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SUMHARY

A method of graphicel analysis is outlined which
allowvs the prediction of the thermal and aerodynamic per—
formence of a ram—operated heater and duct systeam, for
cabln heating or wing de—icing, at any altitude and air-
plane apesed. This performance may be predicted from the
isothermal total pressure drop across the components of
the duct system at several vepntilating air rateg,:and the
thermal output of the heater At various air and exhaust
gas rates,

INTRODUCTIGN

The performance of s ram—operated aircraft heater 1is
determnlined largely by the amount of ventiliating air which
can be forced through the heater—duct system by the ram
pressure, The ventilating ailr rate, at a fixed airplane
speed cand altitude, depende upon the resistance to the
flow of ventilating air, not only of the hsater but of
the conplete duct system from air scoop to the point of
final air discharge, r For a given duct system, the pres—
sure drop at a fixed air rate depends on the density cf
the oir passing through the system, and thus, at any given
altitude the pressure drop for a fixed ventilating air
rate 1s determined by the temperature of the air leaving
the heater. Conversely, for a given ram pressure, the
resultant cir rate through the duct system depends upon
the temperature of the air 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 the heater, the doterminatlon of tho performanco
of a heator duct system linvolves the slmultansesous solution
of a prossure drop equation and a heat transfer equation,

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

It 1s well recognized that, in many cases, the limi-
tation on the design of a hesrt ‘exchanger duct system 1s
the gnestion of allowable space and so forth, and in such
cases the analysis presented below may not be pertimnent,
althourh 1t may be used as & guide for design.

This ianvestigation, conducted at the University of
California, was sponsored by, and conducted with financial
assistance from, the Fationel Advisory Committee for Aero—

nautics.
SYH30LS

A crces—sectional area of flow, ft3

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

Ay cross—sectional area of flow at section b, ft2

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

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

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

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

exit from heat exchanger, ft?
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cross—gectionel area at section 5-5 at entrance to
isothermal discharge section, ft2

- - -

crogs—~sectional aresa df duct at secyign 6—6 at
point of final air discharge, ft2

heat capacity of air, Btu/lb °F

hydraulic dismeter of duct, ft

frictional pressure lose, 1b/ft3

1000 Btu (kilo Btu) '

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

sxponent obtained from 4F,y egainst Wi;g, curves
(See references 3 and B.)

abzolute static pressure, 1b/ft2

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

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

absolute static pressurs at entrance to heat
exchanger, 1lb/ft=

absolute static pressure at exit of heat exchanger,
1b/£t2

absolute static pressure at gntrance to isothermal
discharge section, 1b/ft3

absolute static pressure at polnt of finmal air
discharge, 1lb/ft?

mean absolute static preesure in duct system during
the isothermal total pressure test {(or that based
on calculations using aporopriate data), 1lb/ft?2
static pressure, 1b/ft®

thermal output of heater under operating conditions,
Btu/hr
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thermal output of heater as measursd in laboratory,
Btu/hr

zas constant in PV = RT, ft 1b/1b °F

ahtsolute temperature, °R

absolute tomperature at section a, °R

abeolute temmerature at section b, °R

absolute termmerature of eir in free ailr strsam, °R
absoluts temperature of air, Just inside alr scoov, °R
temperature nf air at entrance to hsat exchanger, °F

absoluta temperatnre of alr at entrance to heat
exchonger, °R

temperature of alr leaving heat exckhenger, °F
absolute temperature of ailr leaving heat exchanger, °R

absolute temverature cf alr after pr.ssing through
non-isotherral iuct6 at entrancs 3¢ lscthermal
discharge sectioan, “R

absolute temperature c¢f mrir vassirs through duct
system durlng lsothermal total-pressurns test, "R

mean veolocity of flow at any section of duct, ft/sec

velaclty of alr stre~m relative to airplane, ahead »f
air scoor (irue airspased of airilane + air
vsloclity produced by propeller), ft/sac

veloclty of ailr relative to alrplan» at section 2-2,
entrance to air scoop, ft/sazc

velocity of alr relative to alrplane at point of
final air discharge, ft/sec

specific volume ¢f air (1l/density), cu f£t/1b
svecific volume cf alr at sesction ;. cu £/1b
specific volume 2% alr at section b, cu £t/1b
ipecific v~lume of ailr in free air stream, cv f£ft/1b

