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STTMMABT 

A  method   cf   graphical  analysis   is   outlined which 
allows   the  prediction   of   the   thermal and aerodynamic  per- 
formance   of a  ram—operated  heater   and  duct   system,   for 
cahin  heating   or   wing  de—icing,   at   any  altitude  and air- 
plane   speed.     This   performance   may  he  predicted from  the 
isothermal  tpte.1  pressure   drop across   the   components   of 
the   duct   system at   fflvrar vant ilji-t ing air  r,« t»s , .anfl   th* 
thermal   output   of   the   heater   at  various   air   and exhaust 
gas   rates. 

INTRODUCTION 

deter 
The performance of a ram—operated aircraft heater is 

aeüerBined largely hy the amount of ventilating air which 
can he forced' through the heater—duct system "by the ram 
pressure*  The ventilating air rate, at a fixed airplane 
speed and altitude, depends upon the resistance to the 
flow of ventilating air, not only of the heater hut of 
f V A       n r\ TIT* 1 A4> A      «3^M+       M -mf* 4- A m     -f*T» *% *n      A 4 «*      a *% r\ AW\      4*. A      f Via      Y\/^^n4>_       r\4 

en 

ing 

vne air passing tnrougn tue system, ana unus , ai any g 
altitude the pressure drop for a fixed ventilating air 
rate is determined hy the temperature of the air leavi 
the hoater. Conversely, for a given ram pressure, the 
resultant air rate through the duct system depends upon 
the temperature of the air leaving the heater. Because 
the temperature of the air leaving the heat exchanger at 



a partioular vontilating air rate dopende upon tho thermal 
output of the heater, the dot.erralnatlon of tho performance 
of a heator duct system involves the simultaneous solution 
of a prossuro drop equation and a heat transfer equation« 

A graphical solution of these equations, for tho de- 
termination of the weight rate of air passing through the 
heater—duct system and the temperature of the air leaving 
the heater, at any altitude and airplane speed, is pre- 
sented in this report.  If the desired ventilating air 
weight rate at a certain altitude and plane speed is known, 
the allowable duct losses may he determined by the method 
presented. 

It is well recognized that,in many cases, the limi- 
tation on the design of a her.t 'exchanger duct system is 
the question of allowable space and so forth, and in such 
cases the analysis presented below may not be pertinent, 
although it may be used as' a guide for design. 

Ehis investigation, conducted at the University of 
California, was sponsored by, and conducted with financial 
assistance from, the National Advisory Committee for Aero- 
nautics • 

SYMBOLS 

A cress-sectional  area   of  flow,   ft3 

Aa cross—sectional area   of   flow at   section    a,   ft3 

At, cross—sect ional  area   of  flow at   section     b,   ft3 

Aa constant   cross—sectional  area   of   flow   in  heat 
exchanger,   fta 

A8 oross—sectional  area   of  flow at   section  2—2 at 
inlet   to  air   scoop,   fta 

A3 cross—sectional  area   of  flow at   Bection 3—3, 
entrance   to  heat   exchanger,   ft3 

A4 cross-sectional  area   of  flow at   section  4—4, 
exit   from heat   exchanger,   ft3 



AB     cross—sectional area at section 5—5 at entrance to 
isothermal discharge section, ft3 

'A8     cross—sectional area of duct at section 6—6 at 
point of final *ir discharge, ft« 

cp heat capacit7 of air, Btu/lb °F 

D hydraulic diameter of duct, ft 

F frictioaal pressure loss, lb/ft3 

k Btu 1000 3tu (kilo Btu) 

g gravitational force per unit mass, 32.3 lb/ (I'D seca/ft) 

L distance along duct, ft 

n      exponent obtained from  &Fft-b  against 'd±Bo     curves 
(See references 3 and 5.) 

P      absolute static pressure, lb/ft3 

Pa     absolute static pressure in free air stream at any 
altitude, lb/ft3 

Fa     absolute static pressure at inlet to air scoop, 
lb/ft3 

F3     absolute static pressure at entrance to heat 
exchanger, lb/ft5* 

F4     absolute static pressure at exit of heat exchanger, 
lb/ft3 

Fg     absolute static pressure at entrance to isothermal 
discharge section, lb/ft3 

