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TATIONAL ADVISORY COMMITTEE FOR AERONAUTIOS

ADVANCE RESTRICTAD REPORT

' A¥ INVESTIGATION OF AIRCRAPT HEATERS

XIV — AN AIR AND HEAT FLOW ANALYSIS OF A
BAH-OPERATED HEATER AND DUCT SYSTEM

By L. . K. Boelter, E, H., Morrin, BR. C. Martinelll,

and E. F, Poppendiek
SUMHARY

LA method of graephicel analysie is outlined which
allows the prediction of the thermal and asrodynamic per—
formance of a ram—~operated heater and duct system, for
cabin heatling or wing de—icing, at any altitude and air-
Plane speed. Thils performance may be predicted from the
isothermal total pressure drop across the components of
the duct system at eseveral ventilating air xateg, and the
thermal output of the heater at various air and exhaust
gas rates,

INTRODUCTICON

The performance of & ram—operated aircraft heater ig
deternined largely by the amount of ventilating air which
can be forced through the heater—duct system by the ram
pressure, The ventilating air rate, at & fixed airplane
speed &nd altitude, depende upon the resistance to the
flow of ventilating alr, not only of the heater but of
the ccrnplete duct system from alr scoop to the point of
final air discharge, - For a given duct system, the pres—
svre drop at a fixed air rate depends on the density cf
the air passing through the system, and thus, at any given
altitude the presgure drop for a fixed ventilating air
rate is determined Py the temperature of the alr leaving
the hoater. Converssly, for a given ram pressure, the
resultant cir rate through the duct system depends upon
the temperature of the alr leaving the heater. Because
the termperature of the air leaving the heat exchanger at




a8 particular vontilating alr rate dopends upon the thermal
output of tkhe heater, the doterminatlon of tho performance
of a2 heator duct system involves the simultaneous solution
of a prossure drop equation and a heat transfer equation,

A graphlcal solution of these equationsg, for the de—
terminetion of the welght rate of air passing tkrough the
heater~duct system and the temperature of the air leaving
the heater, at any altitude and alrplane speed, 1is pre—
sented in this report. If the desired ventilating air
welight rats at a certain altitude and plane speed is known,
the allowable duct logses may be determined by the method
Presented.

It 1s well recognized that,in many cases, the limi-
tation on the deeign of a hert 'eaxchanger duct system 1s
the question of allowable space and so forth, and in such
cases the analysis presented below may not be psrtinent,
although 1t may be used as & guide for design.

Thig investlgatlon, conductsed at the University of
California, wes sponsored by, and conducted with financial
asgistance from, the HNatlional Advisory Committee for Aero—

nautics.
SYH2QLS

A crces—sectional area of flow, ft3

i, cross—sectional area of flow at secticn a, ft2

Ay, cross—sectional area of flow at section b, ft3

An congtant cross—sectional area of flow in heat
exchanger, £t2

Ag gross—sectional area of flow at saction 2-2 at
inlet to air scoop, ft2

Ay cross—sectioncl area of flow at section 3-3,
entrance to Leat exchanger, ft?

A, cross—sectional area of flow at section 4-4,

exit from heat exchanger, ft?



cross—gectlionel area at section 5~5 at entrance to
igsothermal discharge section, ft2

e~ - - -

croses~sectional ares 6f duct at secyign 6~6 at
point of final air discharge, ft2

heat capacity of air, Btu/1lb °F

hydraulic diameter of duect, fH

Prictional pressure lose, 1b/ft3

1000 Btu (kilo Btu) '

gravitational force per unit mass, Z2.2 1b/(1b sec?/ft)
distance along duct, ft

sxponent obtained from &4Fpy egeinst Wiz, curves
(See references 3 and 6.)

abzolute static pressure, 1b/ft?

absolute static pressure ln free air stream at any
eltitude, 1b/ft3

ebsolute static pressure at inlet to air scoop,
1b/£t2

abgolute statlec pressurs at entrance to heat
exchanger, 1lb/fte

absolute static pressure at exit of heat exchanger,
1b/ft2

absoslute static pressure 8t entrance to isothermal
discharge section, 1lb/ft3

absolute statlc pressure at polnt of final air
discharge, 1lb/ft?