specific volume of air Just inside nir scoop,
cu ft/1b



speclfic volume of alr at entrance to heat
exchanger, cu £t/1d

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

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

specific volume of alr at polnt o6f final air dis-
charge, ou ft/1b

speclfic volume of air during lsothermal totnl-
rressure test, cu ft/1b

ventilating air rate, 1b/hr
exhaust [sas rete, 1b/hr

ventllating alir rate durirg leothermal total-
pressure teat, 1t/hr

distance along duct, ft

dlatence aleng duct, acress which AF 1is
measurcd, ft

isctkermal frictional =»roscurs losas betwoen section
a nad ssctien &, 1b/fta

frictionnl pressura leoss betweon free air stream
snd entrances of alr scoon, for isothermal cgndi-
tions specified by P, ., T, ., W._ ., 1b/ft

frictional pressure loss hotwoen entrance af air
scoop and entrancs to heat exchanger, for
}scthermal gonditions speclfied by Py.., Ty.q9
Yieor 10/fE

frictlional pressure lcss across heat exchanger for
lsothermal condltions specirfied by P, s T ’
and Wy o, lo/ft?3 ten? ine

frictional rressuro loss along the air duct from
the heat exchanger to the entrance of isothermal
dischargo sectlion for the 1sotkermal conditions
spocified by Pygos Tyger 824 Wi, 1b/£87,
The isnthermal prassura loss AF, . 18 made

up of the sum cof tue pressure losses thrrugh all
bends, sudden exmnnsions, stralght duect, pnd
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so forth, waich occur along the duct from the
heater to the entrance to the isothermal dis—

charge section, . -

AF . _, frictional pressure loss in isothermsl discharge
section for the isothermal condition specified

< 3N, 2
b7 Pigor Tigor 22d Yigos 1B/fH
2
. . s - . . AL Yy
¢ isothermal friction Ffactor defined by AF = { > 75—
. £
Ta, temperature of air entering heat exchanger, °F
Tgl temperature of hot exhaust gases entering heat
exchanger, ¥
X, frictional pressure loss coefficient for fluid
expansion or contraction defined by equation (5)
i frictional pressure loss coefficient for bends,
and so forth, defined by equation (5)
k exponent for adiabatic compression defined by

cquatioa PVF & ﬁlvgk

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 Pernoulli esquation 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 crosg—sechtional
areas at points of total pressure
measurement

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




The components of the flow system shown in figure 1
may be classified 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 is 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 1s assumed
to have unequal cross—eectional areas at the two total
head sections 2 and 3, and in which the flow is non-
isothermal (type II)

4, The 4ischargo duct, in which the cross—sectional
areaes ¢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 seotlon 1s of the sames type as
the inlet section (type I)

The Bernoulli equation in differential form (including
friction, but nezlectliiug elevation differences) is:

u, du

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

e
ryN L I
~ap = (=X} LI 471, ar (2)
P (3500) gV \&/ ~ \&/
L v
Bquetion (2) results from the substitution of u, 3600 &

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

l. The first term represents the difforence in statio

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

fluld and frictional losses.

2. Tho second term represents tho change in prossure
duoc to changes in the kinoctic ensergy of the fluid, which
midy result from:




(a) Changes in denslty or specific volume (V)
(b) Changes in cross—sectional area of flow (&)

3. The last term represents the change in pressure
due to frictional losses. The latter loss 1s irrecoverabdle,
slnce the energy lost by friction 1s disslpated in the form
of heat,.

Bquations (1) and (2) may be integrated between any
points in the flow system subject to the restrictions
imposcd upon tha use of the Bernoulli equation. The in-—
tegration of the second term in equation (2), in particu—
lar, ylelds different results for the two types of flow
systenm dilscussed.

Type I. Isothermal flow — unequel crogss—sectional
areas at points of total pressure meassurement.—

[ty 2D e D- Gy 212 - @) e

\B8500 gV b/ \&/ \3600/ Zg L\Ab

Type II. Non—isothermel flow — unequal crogs—sectional
arcas at points of total pressure measurement.— For thils

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

() Average specific volume.— If the flow system is
nearly lsothermal, the followlng aporoximatlon may be used:

V.. [ (EE‘IBB\Q i G) a G) - (:3510}8 2g 1va 'L Vb\a > ](4a)

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

/YN _ (¥ N Yol Va
bev ./‘(3500/ g \ “\B600/) g A,y N/ (;a/] (4v)

(c¢) If the area is constant, no approximation is
necesscry, for the integral can be evaluated exactly.
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(SSOQ/ Iy (3604) [ ] (4c)

(a) For the "system shown below, which represents &
heat exchanger of constant cross—sectlional area A4y,

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

!(ssoo/aglv\“> /V\ - 3:oc>aagv§h [@};a+ 1)% '\i—L+1>-|(4d)

An isothermal contraction (or expansion) &t point a,
a non—isothermal change of the fluld at constant cross-—
sectlional area, and then an isothermal expansion (or con—
traction) at point b i considered for the derivation of
the preceding expression. .