F0     absolute static pressure at point of final air 
discharge, lb/ft2 

P.     mean absolute static pressure in duct system during 
the isothermal total pressure test (or that based 
on calculations using appropriate data), lb/ft3 

p      static pressuro, lb/fts 

3-alt   thermal output of heater under operating conditions, 
Btu/hr 



q, . thermal output of heater as measured in laboratory, 
aD   Btu/hr 

a gas constant in PV = ET, ft lb/lb °F 

T absolute temperature, °E 

Ta absolute temperature at section  a, °E 

T-w absolute temperature at section  b, °B 

T absolute tenperature of air in free air stream, °E 

T    absolute temperature of air, just inside air scoop, °E 
3 

t,   temperature of air at entrance to heat exchanger, °F 
3 

T    absolut 3 temperature of air at entrance to heat 
exchanger, °B 

t.   temperature of air leaving heat exchanger, °P 

T4   absolute temperature of air leaving heat exchanger, °H 

T absolute temperature of air after passing through 
non-isotherir-al duct, at entrance to isothermal 
discharge section, *B 

T,   absolute temperature of air p7.spir.£ through duct 
system during isothermal total-prpssu.ro test, r'E 

u    mean v-olocity of flow at any section of duct, ft/sec 

u    velocity of air stream relative to airplane, ahead of 
air scoop (true airspaed of airplane + air 
velocity produced by propeller), ft/ssc 

u    velocity of air relative to airplan« at section 2-?, 
3 

entrance to air scoop, ft/s.^c 

u6   velocity of air relative to airplane at point of 
final air discharge, ft/sec 

V specific volume of air (l/density), cu ft/lb 

V specific volume of air at section a, cu ft/lb 
El 

V,_   specific volume of air at section  b, cu ft/lb 

V -specific volume of air in free air stroam, cu ft/lb 

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



specific volume of air at entrance to heat 
exchanger, cu ft/lb 

apecific volume of air at discharge from heater, 
cu ft/lh 

specific volume of air after passing through non- 
isothermal duct, ou ft/lb 

specific volume of air at point of final air dis- 
charge, ou ft/lb 

specific volume of air during isothermal totnl- 
r,res9ure test, cu ft/lh 

ventilating air rate, lb/hr 

exhaust £as rate, lb/hr 

ventilating air rate during isothermal total- 
presiure teat, lb/hr 

distance along duct, ft 

Ü3te-.nco alonp duct, across which  AF  ic 
neasurcd, ft 

isothermal frictional T>r?sGur3 los3 betwoon section 
a  and section  "b, lb/fta 

AB1    frictionnl pressure loss between freo air stream 
p,nd entrance of air scoop, for isothermal condi- 
tions specified h;-  P, m   ',   T,      , V,  , lb/fta 

•^ *   ieo   iso*  iso 

APa   frictional pressure loss batwoen entrance of air 
~~     scoop and entrance to heat exchanger, for 

isothermal conditions specified by  Pi  ., ^i-0« 
trlE0, n>/fta 

AF3_a4 frictional pressure less across heat exchanger for 
~"     isothermal conditions specified by  P. n, Tj_„, 

and tfiao, lb/fta -S 

A3P4   frictional pressuro loss along the air duct fro^ 
_     the heat exchanger to the entrance of isothermal 

discharge» section for the isothermal conditions 
specified hy Pi80, Tiao, and tfiao, lh/ft

a. 
The isothermal prassura loss  AF4__B  is made 

up of the sum- of the pressure losses thr^uph all 
"bends, sudden expansions, straight duct, rnd 

V3 

T4 

TB 

V6 

Tiso 
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a 
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so forth, which occur along the duct from the 
heater to the entrance to the is othermal. dis- 
charge   section. «« 

AF5_5     frictional  pressure   loss   in   isothermal   discharge 
section  for   the   isothermal   condition   specified 
*y     piso'   Tiso>   a*d  ^iso»   ">/ft2 

t isothermal  friction  factor   defined  "by     A?  =   £  — —— 
3)  2g 

Ta     temperature of air entering heat exchanger,  ff 

T„     temperature of hot exhaust gases entering heat 
exchanger ,  iT 

K      frictional pressure loss coefficient for fluid 
expansion or contraction defined "by equation (5) 

E-0     frictional pressure loss coefficient for "bends , 
and so forth, defined "by equation (5) 

k      exponent for ad,ia"batic compression defined "by 

equation  FVk = P^^ 

BASIC   EQUATIONS 

ü?he   derivation   of   the   equation for   the   prediction   of 
the   non—isothermal  pressure   drop   through a   heater—duct 
system,   follows   directly  from the   integration   of   the 
modified Bernoulli   equation  along the   flow   system. 

The "basic 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: 

Tyoe   I y-r   Isothermal flow — unequal cross-sectional 
areas at points of total pressure 
measurement 

2ype II — lion—is othermal flow — unequal cr oss—sectional 
areas at points of total pressure measure- 
ment 



The componentB of the flow system shown in figure 1 
may he classified as follows: 

1. The approach section, in which the air is adia— 
"batically compressed "by the motion of the airplane through 
the air.  The flow is non—isothermal. 