Mmean absolute static presggure in duct system during
the isothermal total pressure test (or that based
on calculations using aporopriate data), 1b/ft3

static pressura, 1lb/ft?

thermal output of heater under operating condltions,
Btu/hr
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thermal outnut of heater as measursd in ladboratory,
Btu/hr

cas constant in PV = BT, £t 1b/1v °F

atsolute temperature, °r

absolute tsmperature at section a, °R

absolute temmerature at section b, °R

absolute termerature of air in free air strsam, °R
absoluts temperature o air, Just inside alr scoop, °R
temperature ~f air at eantrance to hsat exchanger, OF

ebsoluta tomperatnre of alr at entrance to hent
exchnanger, °R

temperature of air leaving heat exckanger, °F
absolute temperature of air leaving heat exchanger, °R

absolute temnerature of air after pr.ssing through
non-isotherral d.uct6 ot entrance tc 1scthermal
discharge sectioa, “R

absolute temperature cf alr vaissins thraough duct
system during isothermal total-pressurn test, "R

mean volocity of flow at any section of duct, ft/ssc

velaclty of alr stre-m relative to alrplane, ahead n»f
air scoor (irue airspaed of air>lane + air
vslocity preduced by propeller), ft/ssc

velocity of air relative to alrplann at section 2-2,
entrance to air scoop, ft/szc

veloclty of air relative to alrplane at Dpoint of
final air discharge, ft/sec

spacific volume ¢f air (1/density), cu f£t/1b
smecific volume cf alr at section ;. cu £t/1b
gpecific volume % alr at sectinn b, cu ft/1b
rpecific v~lume of alr in free air strsam, cuv ft/1b

specific volume of alr Just inside air scoop,
cu ft/lb



specific volume of air at entrance to heat
exchanger, cu f£t/1b

sﬁecific volume of alr at discharge from heater,
cu £t/1b

spocific volume of alr after passing through non-
isothermal duct, ou £t/1b

specific volume of air at point 6f final air dils-
charge, ou £ft/1b

specific volume of air during isothermal totnl-
rressure test, cu ft/1b

ventilating mir rate, 1h/hr
exhaust ras raste, 1b/hr

ventilating alr rate durirg lsothernal total-
pressure teat, 1t/hr

distancec along duet, ft

diatence alceng duct, across which AF \is
measurcd, ft

isctkermal frictional wmroseurs losgs betwoen section
a naad ssctien L, lb/fta

frictionnl pressura leoss betweon free air stream
rnd entrance of alr scoon, for isotherwmal cgndi-
tions specified by P, ., T, ., W, ., 1b/ft

frictional pressure loss hatwoen entrance aof =ir
scoop and entrance to heat exchanger, for
%scthermal gonditions speclfied Dby Piqa' Tieo'
¥ieor }0/fH

frictional pressure lcss across heat exchanger for
isothermal conditlions specified by P,;_., T ’
and Wy o, lb/ft3 tsn? Tdne

frictional rressuro loss along the alr duct fronm
the heat exchanger to the entrance of isothermal
dischargo sectlon for the lsotkermal conditions
spocified by Piges Tigee 824 Wigos 1b/E83,
Th: isnthermal prassurs loss AF, . 1la made

up of the sum cof tue pressure losses thrrugh all
bends, sudden expnnsions, stralght duct, ,nd
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g0 forth, which occur along the duct from the
heater to the entrance to the isothermal dis-—

charge section, . -

AF__, frictional pressure loss in isothermal discharge
section for the isothermal condition specified
< . . SO, 2
by Pigor Tigor and Yigo, 1b/fE

.. . . o . . . AL Up?
g isothermal friction factor defined by AF = ﬁ —_ S
D 2g
N s . o]
Tal temperature of air entering heat exchanger, F
Tél tenperature of hot exhaust gases entering heat
exchanger, ¥
K. frictional pressure loss coefficient for fluid
expansion or contraction defined by equation (5)
K-0 frictional pressure loss coefficient for bends,

and so forth, defined by equation (5)

k exponent for adiabatic éompression defined by
cquatioa BPVF = P v K

The derivation of the equation for the prediction of
the non—iscthermal pressure drop through a heater~duct
svsten, follows directly from the integration of the
modified Bernoulli eguation along the flow system.

The bosic elements of a heater—duct system are shown
in figure 1, total~head tubes being visualized as located
at sections 1 to 6,

Two distinct types of flow system are indicated in
figure 1: -

Tywe I — Isothermal flow — unequal crosgs—sectional
areas at points of total pressure
measurement

Typve II — ¥on—isothermal flow — unequal cross—sectional
areas at points of total pressure measure—
ment

¥




The componente of the flow system shown 1n figure 1
may be classlified as follows:

1. The approach section, in which the air is adia-—

- batically compressed by the motion of the airplane through

the alr., The flow 18 non-isothermal.