The third term in equations (1) and (2) may bve
evaluated as follows: The 1irrecoverable frictional loss
for flowy 1n a conduit uwsually conelsts of:

l. Skin friction losses in stralght sections of the
duct

2., Lossss due to sudden expansions and contractions




10

3. Losses due to flow aronnd bends, and so forth

The skin friction loss usuvally 1is expressed b
3 a
u Yy v
1 2g DV 3600 / 2g DA®

where {, the friction factor, 1s a function o< the
Reyriclds nvaber of the flow system.

Ths losscs br sudden expansion end coxrtraction
usually are expressad by an equetion of the form

u W 2 vy
e 3600 / 25 A®

where the expanslon ccofficlient E, may bn estirated
from data in refesrences 1 and 2.

The losses fue to flow around bends rlso are axnress:z2d4
by an oquation of the form

. g LA
= =T yg =B (56 ) wa

Thus, for a duct which inclvndes several tends, sudden
expanaiors, and so forth (sec roferonccs 1 and 2),

- ¥\ 1 ¥ 7 v .
dF— (3336/ EE L;Bx‘é dx"' ..u""Kg 15"' X K'b ;‘:_‘5 4- o e - -

Intsgratiznm along the wWholc duct lsngth for conliitions of
Wiges Pigor Tigo Tields

= ( Y130 ’1’.1.59 Ay L *:-‘K x
AF oy = (35"0) 2¢ L> C a3 * (__,A‘é] (53

A plot of AFab against V. usually will raveal an
equation of the form

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

In reference 3 it has been shown that the isothermal
pressure loss AF,; can be corrected to non—isothermal

conditlions by correcting for changes in specific volume
and viscosity with temperature. If the exponent n 1s
krnoyn, the non-—lisothermal frictional pressure loss at any
welght rate W 1e therefore:

AT ) = AF ( v \ T, 4Ty >° 13(v +vb>
b(non-1gothermal) = b
ab( & 2Tiso zviso

wiso

vhere

Afep isothermal frictional pressure loss between section
a and section b at the temperature T,,,, air
specific volume Vjig,, 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 AF¥gzy against Wig,

T +T.b

—55—— erithmetic average temperature in length of duct ab,
¢

n

=3

v +7
—&__D arithmetic average specific volume of eir in length
of duct ab, cu ft/1b
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INTEGRATION OF BERNCULLI EQUATIOK ALOl'G HEATER-DUCT SYSTBN

Froe Stream to Entrance of Scoon

(Sections 1 end 2)

In ordar to show the effect of the conrressibillity of the
Zluild hetvveen sectlons 1 and 2 the frictlionel loss AF1 o

is mostulated t- Pe negligsidle. Comnressidlilit—r effects,
on the other nand, chnnot bc neglected. Equation (1) %hen
bacones:

u. du
4

" The thermodynamic path followed by the sir passing
from section (1) to section (2) is postulated t~ te
adiabatic. Then:

r \k -
>V = BV,
Tanus
P P k-1
3 3 ~Fa Ik . Pa\ £
-/ “Van = - P v, | SR = .E.. pv|1 (;E
1 : I 1 11
/ . - k - 1 -
- - Pk 1
Pl Pl
and from egquation (1) T m—— —
=1
k r /P k7 u.,2 - u ?
—— A K-E) J = 2l (1)

An approximate solutlon of the mrecedinn eau~tion for
(PB - P1)' vhickh 1s accurate to withinm 10 narceunt if

P_-~-P

_2_5__l < 0.4 1g wresentad below:
1
Bacause
P P+ (P_. - P P -
- = - ___S_E___..l.). = 1 4 _3___21
P P P

1 1 1



13
then
k—1 k—1.
.:E.a)k=(1-+£3.;21>'k51+k_1<?_2—£1\.+..
P1 P1 k P1 /

¥oglocting all but the first two torms, and substituting
.1in equation (7) yields

u,2 — u,2
~ (By = By) = =i 7 (88)

which 18 the solution that would result by congidering the
fluid incompressible.