2. The inlet section, in which the cross—sectional 
areas at 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 is assumed 
to have unequal cross—sectional areas at the two total 
head sections 2 and 3, and in which the flow is non- 
isothermal (type Jl) 

4. The discharge duct, in which the cross—sectional 
areas at points 3 and 4 differ and the" 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 Bernoulli equation in differential form (including 
friction, hut neglecting elevation differences) is: 

- V dp =< -—~ + V d3T (1) 
S 

A   second  convenient   method   of writing  equation   (l)   is: 

-dp = (-JL-Y -1- (&  d 'Is- + UP (2) 
^3600/  Sv W   \Ay 

Equation (2) results from the substitution of  tL. « • '!: • — 
o o 00 ^ 

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

1. The first term represents the difforenoe in static 
'prasBViro due to both the changes in kinotic energy of tho 
fluid and frictional losses. 

2. Tho second term represents tho change in pros sure 
duo to changes in the kinotic energy of tho fluid, which 
may result from: 



(a) Changes in density or specific volume (V) 

(b) Changes in cross—sectional area of flow (A) 

3,   The last term represents the change in pressure 
due to frictional losses«  The latter IOBB is irrecoverable, 
since the energy lost "by friction is dissipated in the form 
of heat. 

JSquations (l) and (2) may "be integrated "between any 
points in the flow Bystem subject to the restrictions 
imposed upon the use of the Bernoulli equation.  The in- 
tegration of the second term in equation (s), in particu- 
lar, yields different results for the two types of flow 
system discussed. 

Type I. Isothermal flow — uneq.ua! cross—sect ional 
areas at -points of total pressure measurement. — 

1 
a 

^JL-Y ± res 4 rt\. :'_i_y j. ray - oYiö) 
vssooy   gv \LJ    W     \360oy   2g Lub/      \LJ _' 

Type II. Son—is other anal flow — unequal cross—sect ional 
areas at points of total pressure measurement.— Tor this 
case the integral cannot be evaluated precisely, since the 
integrand is not an exact differential as it was for 
case I.  Several methods of approximation may be used. 

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

i }( v Y i (v\   fv\  ( v v    i    ivvf   rv\8lr^ 
a 

(b) Average   cross—sectional  area.—   If   the  area   is 
almost   constant,   the  following approximation  may be  used! 

_L_   } f_JL_>B i d (tS - ( v V     1    7!^ _ (ItYl     r«) 
i,T    /    V3600y     g        \L/       VJ3G00,/     g Aav   A-^V        \A&y.' . av a 

(c) If the area is constant, no approximation is 
necessary, for the integral can be evaluated exactly. 



a 
(d) Por the system shown "below, which represents a 

heat exchanger of constant crOBS—sectional area A^, 

r 
Aa Ah A* 

L. 
Tb 

Ta ^^ 

application of equations (s) and (4c) yields: 

h,   ^a   . ^   -^    . ^ a  „ 

/G v V i h\. SY\ m (  v >  
L3600y  g  VW     V^y       VSöOCy  2g Ahauv,b [<£*Ä-<£-0J<«> 

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

The third term in equations (l) and (2) may he 
evaluated as follows:  The irrecoverable frictional loss 
for flow in a conduit usually consists of: 

1. Skin friction losses in straight sections of the 
duct 

2. Losses due to sudden expansions and contractions 
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3. losses due to flow around oends, and so forth 

The skin friction loss visually is expressed hy 

1     2g DV     \36OO /  2g DA3 

where £, the friction factor, is a function of tiie 
Reynolds nuaher of the flow system. 

Th J losses "b;* sudden expansion pnd contraction 
usually are expressed "by an eq.uetion of the form 

•u-3      /  W \a   Y 
e 2C T    

e \, 36OO /  2- A3 

where the expansion ccpfficient  Ze  mn.y "bo estimated 
from data in references 1 and 2. 

The losses Cue  to flow around hends r.lso are sxprosaad 
by an equation of the form 

Tim3      /  W \a   V 
3    M 2-   * V 3600 J     2r.  A3 

Thus, for a duct which includes several tends, sudden 
expannions, and 30 forth (aeo references 1 ^nd 2), 

dF = (^7?« '  -" I S -7? dx + . .. + K  -1 + ... E-b -T- + ...•]- 
\36OO /  ?;•: L DA3 ° Aa        D A3      J 

Integrating along the vbolo duct longth for conditions of 
Wi3C Pi3o. 