2¢ The inlet section, in which the cross—sectional
areas &t the two total head stations 1 and 2 are different
and the flow is isothermal (type I)

3. The heater, which in the general case 1ls assumed
t0 have unequal cross—sectional areas &t the two total
head sections 2 and 3, and in which the flow 1is non-—
isothermal (type II)

4, The discharge duct, 1n which the cross—ssctional
areae ¢t points 3 and 4 differ and thd flow is non-iso-—
thermal because of heat losses along the duct (type II)

5, The final discharge section is of the same type as
the inlet section (type I)

The Bernoulll equetion in 4differential form (including
friction, but neglectiug elevation differences) is:

u, dup
-V dp = _-75-— + V a7 (1)

A Becond convenient method of writing equation (1) is:

e
ry\ L Iy
—dp = (M) LYV 37X, ar ()
P (3500) gV \&/ ~ \A/
. M
quetion (2) results from the substitution of 3600 L

into equation (1). The significance of the terms in equations
(1) ond (2) 18 as follows:

l. The first term represents the difforence in statilo

‘pressuro due to both the changes in kinotic onergy of tho

fluld and frictional losses.

2. Tho second term represents tho change 1in prossure
duos to changos in the kxinctie energy of the fluid, which
mdy roesult from:




(e) Cnanges in density or specific volume (V)
(b) Changes in cross—sectional area of flow (&)

3 The last fterm represents the change in pressure
due to frictional losses., The latter loss 1ls irrecoverabdle,
since the energy lost by friction 1s disslpated in the form
of heate.

Bquations (1) and (2) may be integrated between any
points in the flow aystem subject to the restrictions
imposcd upon the use of the Bernoulll equation. The in-—
tegration of the second term in equation (2), in particu—
lar, ylelds different results for the two tyves of flow
gystem discussed.

Tvoe I. Isothermal flow — unsquel cross—sectlonal
areas at points of total pressure measuremegnt.-—

f /__“’-—>a LM G (NN Y ) /1\ -’(3)

\3500/ gV \A/ Y \ssoo/ 28 ..\Ab

Type II. Non—isothermel flow —~ unequal crogs—sectional
arcag at points of total pressure meagsurement.— For thils

case the integral cannot bse evaluated precisely, since the
integra.id is not an exact differential as it was for
case I, Several methods of apnroximation may be used,

(a) Average specific volume.— If the flow system is
nearly lsothermal, the following approximation may be used:

V.. [ (Eé%ﬁ\a é G) a G> - (3510}8 2g 1va 'L Vb\a > ](

(b) Averspe cross—sectional areas.— If the area 1is
almost constani, the following approximation may be used:

N NN 1 TN (T
bov ./‘(3500/ g \ ~ \3600/ g &,y \Ab/ <Aa/] K4b)

(c) If the area is constant, no approximation is
necessnry, for the integral can be evaluated exactly.
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Ili f (':EEWO—O> g " (3500) g A= ‘—v'“ -7 ] (4c)

(d) For the "system shown below, which represents &
heat exchanger of constant cross—sectional area &y,

application of equations (3) and (4c) yields:
b

f(SSOO/BgIV\a,) /V\ = 3:00>8267Ah l-/Ah + ])m '\:h +1>-'(4d.)
a

An isothermal contraction (or expansion) at point =a,
e non—lsothermal change of the fluid at constant cross—
sectional area, and then an isothermal expansion (or con-—
traction) at point b 1s considered for the derivation of
the preceding expression. .

The third term in equations (1) and (2) may be
evalunted as follows: The 1rrecoverable frictional loss
for flow in a oconduilt uwesually consists of:

l., Sikln friction losses in straight sections of the
duct

2, Lossss due to sudden expansions and contractions
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3. Loases due to flow aronnd bends, and so forth

The skin friction loss usvally is expressesd DT
a 3
1 L) v
ar = g —iee .d.-'; = g (-——_ \ ——mme—— QX
1 2z DV 3600 J 2g DA®

where ¢, the friction factor, is a function o the
Reyrrelds nvaber of the flow system,

Th lossc¢s br sudden expanslon end coxtraction
usually are expressad by an equetlion of the form

u | S
dF, = K_ -=%~ = K T R A
@ \ 3600 / 23 A®

vhere the expansion ccofficlient E, may bn estirated
from data in refsrences 1 and 2.

Tre logses cue to flow around bends rlso are 2xnregsazd
by an oquatioun of the form

ar. = T, SEo -y LA
== %o ias " (5605 ) wa

Thus, for a duct which inclvdes several! btends, sudden
expanrions, and 30 forth (sec rofrronccs 1 snd 2),

3 il a7 v
dF -3-—--6-6 \ p i ; 5{5 d.x + cees + Kg 1.’5 + LI ] K'b -‘5 4 o -'} -
J 20 L A

Int:grating elong thie whole duct lsngth for coniitions of

Wigor Pizar Tige Vields

w 3 v i el L Q—‘ K \

Ziso ~dz2 gl
( 3600 > 2¢ LZJ 513 * é.., AE (5)
A plot of AFab agalnst Wiso usually will ravseal an
equation of the form

n
A, = K _i20 ‘.'&32)
- 2g 3600

AFaH
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where K <variles slightly with temperature because of the
variation of Reynolds number wilth temperature and the
resultant change of the friction factor {. The exponent
n will vary somewhere between 1,75 and 2,00 due to the
veriation of the friction factor § with W. If the
greatest frictlon losse is due to expansions and contrac—
tions, n will be near 2. If thes greatest loss 1s due to
pkin frietion, the exponent will be near 1.75. Typical
velues of n are given in references 3 and 4.