The frictional pressure loss AF, , (which was neg—

lected in determining the effect of fluid compressibility)

is added to equation (8a) for use in the following flow
equetione, yielding

n 0,13
P, — P= va? _ ug® AT, N7 IarTa TtV (gv)
2gV, 2gV, “*\Wiso) \ %Tis0/ 2V180/

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

stream due to compressibility. The temnerature Ty ma;-
be rendily estimated.

Substitution of the relatiocons
P1v1 = RT1
PV, = ET
and 2 : 2 .
Plv1 = PV

in eguation (7) yields

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

Bcoop to Heater

(Sections 2 and 3)

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

P, — P, = —R— — 2 AT AN 2 (10)
2 3 2gVy nga 83 (wisO/ 2Tiso} <2viso
vy
or, alnce u = m and TE = TS ’ V = V

e oW\ Vs ug? AAYARN S A
% _<§559 25:3 ETT .FAFa_s\wiso/ Tis;> v'fl.so/(ll)

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

i

¥ \Na TV, /T +Ta\° 13, v 47
(Pl + 2?7) Fa (3500} Sgh, @ L‘Il-a(wisc,) \ 27150/ (E%’{;f

0,13 L]
+ AR-3 '/, LN La NN T \ (12)
\Viga, \i:i.ao/ \Vlso/

1
free oir stream before scoop.

2
Jote that P, + %%%— 1s equal to total pressure in
1

Heater
{(Sections 3 and 4)

Tiow system — t¥ne II (ron-isothermel, uneopal flow
areas).— The integretion of eguation (2) baetween polnts 3
and 4 rlelds:

*A teram involving the difference in tha.specific volumes
at gsections 1 and 2 18 neglected in the determination of
equation (12).
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’ -
W Vs [ 1) e A11’ )
37 e 3600) 28 Ay3 (A Y)s, " |

7o "-)"(";::7'13(-9’1

Dischargs Duetl

(13)

\-//\

(Sections 4 and 5)

W g e gt e e D S e e D S SIS gaS S5O M e D e D GE PEL GED A GED Gmn S e PSR S R EE M G g R e e e

LAY 1 > ( \"‘
P, - P Y (R s S ——
(Ps - Ps) '3soo> (¥, + 7y L(
0413
GEIGEY @ o
I".il.so 2Tyg0 2V480
Final Discharge Smection

(Sections 5 and 6)

2 2 .13 N
P, -~ P, = s, _ Bs_ ATg_ o ___._> <T.__._,> (.._.__. (15)
Ve eV
28 €'s Y1g0 iso Vigo

or
Py ~ (P + ----) (_....- _..Z.'.’...
26V 3600/ gg;,

e () G2 ) T GE) (16)

3
u

where Pg + E-%— 1s squal to total pressure at point of
& )

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

P, Dboetween equations (12), (13), (14), and (15) results

in the equation for the pressure drop between points 1
and 6

(22 5%-3;) -( - aw) - (o) %

8 -]
1-*”"-"“1“- sr-f-’-‘s+1\5‘-‘-—”—ha+l>]* :
4% L\&, / Ty \is V+Vy4

vs\ ( ) 75\} ( (T T +T \ (v +V )
bg % ¥iso L Ti-s 2Tiso 2V3ig0
T \013, V_\ Y +T4\°'13 VoV, \
+ AF,_ 2\ 4+ aF,_ (= 3 <.a__
a=3s (Tiso/ (Yiso) 3—4 2Tig0 zviso)

0,13 0,13
+ AF;_, (T“'+T ) Tat¥s ( Ts ) ( “(17)
2T380 Tiso viso

iso

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

( ¥ N 'n
2gV1 zgv / \3600/ 2gP,
(T, Ty f@gi \ Ta _ @_hi \.] 2
1_ JF MRV ') T Y] s
Frr N2 /o )3] T} [ ¥ )(Puo\ (;m 1.13 $
5 _{Za - AT,
L : / \P4 ;? * \wis P 18 150

5
/ Ta \1.13 T1+T4\1'15
+ AF3—3 H = + AF3_4 ; —-—/
\&iso/ Tiso

1.13 1,13
+Tg\ [T
+ AF,_, G‘-‘—--E’.\ + AI‘E_G 2 \ } (18)