Tiso  yields 

a^   Vs 3600 J       2C  L^ ' DA3   /L. A3  Zw A^J    ^5' 

A plot of  ÄJ^  against  Wiso  usually will reveal an 
equation of the form 

AF   - K Via0 /^ WJ-9o \ 
" **      2g  V36OC/ 
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where  Z  varies 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 I    with  V.  If the 
greatest friction loss is due to expansions and contrac- 
tions,  n  will he near 2.  If the greatest loss is due to 
skin friction, the exponent will he near 1.75.  Typical 
values of  n  are given in references S and 4. 

In reference 3 it has been shown that the isothermal 
pressure loss  ATab  

can *e corrected to non—isothermal 
conditions by correcting for changes in specific volume 
and viscosity with temperature.  If the exponent  n  is 
known, the non—isothermal frictional pressure loss at any 
weight rate  V  is therefore: 

where 

A^ab   isothermal frictional pressure loss between section 
a  and section  b  at the temperature  •iso> air 

specific volume  ^iso» an^ weight rate  Wigo, 
lb/ft» 

v      weight rate of air, lb/hr 

n      exponent (between 1.75 and 2.0) obtained from plot 
of  AFai,  against  tfla0 

T +T. a     b 
2 

lalL 

arithmetic  average   temperature   in   length  of   duct     ab, 
<•? 

arithmetic average specific volume of air in length 
of duct  ab, cu ft/lb 
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INTEGRATION OF BERNOULLI EQUATION ALOirO HEATER-DUCT STSTEIT 

Proo Stream to Entrance of Scoop 

(Sections 1 and 2) 

Flow svst85?_3_iH-?eg.u.al_fl2L'_?E??fi_5°£!Z;E?55i5ie_f-2-1 • 
In order to show the effect of the cor.iTtressi'blllty of the 
fluid "between sections 1 and 2 the frictionp.l lo3s A? 

l—& 
is postulated t- be negligible.  Cosraressibilit'r effects, 
ovi the other hand, cannot "be neglected.  Equation (l) then 
"b a c o •.-. e 3 : 

•u„ du_ 
_ V dp = -S—S 

g 

s The thermodynainic path followed "by the nir passing 
from section (l) to section (2) is postulated t -> "be 
adiabatic.  Then: 

1?Vk = P^* 

Thus 
p
3 

p
8 t:.1 

r
 - - - * -    \ to = ~k~ P T li -   (*s>   E ,'   T a*  » -  P k V.    ,'    £*  = —=—  p T, |1  - 

k -  1     l   1 

P. P.     P 
1 

1 1 

and  from  equation   (l) 
k-i 

a       „a 
 PT|1-     -2 =-3 i- (7) 
k  -   1      X   Xl \PX/ J 2C 

An  approximate   solution   of   the preceding   eo/.v.tion  for 
(?„  -  P, ) ,   which  is   accv.rate   to  within   10  Percent   if 

P  - P 
—_.—_.! < o.H  ia ^resented below: 

P 
l 

Because 

la = !i_^l!3-:.?i2 = i + !5_:_?i 
Pi        P! Pa 
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thou 

Koglootiag all 'but the first two torms, and substituting 
• in equation (7) yields 

- (Pa - Pi) , ^i=~^ (8a) 

which is the solution that would result by considering the 
fluid incompressible. 

She frlctional pressure loss  A3P1-a  (which was neg- 
lected in determining the effect of fluid compressibility) 
is added to equation (3a) for use in the following flow 
.equations , yielding 

Although the pressure  Pa  is not greatly influenced "by 
compressibility effects, the temperature at point (2) 
may he several degrees higher than that of the free air 
stream due to compressibility.  She temperature  Ta ma;' 
be readily estimated. 

Substitution of the relations 

ana 
P V  fc =  F V k 

11 *a   s 

in   equation   (?)   yields 

3g 

or 
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Scoop   to  Heater 

(Sections   2 and 3) 

Plow  system —  type   I   (Isothermal,   unequal  flow areas) •— 
Integrating  equation   (l)  "between  sections   2  and 3   gives 

Mir 
or,   since     u =  360Q A     and     Tfi   =  T3 ,     VE   =  V3 

% -s -^ 2ixi-2iTrA3ra-Vw(,w   0w(11) 

Adding  equations    (ll)   and   (8"b)   in-order   to   eliminate     u 
results   in   the   equation* 

(^i        2gV1;        3     'V3600;   2gA3» ^Vi.oA^W V2Viso; 

+  A4_a   /JL^V-Lu^^V-M (12) 
V'fiao/ K^iabJ       \Jieo; 

u 3 
ITote   that     P     +  s-^f—     is   equal  to   total  pressure   in 

og»   j 

free  air   stream "before   scoop. 