In reference 3 1t has been shown that the isothermal
pressure loss AF,y can be corrected to non—isothermal

conditions by correcting for changes in specific volume
and viacosity with temperature. If the exponent n 1s
krnowyn, the non-—isothermal frictional pressure loss at eny
wolght rate W 18 therefore:

wiao 2Tis

W \ T FTN\0 13V VotrTy
OFgb (non-1sothermal) = &Fqy
o zviso

where

Afap isothermal frictional pressure loss between section
a and section b at the temperature T, ,,, air
specific volume Vjig5,, and welght rate Wjig,,
1b/ft2

W welght rate of air, 1%/hr

n exponent (between 1,75 and 2.0) obtained from plot
of AFgay against Wig,

T +T.b

—EE—— erithmetlc average temperature in length of duct abdb,
¢

n

=3

v _+V
—&__D arithmetic average specific volume of eir in length
of duct ab, cu ft/1b
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INTEGRATION OF BERFCULLI EQUATIOK ALOl'G HEATER-DUCT SYSTEN

Froe Stream to Entrance of Scoon

(Sections 1 end 2)

In ordar to show the effect of the conrressibllity of the
fluid betvveen sections 1 and 2 the frictlonesl loss AFl o

is mostulated t-» Pe negligmidle. Comnressidilit-r effects,
on the other hand, cinnot bc neglected. Equation (1) +tien
bacones:

u. du
- Vv dp = -m___n
(4

" The thermodynamic math followed by the nir passing
frcm section (1) to section (2) is postulated t~ te
adiabatic. Then:

vk = p v K
Tnus
P P k-1
? 3 ~Fa It 3 Pa\ k
-/ Wan=-pPkv, | 8.5 PV |1 - (Z8
/ 1 1 1 k-1 1 1
- Pk 1
P,y P,
and from egquation (1) | —— —
=1
k ~ ) g 2.3 o u. 2
—meme PV |1 - K.E) J = 3.l (1)

An approximate solutlon of the mrecedinr eau~tion for
(PB - P1)' which 1s acevrate to within 10 nercent if

_E_En_& < 0.4 1ig wresentad below:
1
Bacause
P P + (P_ - P -
-8 = _ ___S_E____lz = 1 + fg___fl
P P P

1 1 1
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then
k~2 k—1.
EA) ko (}-+ 23—:—£i>'k g1 4+ E= 1 <?B - E;\ + a0
P, P, '3 P, /

¥oglocting all but the first two torms, and substituting
.in equation (7) yielde

u,® - u,3
- (P, -P)) = —955 T (82)

which 1ls the solution that would result by conpidering the
fluld incompressible.

The frictional pressure loss AF, p, (which wae neg—

lected in determining the effect of fluid compressibility)

ie added to equation (8a) for use in the following flow
equetiosne, yielding

n 0,13
P, - Py=i8n _ B8 oy sy W N/ TtTA TarTa\ (av)
2gV, =28V, “*\Wiso) \ 2T1s0/ 2Vi80/

Althougl: the pressure P, 1s not greatly influenced by
compressibility effects, the tempsrature at point (2)
may be Beveral degrees higher than that of the free air

stream due to compressibllity. The temnerature T, ma;-
be readily estimated.

Substitution of the relations
Plvl = RT1
PV, = ET
and 2 : 2 X
Plv1 = PV

in eguation (7) ylelds

or
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- —-1 ula L. uaa-‘
TB TJ. + R Xk l_ 28 (9)

Bcoop to Heater

(Sections 2 and 3)

Floy system — type I (fsothermal, unequal flow aress).—
Integreting equation (1) between sections 2 and 3 gives

u, 2 uy3 W \ To+P\0-13,V,+V
P, — P, = —&— — 2 AT \ 2 (10)
s 3 ReVy 287, 8-2 (wisO/ 2T350) \2Viso
vy
= ewe—eeeemem T= [
or, aince u 3600 & and s ., Vo Vs

- W'\a e i_ /¥ ’ V2 \
- % '<355§l 2gks ﬁ +AF3'3\“’150/ ﬂ::) Viso/(ll)

Addirg equations (11) and (8b) in-order to eliminate u
results in the equation*

5=

¥ \a V, /T +Ta\° 13, v .47
(Pl + 2&1\7> Fa (ssoo) Rghy @ L‘Il'a(wiso> \2Tis0/ (5%'{;'2