Tiso iso
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In equation (18) the terms on the left of the equal
slgn represent the difference in total pressure between
the free air stream and the point of air dlscharge. The
first term on the right of the equal sign represents the
pressure changes due to the acceleratlion of the air im .
the duct, which are due both to changes in area and changes
in epecific voluma, The last term represents the irrecov-—
erable pressure loss due to the frictlion in the complete
duct systems., It should be noted that sach isothermal
frictional pressure loss 1s correscted to the operating
temperature by different temperature corrections,
depending on the type of flow aystem represented by each
seperate AF., Thus, any complex flow system calh be
broken up into a serlies of systeme, and the pressure
drop through each corrected to non—isothermal condition
by the method outlined.

In equation (18), for a given duct system for which
the 1sothermal totael pressure drops AF,_,, AFg_., AF,_,
A¥, .., ald 4F,., &are known, the remaining unknowns are
W and T4e The fixing of the altitude, the airplane
speed, end the heat loss from the duct establishes all
other variesbles in the equation., Thus, for any altitude
ard airplene speed a curve of W ageilnst T, can be
drawv:a wilch will reveal the rate of flow possible through
the duct system for any temperature T,.

Zhe relative importance of the verlous portloena of
the duct system may be reasdlly established, for the largest
of the corrected pressure drop terms in equatiom (18):rwill
be the term which controlas the rate of air flow. If it
becones necessary to increase the rate of flow through the
heater—duct syatem, attention should be focused on the
largest term. By breaklng up a complex duct system into
& series of small unite, the units cauvasing difficulty
then may be readily 1i1solatesd.

Nota?: In many cases, the firet sum of terms on the
right—hand side of equation (18) (which involves pressure
drops due to changes in area ard fluld temperature) may
be neglected when compared with the second sum of terns
involving the frictional pressure losses (AF).

After the curve of W against T, 1is established
from a conslderation of the pressure drop characteristics
of the duct system (from equation (18)), the thermal per—
formance of the heater must be utiliged 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 to
establish a2 second curve of W against T,, which is
fixed by the thermal output of the heater, since for any
particunlar W and exhaust—gas temperature only one
magnitude of T, 1s possible. The relation

A1 = Tep (2, = 7,) (19)
or
T, = Zalt Ty (20)
°p

is utiliz;d to obtain this second curve, The heater
capacity ajgy. determined 1in the lahoratory, nust

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

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

Recapitulation

The performance of a ran-—operated heater—duct system
depends on the pressure loss characteristics of the complete
gysten 2.nd the thermel output of the heater.

Yhe followling 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 various exhaust gas ratos and exhaust
gaes tenperatures. The methods of correction
of the performance of the heater to any altiwi:z
tude are presented in reference 5.
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2. Isothermal total pressure loass through the vari-
ous pertlnent portions of the air duct system,
Total pressure data are -necessary in order to
evaluate the irrecoverable frictional pressure
loss.

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

4, Heat loss from discharge duct™

5.Stat¢cpreasure at the point of final alr discharge
If these gquantities are known, the complete perfora—
ance of the heater—duct system may be calculated at any
altitude. Or, if the weilght rate W 18 fixed by design
at a coertain altitude and airplane speed, the allowable
lsothermal total pressure loss for any section of the
duct system may be calculatad.

EXAHPLE

An exanple of the application of equation (18) to
the prediction of the perforuance of a ram—opsrated
exhaust gas to alr cablin heater and associated duct work
ag & frreetlon ¢f ailrplane speed and altitude 1e presented
balovw: .

Data
The followlng data &re avallable:!

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

(a) Atmospheric pressura, 14.7 psia
(b) Temperature of air entering heater, Ta b 100° ¥

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

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

Altitude Tgl Tal W
_(£8) . (deg F) (dez F) {1v/hr)
10,000 1600 +23 4000
20,0090 1600 -12 4000
0, 000 1600 -Lg 4000
0,000 1500 -67 4000

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 readily for any air rate, Wa,
through the heater. Thls procedure will yi=id one of the
curves of Wa against t, requlred in the analysis,

2. The isothermal total pressure drop data for the
heater—duct system for an air rate of 30"D mounds per
hour are shown in figure 3. The exponent n = 1.8,

2+ The performance of the unit 1ls desired nt the
following airplane spacds and altltudes:

