Illustration of symbols defined for a shrouded
exhaust-pipe system.
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Charge-air
venturi — | =
Centrifugal blower with
bell-shaped inlet
Cooling-air
venturi
C FEN =

!

-
Engine drive
for blower

Station 2

Station 3

Diffuser

NACA TN No. 1495

Engine

W/es een \.FIOW strai ene:
ire scr ghtener
\ *—— Expansion joints

Station 1

NATIONAL ADVISORY
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Figure 3.- Schematic diagram of experimental exhaust-pipe-shroud

test setup.
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AIR FLOW
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U/

Cooling-air thermocouple }
Pressure rake consisting of one

static-pressure tube, one unshielded

and four shielded total-pressure tubes
Wall static-pressure orifice
Shroud thermocouple
Exhaust-pipe thermocouple
Exhaust-gas thermocouple

DO =

O O W

Figure 4.~ Sketch of typical instrument station showing temperature-
and pressure-measuring devices.
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Symbols

Total-pressure-tube position
Static-pressure-tube position
Wall-static-orifice position
Exhaust-gas thermocouple position
Exhaust-pipe-thermocouple position
Cooling-air-thermocouple position
(~— — indicates direction
of traverse)
Shroud-thermocouple position

oOXE @0

D

Figure 5.- Sketch of typical instrument station showing relative
location of instruments.
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Figure 6.- Comparison of calculated with measured downstream exhaust-gas temperatures.
(Calculated temperatures based on air properties and corrected arithmetic mean air

temperatures.)
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Figure 7.- Comparison of calculated with measured exhaust-pipe temperatures. (Calculated
temperatures based on air properties and corrected arithmetic mean air temperatures.)
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Figure 8.- Comparison of calculated with measured downstream
cooling-air temperatures. (Calculated temperatures based on
air properties and corrected arithmetic mean air temperatures.
Measured temperatures are corrected arithmetic means.)
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Figure 9.- Relation of the measured shroud temperature to the measured cooling-air temperature.
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O Station 1 to 2
-008 O Station 1 to 3
Gy -007 = Eee
g .006 s {Isothermal data for
& o 4 exhaust-pipe-shroud setup
8 —
g .005
55 Commercial circular pipe t:
6 A (reference 1) I
004 - =
Smooth circular pipe
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0003 ] v 1l
10 20 30 40 50 60 70 8 90 100x104

NATIONAL ADVISORY

Cooling-air Reynolds number, R COMMITTEE FOR AERONAUTICS

Figure 10.- Variation of friction factors for the exhaust-pipe-shroud setup and for commercial and
smooth circular pipes with cooling-air Reynolds number.
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Figure 11.- Comparison of calculated with measured total-pressure
losses for the isothermal and heat-transfer tests. (Calculated
pressure losses based on arithmetic mean pressures and
calculated downstream air temperatures based on air properties
and corrected arithmetic mean air temperatures.)
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Figure 12.~ Diagrammatic sketch of a multisegment exhaust-pipe-shroud system for parallel flow.
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Figure 15.- Variation of the factor ¢ with diameter ratio.
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Figure 17.- Curves determined and used in the application of the
design methods to the example.
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