0,13 L]
+ AR—g .""’\‘ 2N T2 N (12)
\Viga, \-'-:i.ao/ \Vlso/

1
free oir stream before scoope.

w. 2
Jote that P, + EE%— is equal to total pressure in
1

Heater

{(Sections 3 and 4)

RPiow system — t¥ynme II (don-isothermsl, unesual flow
arens)e.— The integration of eguation (2) between polints 3
and 4 rlelds:

¥\ tera involving the difference in tha.apecific volumes
at sections 1 and 2 1s neglected in the determlination of
equation (12).
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Fs = P = 3‘2'55)’ el LCo R
P ()G T G (3)

Discharge Duct

(Sections 4 and 5)

W ‘1 > ( 4\3-‘
P, - (e | e ————
(Pa - Ps) '3600> (v, + v._,,)n.(
D 413
(GGG o
I".:l.tao 2T3g0 2V180
Final Discharge Saction

(Sections 5 and 6)

3 3 0,13 \
P, - P, = —=8. - 1B 4 aw, .....--> (T......) (..-..- (15)
2gV¢ 2gVs Y180 igo Vig0

or
' v
?t: 3600 ogh 53

oo <';;‘;> MO 16)

3

where Pg + EE%_ is equal to total pressurs at polnt of
& .

alr discharge,
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Elimineting the intermediate pressures P,, P, and

Py between equations (12), (13), (14), and (15) results
in the equation for the pressure drop between points 1

and 6
e ) (o 2D

a\_V.zt_ + JEL r Ah2 o 1) D /ﬁh_ + i)] 2
4% L\As /Ty, \as? Ve+V4

()" - ()] - b+ (o) forna (G20 (%)
\0.13

4 As ( T, \o 1s(rv2 \ » AT, (?3+TL <?5+v;\
2=3 \Tygo/ Viso) s 2T3g0 2"130)
0.13 0.13
+ AT <T"-+T ) Yut¥s ) ( Ts ) ( “(17)
4. 2T:I.so viso Tiso/ viso

By. the use of the ideal gas equation PV = RT equation
(17) mey te simplified

+

+ ( AL
Fy 2gV1/ zgv/ \3600/ 2gP

{Ts + 213 {(iha + 1> Is _ (EEE + 1\] + —2

“.A.sa .A.ha [ 33 / T4+T5

OEOIERES OANC)

1,13 1,13
Ta \ + AF3_4 giﬂi\

Tiso/

[ ]

1.13 1,13
* T
+ AF, ‘+T=“'-> + AT 5 \ } (18)
Tis iso
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In equation (18) the terms on the left of the equal
eign represent the difference in total pressure betwesn
the free air stream and the point of alr dilscharge, The
firet term on the right of the equal sign represents the
presesure changes due 0 the amacceleration of the air im
the duct, which are due both to changes in area and changes
in specific voluma. The last term represents the irrecov—
erable pressure loss due to the friction in the complete
duct systems, It should be noted that sach isothermal
frictional pregsure loss 1s corrected to the operating
temperature by different temperature corrections,
depending on the type of flow system represented by each
seperate A¥. Thus, any complex flow system cah be
broken up into a serlies of aystems, and the presasure
drop through each corrected to non—isothermal condition
by the method outlined.

In equation (18), for & given duct system for which
the isothermal total pressure drops AF,_,, AFg_,, AF,_,
A¥,_,, ald 4F,_, &are known, the remaining unknowns are
W and T4,e The fixing of the altitude, the alrplane
g8peed, and the heat loss from the duct establishes all
other variebles in the equation. Thus, for any altitude
ard airplene speed & curve of ¥ againet T, can be
drawvi wilch will reveal the rate of flow possible through
the duct system for any temperature T,.

Zhe relative importance of the various portiens of
the duct system may be resdlly established, for the largest
of the corrected pressure drop terms in equation (18):rwill
be the term which controls the rate of air flow, If 1%
becomes necessary to increase the rate of flow through the
heater—duct system, attention should be focused on the
largest term. By breaking up a complex duct system into
& serles of small units, the units causing difficulty
then may be readily isolatesd.

Nota: In many cases, the first sum of terms on the
right—hand side of equation (18) (which involves pressure
drops' due to changes in area ard fluid temperature) may
be neglected when compared with the second sum of terma
involving the frioctional pressure losses (AF),

After the curve of W againet T, 1is established

from a conalderation of the presgure drop characteristics
of the duct system (from equation (18)), the thermal per-—
formanae of the heater must be uwtilized in order to
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establish the operating point of the heater—duct system,
This therual performence of the heater then is used %o
establish a2 second curve of W eagainst T,, which is
fixed by the thermal output of the heater, since for any
particunlar W and exhauwst—gas temperature only one
magnitude of T, 1s possible. The relation

dg1¢ = Jep (%, - T;) (19)
or
T, = q_a.é!._i + T, (20)

1e utilized to obtain this second curve. The heater
capaclty qjygp» determined in the laboratory, nmust

be corrected to altitude and temperature conditions
by the method outlined in reference 5. The intersection
of the curve of W against T, obtained from the pres—

sure drop characterigtices of the heater—-duct system
(equation (18)) and the curve of W against T, from
equation (20) fixes the operating point of tke systenm
at the particular altitude and airplane epeed under
considerantion. A series of calculations at various
altitudes and airplane speeds then will establish the
complete performance of the unit.