Altitude T, Py v, ! Alrnlane speed

(£5)  (deg B) (1b/t3) (ou £1/1p) | (true atr spoed)
10,000 4g3 1450 17.7 100
20,000 Ylhg 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 ft7,
Surface area of duct is 24 f£t7,

- ———p -t —— —— e S G P W G T e G e S e S D A S s S S G S B G S S S . —

*For lack of betiter information, and in order to reduce
the complexity of the sample calculation, constant magni-
tudes of Te and Wg vere used for all airplane speeds

1
and altitudes. If data for the variation of Te and

1

Wg with altitude and alrplane spesd are available. they
noy be readily utilized in the annlysis in placs of the
constant values emplored in this revort.
*¥The duct loss can Ye estimatod bv means of the equations
presented in reference 3.
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5« Static pressure in cabin is equal to atmospheric
pressure at the glven altltude.

Sample Calculation

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

l. Celculations of welght rate W as a functlon
of t, from pressure dron data at an alrplans gpeed of
300 miles mer hour. Equation (18) i1s utilized. The
various terms in equation (18) have been mssigned the
following magnltudes for this calculation:

Sgurce
P, = Pg = 627 1b/sq £t (4.35 1v/sq in.) Desizn condition
'ﬁl = 300 mph = 441 ft/sec " "
¥V, = 35 cu £t/1b n "
‘g = 32.2 ft/sec® n "
R =§3,3 £t %271 " n
n = 1.8 n "
T, = 412° R " n
Tp = Ty = 4U27° B Bauation (9)
Ay = 0.235 £33 Figure 3
Az = 0.225 f£t? n
A, = 0,245 £¢3 LI
A, = 0,196 £t7 LI |
Ag = 0.500 ft2 ] n
Te = Ty = T, = g%&ﬁ-igsg Deslgn condition

cp = 0.24 Btu/1v °F Reforence 5§
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Sourgse
= T
Wieo 3000 1b/br igure 3
- (o} " "
TiBO = 532 R
Pigo = 2120 1b/ft® = 147 1b/eq inm. " "
a¥. ., = 0.52 1b/£t® (0.1 1a. E_0) n "
LF,_5 = 0,52 1b/£t® (0.1 in. H,0) " "
AP, . = 6.23 1b/£¢® (1.2 in. EJ0) n n
AF ,_, = 11.7 1b/£t® (2.25 in. E,0) " «
AF,_o = 2.69 1b/ft® (0.50 in. E_O) " "

Substitution of these quantities in equation (18)
yields an equation in ¥ (the vertilating alr rate)
and T, (the temperature of the esir leaving the heater).
Choosing arbitrary values of t, = 200°, 4no®, 6c0°, 800°,
and 1000° ¥ results in ths following zouation in W,
The coefficients A and B ars the multipliers of W2
and W:°% (since n = 1.8), resnectivel—, in equation (18).

86.5 = A W® + B W18

where
t, A x 10° 3 x 10° v
(deg ®) _____ . ______ (1x/hbr)
Altitude 200 61 510 3C70
30,000 ft 400 105 5920 2620
and 6CN 1kg 7360 2329
Alrplane speed, 820 205 8790 2110
300 mph 10€0 237 10300 1930

A plot of the curve Y agairst t, obtained in the
foregoing 1s shown in figure 4, toretiier with the curves
calculated for airnlane snaeds of 100, 200, and 10O miles
per hour.

The heater outpnt must now be utilized t» obtaln the
operating points of the haater-duct systam. From figure
2 the following data are obtaianed:



23
q e tmm o —————— - = =
alt
. ¥a 91ad a1t Ve, LA
s e e (1b/hr) (Btu/hr) . (Btu/hr) . (deg F)
Altitude, 1000 150,000 188,000 783 751
30,000 f£t. 2000 215,000 270,000 b62 529
and 3000 270,000 340,000 473 439
Airplane speed, 4000 310,000 390,000 406 373
300 mph 5000 337,000 424,000 353 .317

The laboratory data were corrected to altitude by multi-—

plyinz by the ratio:

' _ 1600
991t = T1ad 1400
The temperature t,

-t
- 100

- ta)

was ocalculated from the relation:

- (21)

The resulting curve of W againgt t, 1s plotted in

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

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

*This correction neglects the small changes 1n heater out-—
put due t0 changes in the unit conductances on the air and
gas s8ldes resulting from the fact that the average oper-—
ating temperatures of the air and exhaust gases are dif-—
ferent from those utilized in the laboratory test (rsference