Heater 

(Sections 3 and 4) 

Flow system — type II (rion— is othermal. uneoual flow 
areas).—  The integration of equation (3) "between points 3 
and 4 --ields : 

s *A term involving the difference in the specific volume 
at sections 1 and 2 is neglected in the determination of 
equation (12). 
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••M&J8£T9© 
Discharge Duct 

(Sections U- and 5) 

Flow system - type II (non-isothernal unequal flow 
axfififl)»- Integration of equation (2) yields 

^ - '•> • (ssJ -e(v~;-v;3 [(I;)"" ©1 

Final Discharge Section 

(Sections 5 and 6) 

Tlow eysten - type I (isothermal, unequal areas).- 
Integration of equation II^ yields 

or 

, _A> • -is! V - f-I-V --I2- 
5     V °      Sf,T8 >       \3600y   2gA5

a    . 

ua
a 

where P6 +   is equal to total pressure at point of 
, .^.. 2CT6  . 

air discharge, 
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Eliminating the intermediate pressures  P3 , P4-, and 

PB  between equations (12), (13), (14), and (15) results 
in the equation for the pressure drop "between points 1 
and 6 

(»>+*ö - ('. • Äö • w ä 
/i. • i. [ß£ + Is; St _ fit! • i^l • _s_ 

[/ay _ fiiyi. i$ • (-jL-yu.r^'YLiZa) 
O. 13 

+   AI. 

*_B v2TiB0;    V2vl80;     
5-6 Vii80y    VT1BOW 

By. the use of the ideal gas equation  PV = ET  equation 
(17) may "be simplified 

+ ii> =( * v 

2g76y "   \J360CV    2gP1 

/JUL + i. jTia! + !> Si - (&1 + l\\ + -JL- 
V3

S    ^ha <-^43       / *3     ^-3a       /J     o?4+a?! 

/ T     V-13 /T^ + TAV'
13 

+ A3?a-3   UT ) + Ar3-4   U£"V 
Vleo/ V"Liso' 

5 

1. 13 

+  AP (hi 
*-5   ^ 

1. 13 
+  AP. 

so' 

(_ 

iso^   ; 
(18) 
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In equation (18) the terms on the left of the equal 
sign represent the difference in total pressure between 
the free air stream and the point of air discharge»  The 
first term on the right of the equal sign represents the 
pressure changes due to the acceleration of the air in . 
the duct, which are due "both to changes in area and changes 
in specific volume  The last term represents the irrecov- 
erable pressure loss due to the friction in the complete 
duct systems.  It should he noted that each isothermal 
frictional pressure loss is corrected to the' operating 
temperature "by different temperature corrections, 
depending on the type of flow system represented by each 
separate AT.  Thus, any complex flow system can be 
broken up into a series of systems, and the pressure 
drop through eaoh corrected to non-isothermal condition 
by the method outlined. 

In equation (18), for a given duct system for which 
the isothermal total pressure dropB  AF^g , A3Ta_3 , A73_4 
A3"4_B , and AT5-.a  are known, the remaining unknowns are 
W  and  T4•  The fixing of the altitude, the airplane 
speed, cud the heat loss from the duct establishes all 
other variables in the equation.  Thus, for any altitude 
and airplane speed a curve of  V  against  T4  can be 
drawn which will reveal the rate of flow possible through 
the duct system for any temperature  T4. 

2he relative importance of the various portions of 
the duct system may be readily established, for the largest 
of the corrected pressure drop terms in equation (l8)-rwill 
be the term which controls the rate of air flow.  If it 
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 intr 
a series of small units, the units causing difficulty 
then may be readily isolated. 

10 

EoJta!  In many cases, the first sum of terms on the 
right—hand side of equation (16) (which involves pressure 
drops' due to changes in area and fluid temperature) may 
be neglected when compared with the second sum of terms 
involving the friotional pressure losses (AT). 

After the curve of  W  against  T4  is established 
from a consideration of the pressure drop characteristics 
of the duct system (from equation (18)), the thermal per- 
formance of the heater must be utilised in order to 
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establish  the   operating point   of   the   heater—duct   system. 
This   theriiia 1 performance   of   the   heater   fhen   is   used  to 
establish a   second  curve   of     V    against     T4,   which   is 
fixed by  the   thermal   output   of   the   heater ,   since  for   any 
particular     If     and  exhaust—gas   temperature   only   one 
magnitude   of     T4      is   possible.     The relation 

<alt   "  :''CP   (T*   " T3} (19) 

or 

\   •  V- +   *3 (30) 

is utilized to obtain this second curvp.  The henter 
capacity  4 lab» determined in the laboratory, oust 

be corrected to altitude and temperature conditions 
by the method outlined in reference 5.  The intersection 
of the curve of  W  against  T4  obtained from' the pres- 
sure drop characteristics of the heater—duct system 
(equation (18)) and the curve of  W  against  T4  from 
equation (20) fixes the operating point of the system 
at the particular altitude and airplane speed under 
consideration.  A series of calculations at various 
altitudes and airplane speeds then will establish the 
complete performance of the unit. 