Reocapitulation

The performance of a ram—operated heater—duct system
depends on the pressure loss characteristics of the complets
systenm 2nd the thermel output of the heater.

Yhe followlng data must be known in order to estab—
lish the performance o9f the systen:

1. Thermal output of the heater as a function of air
rete at varlous exhaust gas ratos and exhaust
gas temperatures. The methods of correction
of the performance of the heater t0 any altiwi::
tude are presented in reference 5.
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2. Isothernmal total pressure loss through the vari-
ous pertlnent portions of the alr duct system,
Total pressure datea are -necessary in order to
evaluate the irrecoverable frictional pressure
losa.

3, 4irnlane speed, alti tude, air temperature, “and
statlic pressure in the free alr stream

4, Heat loss from discharge duct™*

5.Stat¢cpreasuro at the point of final ailr discharge
If these guantities are known, the complete perfora—
ance of the heater—duct system may be calculated at any
altitudes Or, if the welght rate W 1is fixed by design
at 2 certain altitude and airplane speed, the allowadble
lsothermal total pressure loss for any eection of the
duct system may be calculated.

EXAHPLE

An exanple of the applicaition of equation (18) to
the prediction of the perforuance of a ram—opsrated
exhaust gas to alr cablin heater and associated duct work
as & frreection ¢f ailrplane spead and altitude i1e pPresented
balovw: .

Data
The followlng data &re avallable:!

1, Thermsl output of heater (fig. 2).~ The data
shown in figure 2 were 9bptained in the laboratory for the
following conditions:

(e) Atmospheric pressura, 14.7 psia
(v) Temperature of air sntering heatsr, Tal; 100° F

(c) Temperatures of exhaust gas entering heater,
Tg » 1400 T
1

*The duct loss can be estimeted by weans of the equations
presented in reference 3.
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For purposes of the analysis the following flight
conditions will be utiliged:*

Altitude -rg1 Tal L
_(£8) . (deg F) (dez F) (1v/hr)
10,000 1600 +23 4000
20,000 1600 -12 Yooo
0,000 1600 -hg 4Yoo00
0,000 1500 -67 40900

With this data and the data in flgure 2 tke heater output,
and thus the temperature of the alr leaving the heater,
t,» may be calculated reedily for any alr rate, W,
through the heater. Thils procedure will yi=2id one of the
curves of W, against +t, required in the analysis,

2. The igsothermal total pressure dron data for the
heater-duct system for an alr rate of 30"0 mounds per
hour are shown in figure 3. The exponent =n = 1,8,

3« The performance of the unit is desired at the
folloving airplane spacds and altlituvdes:

Altitude T, P, v, i(Airplane speed)

£t deg R) (1b/ft3 cu ££/1b true alr speed

__E__Z__ f__f__i E__f___i f_____f__l _____ (mpb) ______
10,000 4g3 1450 17.7 l 100
20,000 yhg 972 24,5 200
0,000 Y12 627 35.0 00
0,000 393 392 53.5 ; 00

4, Heat loss from dlscharge duct is 1000** Btu/hr ft2,
Surface area of duct is 24 ft%,

S v e B s e v G e M e S T S e W GmS G =P mem P M W M R W G G S R S e G WA St S i sy W S ey meh BaD e m T G Gu S S e e e S

*For lack of better information, and in order %o reduce
the complexlty of the samnple calculmtion, constant magni-
tudes of Te and Wg vere used for all airplanc speeds

1 .
and altitudes. If data for the varistlion of TF and

1

Wg with altltude and alrplane spesd are avallable. they
moy be readily utilized in the annlysis ian placs of the
constant values employed 1in this renort.
*#*The duct loss can VYe estlmatcd bv means of the equations
presented in refersnce 3.
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Be Static pressure in cabin is equal to atmospherie
preasure at the gilven altitude.