B)s Tho tomperature t,

is equal to the outside air

temperature (—48 F) plus the temperature rise due to
adiabatio compressibility,
**If voriations of heater output with sirplane speed due
to changes 1ln exhaust gas rate and temperature are to be
included in the computations, a separate curve of ¥
against t; from the heator output data will be obtainod
Since the exhaust gas rate_ is
assunod to te constant in these calculations,
porformanco is ropresented by a single curve in fig, 4,

» at each alrplane spoeed,

tho hoatoer
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Altitude, 30,000 ft

Airplanc speed L t, Q14
(mpn) Slb/hr) (dog ) (Btu}hr)
163 . 550 960 133,000
200 - 1420 625 230,000
300 2450 475 310,000
400 3600 390 380,000

Tho rovetition of the precediung procedure for alti-
tudes of 10,000, 2C,090, and 40,000 feot ¥iclds thse com—
plote porformance of tho unit. The final results are
tabulated in table I and pleottod in figures 5, 6, and 7.

DISCUSSION OF RESULTS

Fizgure 5 reveals the tamperature at which the air
will lor.ve the heater at various airplane spceds and
altitudos., Inspoction of the figure showe that the lowor
tho airplane speed the highor the tomporature of the air
loaving tho heater, and the greator the altitudo, tho
higher tho temporature leaving the heater. All the cal-
culations for figure 5 wore basecd on a ventilating air
duct in which no ailr-—controel velves woro installed, and
thus figure 5 roprescnis tho optimum porformance of tho
unit, Installatiocn of valves for rostricting tho rate of
~air flow wiil, of course, have tho same effect as in-—

" eremsi:ig the rosistanco to flow of tho dnet.*

Figure 5 represents the air rate through the heator-—
duct systow at varicus altitudos and air speeds. As
would bo oxpectecd, the lower the altitudc and tho higher the
‘Lirnlene speed, the greater tho air retee. Cocmbirnation
of the data pProscnted in figures 5 and 6 alleows the pre—
diction of beator output at variocus altitudos and airplanc
spcocdse Thesc results arc shown in figuroc 7.

Tho data in figures 5, 6, and 7 ostablishos tho por-—
formance of the hentor—duct system. The sauo caiculations
may bo roadily porformed for a wing do—icing systom, the

*If o blower 1s installod in the ventilating air duvuet on
the upstroam sidc of the heoceter to supplomont the ram pros—
surc, a term A4Ppgpn, equal to the pressuroc hoad provided

by the blower, mey bo addoed to tho loft side of equation
(18)e Tho remaindor of tho analysis romains unchangede.
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main difference in the calculation being a greatly lovered
Tg due to the heat lost by the air as it flows 1in the wing

de-~icing ducts (between sections % and 5).

Cagses may arise in which the duct system 1s fixed and
the performance of several heaters in thils glven duct °
system 1s to be compared. Repetition of the calculatlion
shown 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 given altil-
tude and airplane speed ma¥ be fixed by design, and the
allowable duct losses must be detsrmined. The followlng
procefure may dbe followed in this case:

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

(b) Substitution of these values of W and t4
into equation (15) allows the evaluation of

one unlknown isothermal pressurc dromn, say
LF, 5+ The duct then nmust be desisned to

function within this allovwable nressure drop.

COECLUSIONS

A method has beon nresented in this remort for the
prediction of the annroximnte thermal and acrodynamic
performance of a ram-operated heater and dvet system at
any altitude and airplane speed, provided the folloving
data'are known:

(a) Thermal output of heater at various ailr rates and
‘exhaust-ses rates

(b) Isothermal total pressure drop (frictional losas)
through duct system at several air rates

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

University of California,
Baorkoley, Calif. December 1943.

