


EXPERIMEXTS 08 THE RECOVERY OF VASTE HEAT 

IN COOLING DUCTS 

By Abe Silverstein 

Tests have been conducted in the N.A.C.A. full-scale 
wind tunnel to investigate the partial recovery of the 
heat energy which is apparently wasted in the cooling of 
aircraft engines. The ~esults indicate that if the radi- 
ator is located in an expanded duct, a part of the energy 
lost in cooling is recovered; however, the energy recovery 
is not of practical importance up to airplane speeds of 
400 miles per hour. Throttling of the duct flow occurs 
with heated radiators and must be considered in designing 
the duct outlets from data obtained with cold radiators 
in the ducts, 

INTRODUCTION 

The possibility of recovering a small part of the 
heat enorgy wasted in the cooling air of aircraft engines 
has been indicated by theoretical considerations (refer- 
ence 1). Calculations show that if the waste heat is added 
at a pressure above that of the external stream to the air 
flowing through a duct, the momentum of the air is increased 
and a thrust may be derived. Experinsnts have been made 
in the N.A.C.A. full-scale wind tunnel to verify this ener- 
gy recovery in wing cooling ducts as an extension of the 
previous tests (reference 2) which mere made with cold ra- 
diators. 

The wing and duct arrangaments are the same as de- 
scribed in referenco 2. The heat vas added in the duct by 
an electrical resistance unit used to simulate the radia- 
tor. Tests wore made of four of the ducts in vhich the 
effects of adding heat were determined by measurements of 
the drag, quantity of air flow through tho duct, air tem- 
perature rise across the heater, static pressure at the 
heater, and the electrical input. The section drag coef- 
ficients of the duct were measured by means of the momen- 
tum method to avoid the inaccuracy arising from measure- 
ments of small changes in the duct drag as differences in 
the drag on the complete wing. 



The experiments were of necessity planned to utilize i. 

the available equipment and power resources, and optimum 
tunnel speeds and power input could mot be attained, The 
tests should therefore be considered as preliminary to in-9 
dicate the nature of the effects and to develop the teat- 
ing technique. 

SYMBOLS 

Q, heat content or mass flon. 

Y ,  ratio of apscific heats, Cp/cV 

cp, specific heat at constknt pressure. 

T, absolute tenperature. 

p, absolute pressure. 

, efficiency of heat cycle, 

, efficiency of momentum recovery. 

TT, over-all efficiency of heat exchange. 

P ,  density. 

0, density ratio. 

V ,  air speed. 

VR, velocity at the radiator based on the frontal 
area of the radiator (VB = Vi for cold 
radiator). 

v , / v .  flow ratio. 

q ,  dynamic pressure. 

c ,  chord of wing at.cooling duct. 

H, total head. 

Cdo 
, section pr~file drag coefficient. 

AR, radiator frontal area. 



K ,  r a t i o  of p r e s s u r e  d r o p  a c r o s s  r a d i a t o r  t o  dynamic 
p r e s s u r e a t  f a c e  of r a d i a t o r  ( A P / ~ ~ ) .  

P ,  power i n p u t .  

A?,  p r e s s u r e  d r o p  a c r o s s  r a d i a t o r .  

AP,, power r e c o v e r e d  from d e c r e a s e  i n  d r a g .  .. . 

A power t o  e q u a l i z e  f l o w .  

AF5, power l o s s  due t o  h e a t i n g  o f  r a d i a t o r .  

BP 
Q ' 

power r e g a i n e d  from h e a t  c y c l e .  

E f f i c i e n c y  of Heat  Recovery 

I f  h e a t  i s  added t o  t h e  a i r  f l o w i n g  t h r o u g h  a d u c t  
( f i g .  1) t h e  i n c r e a s e  i n  k i n e t i c  energy  of t h e  a i r  e q u a l s  
t h e  h e a t  added i n  t h e  d u c t ,  Q, minus t h e  h e a t  r e t a i n e d  
i n  t h e  e x i t ,  Q1. Tho e f f i c i e n c y  o f  t h e  h e a t  c y c l e ,  TQ, 
i s  t h e r e f o r e  e p a l  t o  .,.- , . 