Sample Calculation

A sample calculatlon 1s performed for an altitude .
of 20,000 feet.

l., Celculations of welght rate W as a function
of t, from pressure dron data at an airplans gpeed of
300 miles ner hour. XEquatioan (18) is utilized. The
various terms 1n equation (18) have been nsslgned the
following magnitudes for this calculation:

Sgurce
P, = Pq = 627 1b/sa £t (4.35 1b/sq in.) Desizn condition
4, = 300 mph = 441 ft/sec n "
¥, = 35 cu £%/1b n "
‘g = 32.2 ft/sec® " "
R = 53,3 £t %271 " n
n = 1.8 n n
T, = 412° R " "
Tp = Ty = 427° R Bauation (9)
Ay = 0.235 £4? Figure 3
A3 = 0.225 f¢® n 0
A, = 0,245 £t2 LI
A, = 0,196 £t7 LI |
Ag = 0.500 f¢2 ] n
Tg = Ty = T, - g%&ﬁ-igsg Design condition

cp = 0.24 Btu/1v °F Reforence 5§
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Source
= Fig
Wigo 3000 1b/nbr gure 3
- o " "
Tygo = 532° R
Pigo = 2120 1b/£t® = 147 1b/sq in. " "
a¥ ., = 0.52 1b/£t® (0.3 1a. B 0) n "
LF,_5 = 0,52 1b/£t2 (0.1 in, I0) " n
3
AF, , = 6.23 1b/£¢® (1.2 in, E_0) " n
AF ,_g = 11.7 1b/£t® (2.25 in. E,0) " «
AF5_g = 2.69 1b/ft® (0.50 in. E 0) U

Substitution of these quantities in equation (18)
yilelds an equation in W (the wvertilatinz air rate)
and T, (the temperature of ths eir leaving the heater).
Choosing arbitrary values of t, = 200°, 4n0°, 6c0°, 8&00°,
and 1000° F results in ths following zouation in W,
The coefficients A and B ars the multipliers of W2
and W3°% (since n = 1.8), resnectivel~, in eqguation (12).

86.5 = A U2 + B Wil-8

where
t, A x 10° 3 x 10° W

(deg )  _____. . (1r/hx)
Altitude 209 61 Y510 3C70
30,000 ft 400 105 5920 2620
and 6Cn 1kg 7360 2329
Airplene speed, 820 205 8790 2110
300 mph 10c0 237 10300 1930

A plot of the curve Y agalret t, obtalned in the
foregoing is shown in figure 4, topetiter with the curves
calculated for airnlane sneeds of 100, 209, and 10O miles
per hour.

The heater output must znow be utilized t» obtadn the
operating pointe of the haater-duct systam. Trom figure
2 the followlng data are obtalaned:
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q e - o . ———— e = =
alt
Wa 214D U1t Ve, b,
v e e (1bv/hr) (Btu/hr) . (Btu/hr) . (deg F)
Altitude, 1000 150,000 188,000 783 751
30,000 f£%. 2000 215,000 270,000 b62 539
and 3000 270,000 340,000 473 439
Airplane Bpeed, 4000 310,000 390,000 406 372
300 mph 5000 337,000 424,000 353 317

The laboratory data were corrected to altitude by multi-

plying by the ratio:®

a1

The tomperature t,

q'a.lt

1500
%1ab 1400

-t
-~ 100

— ta)

was ocalculated from the relation:

. (21)

The resulting curve of W againgt t;4 1s plotted in

filgure 4. The intersection of the curve obtained fronm
the heat transfer data™* and the curves obtained from

the pressure drop date ylelds the operating points for
the heanter—duct systom at 30,000 feet altitude, This -
performence is summarized as follows:

*Thig correction neglects the small changes in heater out-—
put due to changes in the unit conductances on the air and
gas sldes resulting from the fact that the average oper-—
ating temperatures of the alr and exhaust gases are dif-
ferent from those utilized In the laboratory test (raference

5). The tomperature %,

is equal to the outside air

temperature (—48 F) plus the temperature rise due to
adiabatic compreesidility,
#*If voriations of heater output with airplane epesd due
to changes 1n exhaust gas reate and teuperature are to bYe
included in the computations, & ssparate curve of ¥
against t; from the heator output data will be obtalnod
Since the exhaust gas rate_ ie
assunod to te constant in thesc calculations,
performancoe is ropresented by a single curve in fig, 4,

b at each alrplane spaed,

tho hoater
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Altitude, 30,000 £t

Airplano eveed L) t, Qa 1t
(mpn) £1b/hr) (dog F) (Btu}hr)
160 . 550 960 133,000
200 - 1420 625 230,000
300 2450 475 310,000
400 3600 550 280,000

The rovotition of the precediung procedure for alti-
tudes of 10,000, 26,000, and 40,000 feot ¥ields the com—
plote porformance of tho unit. The final results are
tabulated in table I and plottod in figures 5, 6, and 7.