REFERENCES

1., 0'Brien, M., P., and Hickox, G. E.: Applied FTluid
llochanics. MeGraw-Hdill Book Co., Inc., Few York,
N, Y¥,, 1937, p 350,

2., Committoe A—9 Ailrcraft Air Conditioning Equipment:
Airvlane Heating and Ventillating Equipment.
Engineering Data. 6&aE Jour., Jan. 1943,

3, Hartinelli, R, C., Yelnberg, Z. B., Horrin, E. H,, and
Doelter, L, ', K, An Investigation of Aircrafst
Foecters., III — Heasured and Predicted Performance
of Double Tube Heat Exchkangers, NLCA ARR, Oct. 1942,

4, Hartinelli, R. C., Weinberg, E. B., Horrimn, E. H,, and
3oelter, L, il K,: An Investigation of Aircraft
Hesters., IV — Yeasured and Predicted Performance
cf Loagitudinally Fianed Tubes. NACA ARR, Oct. 1942,

Boelter, L, H, K., iiiller, ¥, A,, Sharp, W. H., Horrin,
E, H,, Iversen, H. ., and Hason W, Z.! A4n Inves-
tigaticen of Alrecraft Heaters. IX — lieasured and
’redicted Performance of Two Exhaust Gos—Air Heat
IExchengers and an Apvaratus for Evaluating Zxhaust
Gag—-Lir Heat Ezchengers. H&CA ARR, ilarech 1943,

Boelter, L, ¥, K,, Dennison, H, G., Guibert, A, G,, ond
Horrin, X, H.: An Investigation of Aircraft Heators.
X ~ lieagured and Predicted FPerformance of a Fluted—
Type Exhaust Gas and Air Heat Exchanger. NACA ALRR,
iarch 1943,

Boelter, L. H. XK,, Hiller, li, A., Sharp, ¥. E.,, and
itorrin, E, H,: An Investigation of Aircreft Heaters.
Xl — lieasured and Predicted Performance aof a Slotted~
Fin Exhaust Gas and Air Heet Exchanger. NACA ARR ¥No.
3D16, April 1943,




27

Boelter. L. M, K.. Denniﬁon. H. G’-. G‘uibert. A.. G‘-.
and Morrin, B, H.: An Investigation of Alrcraft
Heators. XII - Performance of a Formed-Plate

" "Crossflow Exhaust Gas ahd AXlir Heat Exchanger.
NACA ABRR Fo. 3E10, May 1943,

Boelter, L, . X., Guidbdert, A&. G,, Uiller, #. 4.,
and Morrin, B. H.: An Investigation of Aircraft
Heatoers. XIII -« Performance of Corrugated and
Honcorrugated Fluted Type Exhaust Gas-Air Heat
Exchangers. NACA ARR ¥o. 3H26, Aug. 1943,

5. Boelter, L. M, X,, Martinelli, R, C., Romie, F. B,,
and MNorrin, B, H.: An Investigation of Alircraft
Heaters. XVIII - A Dpsign Manual for Exhaust Gas
and Alr Heat Exchangers. NACA ARR No. 5406, 1l9ls,




TABLE I
Altitude True airspeed t, Y 9% 14
- ; of ailrplane -

(£t) (mph) (deg ¥) | (1v/hr) | (Btu/hr)
10,000 100 636 1850 228,000
200 430 3750 366,000
300 300 6400 436,000

400
20,000 100 785 930 179,000
200 500 2400 396,000
300 390 4000 386,000
400 300 5850 439,000
30,000 100 960 650 133,000
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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Figure l.- Elements of heater aﬁd duct system.
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heater output, 1000 Btu/hr
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Fig. 2
W g=/5'7oo 1v/nr
/ k 4070 1b/hx7
/ yd //6140 1b/hr
v/
Tey = 1400 °F
= 100 °F
Tal 1
/
v
0 1000 2000 3000 4000 5000
W, = air rate, 1b/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.)
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5
Isothermal flow data
Tigo = 5320 R 6
1 Areas Pigo = 14.7 PSIA
” Viso =.13.58 cu ft/1b
Ap = 0.235 ft Wiso = 3000 1b/hr -Represents a
AZ = 0.225 ft2 AFy_o = 0.1" Hz0 : total head tube.
A4 = 0.245 ftg AFp_3 = 0.1" H20
A5 = 0.196 ft AF3_4 = 1.20" Hx0
Ag = 0.500 ft2 OF4 5 = 2.25" Hg0
: AF5. g = 0.50" Ho0

Figure 3.- Isothermal total-pressure drop data for heater and duct system. (The isothermal total-pressure
drop may be obtained in the laboratory or may be estimated by means of the data presented in
Treference 4.)

e 3L
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_From thermal output of heater (eguation 20)
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Figure 4.- Curves of W vs't; 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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Figure 7.- Thermal output of ram-opereted heater as a func—
tion of airplane speed and altitude.
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