Recapitulat ion 

The performance of a ram—operated heater—duct system 
depends on the pressure loss characteristics of the complete 
system r.nd the thermal output of the heater. 

The following data must be known in order to estab- 
lish the performance of the system: 

1. Thermal output of the heater as a function of air 
rate at various exhaust gas rates and exhaust 
gas temperatures.  The methods of correction 
of the performance of the heater to any altit-i:'.? 
tude are presented in reference 5. 
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3. Isothermal total pressure loss through the vari- 
ous pertinent portions of the air duct system« 
Total pressure data are -necessary in order to 
evaluate the irrecoverable frictional pressure 
loss. 

3» Airplane speed, altitude, air temperature, and 
static pressure in the free air stream 

4. Heat loBs from discharge duct1" 

5. Stnitr^e pressure at the point of final air discharge 

If these quantities are known, the comple'te perform- 
ance of the heater—duct system may he calculated at any 
altitude.  Or, if th» weight rate  V  is fixed hy design 
at a .certain altitude and airplane speed, the allowable 
isothermal total pressure loss for any section of the 
duct system may he calculated. 

EJAHPLE 

An  example   of   the  application   of   equation   (is)   to 
the   prediction   of   the  performance   of  a  ram—operated 
exhaust   gas   to  air   cabin  heater   and associated  duct  worJc 
as   t.  function   of   airplane   speed  and altitude   ie   presented 
baloT/: 

• 

Data 

The following data are available: 

1, Thermal output of heater (fig. 2).— The data 
shown in figure 3 were obtained in the laboratory for the 
following conditions: 

(a) Atmospheric pressure, 14.7 psia 

(b) Temperature of air entering heater, Ta ; 100 T 
1 

(c) Temperatures of exhaust gas entering heater, 
Tc , 1400° JP 

*The duct loss oan be estimated by means of the equations 
presented in reference 3. 
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Tor purposes of the analysis the following flight 
conditions will he utilised:* 

Altitude 

-!«!.- L&SBAI 
10,000 1600 
20,000 1600 
30,000 
40,000 

1600 
lbOO 

+ 23 
-12 
-4g 
-67 

g 

4000 
Uooo 
4000 
4000 

Iflth this data and the data in figure 2 th9 heater output, 
and thus the temperature of the air leaving the heater, 
4* may he calculated readily for any air rate, a» 

of  the through  the  heater.     This  procedure will  yisid   one 
curves   of     Wft     against     t4     required   in  the  analysis. 

2.   The   isothermal   total pressure   drop  data  for  the 
heater-duct   system  for  an air   rate   of   30n0 -nounds  per 
hour  are   shown   in figure   3*     ^^-e   exponent     n  =   1.8. 

3»   The performance   of   the  unit   is   desired   <\t   the 
following  airplane   speeds   and  altitudes: 

Altitude 
(ft)        (deg E)   (lh/ft3)      (cu ft/lh) 

Airplane   speed 
(true  air   speed) 
 LEV*!  

10,000 
20,000 
30,000 
40,000 

483 14S0 17.7 
44S 972 24.5 
412 627 35.0 
393 392 53.5 

100 
200 
300 
400 

4. Heat loss from discharge duct is 1000** Btu/hr fta. 
Surface area of duct is 2^ ft2. 

*]?or lack of "better information, and in order to reduce 
the complexity of the sample calculation, constant magni- 
tudes of  T_   and y„     were used for all airplane speeds S 
and altitudes.  If data for the variation of T, and 

W_ with altitude and airplane spesd are availahle. they 
may he readily utilized in the analysis in plac9 of the 
constant values employed in this report. 
**The duct loss can "be estimatod "by means of the equations 
presented in reference 3« 
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5« Static pressure in cahin is equal to atmospheric 
pressure at the given altitude. 

Sample Calculation 

A sample calculation is performed for an altitude 
of 30,000 feet. 