DISCUSSION OF RESULTS

Figure 5 revoals the temperature at which the air
will lor.ve the heater at various airplane svoeds and
altitudes. Inspoction of the flgure shows that the lowor
the alrplane speed the higher the temperature of the air
loaving the heater, and the greator the altitude, the
highor the teomporoture leaving the heater. All the ceal—-
culatlions for figure 5 ware basecd on & ventilating air
duct in which no ailr-—econtrel velveos woro imstalled, and
thus figure 5 represents tho optimum performance of tho
unit, Installation of valvoe for rostricting tho rate of
air flow will, of course, have tho sams effect as in-

" eroasing the rosistanco to flow of the dunct.*

Figure 5 represents the air rate through the heator-
duct systou at various altitudes and air speeds. As
would bo oxpected, the lower the altitudec and tho higher the
‘Rirwlene speed, the greater tho air retee Ccmbination
of the data presonted in figures 5 and 6 allows thoe pre—
diction of beator output at various altitudos and airplane
spoods. Thoso rosults arc shown in figure 7.

Tho data in figuree 5, 6, and ? osteblishes tho por—
formance of the hestor—3uct system. The saue calculations
may be readily porformod for a wing do—icing systom, the

*If o blower 1s installod in the ventilating air dvet on
the upstroam sidc of the hoester to supplomont the ram pros—
suro, a term APgfgp, equal to the pressurce head provided

by the blowor, may bo added to tho loft side of equation
(18)e Tho romainder of tho analysis romains unchangod.
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main difference 1in the calculation belng a greatly lowered
Tg due to the heat lost by the air as it flovws 1in the wlng

de—icing ducts (between sections ¥ and 5).

- Cases may arise in which the duct system is fixed and
the performancs of several heaters in thls given duct -
system 18 to be compared. Repetition of the calculation
gshown for the various heatsers will allow a rational com-
parison of the performance of the several heaters to be
made.

In other cases the heater output at a glven alti-
tude and airplane speed ma¥ be fixed by design, and the
allowable duct losses must be detsrmined. The following
procedure may be followed in this case:

(a) From the known, heater output as a function of
eir rate, gas rates, and tempsratures, the
desired alr rate W and air outlet temmara-
ture t4, may be calculated by employing
equation (20),

(b) Substitution of these values of W and tg4
into equation (18) allows the evaluation of

one unltnown isothermal pressurc dron, say

LF,_ .. The duect then nmust be desifned to

function within this allowable mressure drop.

COECLUSIONS

A method has bPeaon nresented in this remort for the
prediction of the annroximnte thermal and acrodynamic
performance of a ram—operated heater and duvect system at
any altitude and alrplane spesd, provided the folloving
data are known:!

(a) Thermal output of heater at various air rates and
"exhaust-Zas rates

(b) Isothermal total pressure drop (frictional loss)
through duct systenm st several alr rates

(c) Heat loss from discharge duct (or win~, in
de-1cing system)
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(d) Static pressure at the point of final air diecharge

University of California,

Borkoley, Calif. December 1943.
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TABLE I
Altitude True airspesd t, | 914
v ; of alrplane -
(£t) (mph) (deg F) | (1v/br) | (Btu/hr)
10,000 100 636 1860 228,000
200 430 3750 366,000
300 300 6400 436,000
400
20,000 100 785 930 179,000
200 500 2400 296,000
300 390 4000 386,000
400 300 5850 439,000
30,000 100 960 550 133,000
200 626 1420 230,000
300 475 2450 308,000
400 390 3600 380,000
40,000 100 1200 320 97,000
200 800 800 167,000
300 635 1360 230,000
400 510 2000 277,000
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heater output, 1000 Btu/hr

q.“:

Fig. 2
¥, = 5700 1v/hr
400 . //
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200 /
Tgl = 1400 ZF
= o °F
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W, = air rate, lb/hr

Figure 2.~ Thermal output of heater from laboratory

data. (The heater output may be estimated
by means of the equations presented in reference 3,
if laboratory facilities are not available.)



Figure 3.- Isothermal total-pressure drop data for heater and duct system. (The isothermal total-pressure
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drop may be obtained in the laboratory or may be estimated by means of the data presented in

reference 4.)
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Figure 4.- Curves of W vs"c3 at an altitude of 30,000 ft from pressure drop data (equation 18.)
and from thermal output of heater (equation 20). The intersections of the curves
represent the operating points of the heater and duct system at 30,000 ft altitude.
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Figure 5.- Temperature of the air leaving the heater at
various airplane speeds and altitudes.
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NACA
0
60 0,000 £t
20,000 ft
5000 /
4000 /
. / 30,000 ft
v
=
o)
-~
@ 3000
4>
g
A
o
2000 / _ 40,000 7%
1000 / /
| "/ V -~
0 400

100 200 300
Airplane speed, mph

..Flgure 6.~ Ventilating air rate through heater

ond duct system at various airplane
speeds and altitudes.
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Figure 7.- Thermal output of ram-opereted heater as a func—
tion of airplane speed and altitude.