1. Calculations of weight rate  V  AS a function 
of  t4  from pressure drop data at an airplane speed of 
3Q0 miles per hour.  Equation (IS) is utilized.  The 
various terms in equation (IS) have "been assigned the 
following magnitudes for this calculation: 

Scjurce, 

Px   = Pe   -  627   lh/sq ft   (^.35   lh/sq  in.)     Design   condition 

iix   =   300  mph  = UUl ft/sec 

Y±   • 35 eu ft/lh 

"g  - 32.2 ft/sec2 

E   • 53-3 ft °sr1 

n     =  1.8 

T1   =  Ul2°  R 

TB   a   T3  =  1+27°  H 

Ah « 0.235 ft3 

A3 = 0.225 ft8 

A4   a   O.2U5   ft3 

AB = 0.ig6 ft3 

Ae   =   0.500  fta 

B8   =  T„   -  T4  -  SU  x   1000 
884       0.2U  x  V 

n 11 

it n 

B ti 

n n 

n n 

n tt 

Squat i 1 an (9) 

Figure 
IT 

3 
n 

n it 

it 11 

it n 

Design cc »ndition 

cp   =  0.2^ Btu/lh   °3P Reference  5 
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SfiUXSS 

ff =   3000  lb/hr PiSiire  3 

»ilo  " 532° E 
Pia0  = 2120 lb/ft

3 - 1U7 lb/sq in. 
AJ    = 0.52 lb/fts (0.1 in. H 0) 

^a-3 =  °'5?-   l"b/ft3 (0.1   in.   Ea0) 

A3P3_4 =   6.23   It/ft3 (1.2   in.   Ea0) 

AI4_B =  11.7   lb/ft3 (2.25   in.   Ea0) 

A3P__e =>  2.69   lb/ft3 (0.50   in.   E_0) 

tt n 

n it 

it n 

n n 

n    11 

n    n 

Substitution of these quantities in equation (IS) 
yields an equation in  '/  (the ventilating air rate) 
and  T4  (the temperature of the air leaving the heater). 
Choosing arbitrary values of  t4 = 200°, U00°, 600°, S00°f 
and 1000° 3" results in the following aquation in W. 
The coefficients  A  and  B  are the multipliers of  V3 

and V1"8 (since n = 1.8), res-nectivel-, in equation (18). 

86.5 • A U3 + B V1'8 

where 

*4 A X   108 3   X   108 V 

tessAl _. •m _ s>« mm mmmmmmmmmmmm nsZtel 
Altitude 200 61 U5IO 3C70 

30,000  ft Uoo 10n 5920 2620 
and 6co lU§ 73bO 2320 
Airplane   speed, 300 205 8790 2110 

300  mph 10C0 237 10300 1930 

A plot of the curve M     against  t4  obtained in the 
foregoing is shown in figure U, together with the curves 
calculated for airplane speeds of 100, 200, and ^00 miles 
per hour. 

The heater output must now be utilized to obtain the 
operating points of the h-.ater-duct systsm.  Iron figure 
2 the following data are obtained: 
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Va llab *alt 
4alt 

*4 "" 

(lb/hr) (Btu/hr) . (Btu/hr) (defi I) 

1000 150,000 188,000 783 751 
2000 215,000 270,000 562 529 
3000 27 0,000 340,000 473 43 9 
4000 310,000 390,000 406 372 
5000 337,000 424,000 353 .317 

Altitude , 
30,000 ft- 

and 
Airplane   speed, 

300 mph 

The laboratory data were corrected to altitude "by multi- 
plying by the ratio:* 

/1600 - ts \ 
qalt = qlab \,i400 - 100/ 

The temperature  t4  vaa calculated from the relation: 

«alt * W CP (t* " t3) "      (21> 

The resulting curve of  W against  t4  is plotted in 
figure 4.  The intersection of the curve obtained from 
the heat transfer data** and the curves obtainod from 
the proa BUT e drop data yields the operating points for 
the heater—duct system at 30,000 feet altitude.  This" 
performance is summarized äs follows: 

5). The tomperature t3 is equal to the outside air 
temperature (—48 T) plus the temperature rise due to 
adlabatio compressibility. 
**If variations of heater output with airplane speed due 
to changes in exhaust gas rate and temperature are to be 
included in the computations, a separate curve of  V 
against  t3  from the heator output data will be obtainod 
at each airplane Bpoed,  Since the exhaust gas rate, is 
assumod to be constant in these calculations, tho hoator 
performance is represented by a single curve in figr 4. 
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Altitude,   30,000 ft 

Alrplr.no   speed W t4 ^alt 
 (mph) '            (lb/hr)           (dog 3T)           (Btu/hr) 

100 55Ö 960 133,000 
200 -     1420 625 230,000 
300 2450 475 310,000 
400 3600 3S0 380,000 

Tho  repetition   of   the   preceding procedure  for   alti- 
tudes   of   10,000,   20,000,   and  40,000  foot   yiolds   the   com- 
plote  performance   of   tho  unit.     The  final  results   are 
tabulated   in  table   I  and plotted   in figures   5,   6,   and  7. 

DISCUSSION  OF RESULTS 

figure  5  reveals   the   temperature at   which  the  air 
will   lo.'.vo   the   heater   at   various   airplane   spoeds  and 

higher   DUO    i>ouiporui/ure   ^oaTiug   toe   ueateri     an   ins   cal- 
culations   for   figure   5   wore  "basod   on a  vontilating  air 
duct   in  which  no  air—control  VPITOB   woro   installod,   and 
thus   figure  5  represents   tho   optimum performance   of   tho 
unit«     Installation   of   valves   for   rostricting  tho   rate   of 
air   flow  will,   of   course,   have  tho   same   effect   as   in— 
croasi:ig  the   rosiatanco   to  flow   of   tho   duct.* 

figure   5  represents   the  air   rate   through  the   heater— 
duct   systoüi at   various   altitudes   and air   speeds.    As 
would ho   oxpected,   the   lower   the  altitude  and  tho   higher the 

•r.irplane    speed,,   tho   greater   tho  ftir   rr.te,     Combination 
of   the   data prosonted   in figures   5  and  6  allows   tho  pre- 
diction   of   hoator   output   at   various   altitudes   and airplano 
spoods»     Thoso   results   aro   shown   in figuro   7. 

Tho   data   in figures   5,   6,   and  7   establishes   tho  per- 
formance   of   the  hoator—duct   system.     The   saiüo   calculations 
may bo  readily  porformod for   a  wing  do—icing  systom,   the 

•If  a   blower   is   installod   in the  vontilating air   duct   on 
the  upstroam  Bide   of   the  heater   to   supplement   the  ram pros— 
suro,   a   terra    APfan,   equal   to  the pressuro   head provided 
by  the  blovor,   may bo  added to   the   loft   side   of  equation 
(18)«     Tho  romaindor   of   tho analysis   romains   unchanged. 
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main difference in the calculation toeing a greatly lowered 
TB due to the heat lost by the air as it flows in the wing 
de-icing ducts ("between sections *+ and 5)« 

Oases may arise in which the duct system is fixed and 
the performance of several heaters in this given duct ' 
system is to he oompared.  Repetition of the calculation 
shown for the various heaters will allow a rational com- 
parison of the performance of the several heaters to he 
made* 

In other cases the heater output at a given alti- 
tude and airplane speed may he fixed hy design, and the 
allowable duct losses must he determined.  The following 
procedure may he followed in this caBe: 

(a) From the known.heater output as a function of 
air rate, gas rates, and temperatures, the 
desired air rate  V  and air outlet tempera- 
ture  t4  may he calculated hy employing 
equation (20), 

(h) Substitution of these valueB of  V  and  t4 
into equation (IS) allows the evaluation of 
one unknown isothermal pressure droji, say 
£i?4_B.  The duct then must he designed to 
function within this allowable -pressure drop. 

CONCLUSIONS 

A method has he on presented in this report for the 
prediction of the approximate thermal and aerodynamic 
performance of a ram-operated heater and duct system at 
any altitude and airplane speed, provided the following 
data are known: 

(a) Thermal output of heater at various air rates and 
'exhaust-gas rates 

(h) Isothermal total pressure drop (frictional IOSB) 
through duct system at several air rates 

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

University   of   California, 
Borkoley,   Calif.     December   1943, 
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TABLI   I 
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Altitude True airspeed t4 
V qalt of airplane 

(ft) (mph) (deg ') (ll>/hr) (Btu/hr) 

10,000 100 635 1560 228,000 
200 430 3750 366,000 
300 300 6400 426,000 
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 
200 625 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 1.- Elements of iieater and duct system. 
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Figure 2.- Thermal output of heater from laboratory- 
data. (The heater output may be estimated 

by means of the aquations presented in reference 3, 
if laboratory facilities are not available.) 
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Areas 

Ah 
A3 
A4 
A5 
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0.235 ft2 

0.225 ft2 

0.245 ft2 

196 ft2 
= 0.500 ft2 

Isothermal flow data 

Tiso = 532° R 
piso = I4-7 PSIA 
Vis0 =13.58 cu ft/lb 
Wiso = 3000 lb/hr 
^1-2 = O-1" H2O 
AF2_3 = 0.1" H2O 
AP3-4 = 1.20" H2O 
A]?4_5 = 2.25» HgO 
AF5-6 = 0.50" HgO 

1 

i 
/ 
/ 
/ 
/ 
4 

\ 

/ 
/ 
/ 
/ 
/ A 

Represents a 
total head tube. 

Figure 3.- Isothermal total-pressure drop data for heater and duct system. (The isothermal total-pressure 
drop may he 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 ff vsvt3 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 6.- Ventilating air rate through heater 
and duct system at various airplane 

speeds and altitudes. 
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Figure 7.- Thermal output of ram-operated heater as a func- 
tion of airplane speed and altitude. 
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