S i n c e  

and  

t h e n  

For  t h e  a d i a b a t i c  change i n  t h e  expanding  and  c o n t r a c t i n g  
s e c t i o n s  of t h e  d u c t ,  



theref ore . , 

Although this efficiency, qQ, indicates the propor- 
tion of the heat energy available to increase the kinetic 
energy of the flow, a further efficiency of conversion of 
the kinetic energy into thrust must be considerea. The 
increase in kinetic energy per second is equal to 

l/2 m (v,' - vo2). The force on the duct is the increase 

in momentum per second equal to m (V4 - VO). Since the 
airplane velocity is Vo, the energy recovery from this 
thrust equals m Vo (V, - V o )  The efficiency of the con- 
version of the kinetic energy into thrust power equals 

2V 0 " .; r - - -- u$-L 

V + Vo 1 / 2 m  (V42 - Yo2) 

ciency of the heat exchange, TQM, 
c s equals 

- 
In the usual case, Vo = V4, and is about 1. A 
curve of qQ against V is shown in figure 2. In comput- 

ing the value of qQ for this curve it has been assumed 
that 0.8 of the free stream dynamic pressure is converted 
into static pressure in the duct. 



Power Loss  i n  B e a t e d  R a d i a t o r  

The n e t  g a i n  r e a l i z e d  by a d d i n g  h e a t  i n  a  duc t  i s  
d e c r e a s e d  by t h e  h i g h e r  power consumpt ion  i n  t h e  h e a t e d  
r a d i a t o r .  Tne power a b s o r b e d  by a r a d i a t o r  i s  p r o p o r -  
t i o n a l  t o  P R V R 3 .  For  e q u a l  c o o l i n g  v i t h  a c o n s t a n t  tem- 

p e r a t u r e  d i f f e r e n c e  a t  t h e  r a d i a t o r  t h e  PRVB i s  e s s e n -  

t i a l l y  i n d e p e n d e n t  of 6hc a b s o l u t e  a i r  t e m p e r a t u r e ,  a n d  
s i n c e  

t h e n  

and  

.I 

I f  t h e  mean r a d i a t o r  t e m p e r a t u r e ,  TB, i s  assumed t o  b e  

T, + T, ------ , t h e n  
2 

For  a r i s e  i n  a i r  t e m p e r a t u r e  2, - T 1  of 100' F . ,  t h e  

r a d i a t o r  l o s s  may b e  i n c r e a s e d  a s  much a s  20 p e r c e n t .  
T h i s  power l o s s  d e f i n e d  a s  A $ ,  i s  i n d e p e n d e n t  of a i r  
s p e e d  a n d  i s ,  t h e r e f o r e ,  of g r e a t e s t  i m p o r t a n c e  a t  t h e  
l ower  a i r  s p e e d s  i n  which  c a s e  t h e  e n e r g y  r e c o v e r y  f r o m  
t h e  h e a t  c y c l e  i s  o n l y  a f r a c t i o n  of t h e  e n e r g y  l o s t  i n  

T + T Z 2  
t h e  ~ a d i a t o r .  Tne v a l u e  of  t h e  f u n c t i o n  -L--) - 1 ( 2T1 
which  i s  t h e  r a t i o  of  t h e  i n c r e a s e d  power a b s o r b e d  i n  t h e  
h o t  r a d i a t o r  t o  t h e  power a b s o r b e d  i n  t h e  c o l d  r a d i a t o r  

* i s  shown i n  f i g u r e  3 f o r  v a r i o u s  v a l u e s  of T 2  - Tl. 



T h r o t t l i n g  -of  E'1o.m ! in  Hsa ted  D u c t s  

The a d d i t i o n  of h e a t  i n  a r a d i a t o r  d u c t  a l s o  s e r v e s  
t o  t h r o t t l e  t h o  a i r  f l o w .  I t  may b e  r e a d i l y  shown t h a t  
a d d i n g  h e a t  to' a slow-moving a i r  s t r e a m  d o e s  n o t  g r e a t l y  
change  t h e  t o t a l  p r e s s u r e ,  s o  t h a t  a t  t h e  o ~ t l e t  t h e  t o t a l  
p r e s s u r e  i s  a b o u t  t h e  same w i t h  e i t h e r  t h e  h o t  o$ t h e  c o l d  
r a d i a t o r ,  The s t a t i c  p r e s s u r e  a t  t h e  o u t l e t  i s  i ndepend-  
e n t  of t h e  c o n d i t i o n s  w i t h i n  t h e  d u c t ,  s o  t h a t  t h e  dynamic 
p r e s s u r e  a t  t h e  o u t l e t  must a l s o  be  t h e  same f a r  e i t h e r  
c a s e .  ( S u b s c r i p t s  h  a n d  c  i n  t h e  f o l l o w i n g  e q u a t i o n s  
r e f e r  t o  h o t  and c o l d  r a d i a t o r s . )  

S i n c e  

a n d  

t h e n  

t h e r e f  o r e  

a n d  

For  .a t e m p e r a t u r e  r l . s e  of t h e  h e a t e d  a i r  of abou t  
1000 F .  t h e  mass f l o w  w i l l  b e  d e c r e a s e d  a b o u t  10 p e r c e n t .  
The o u t l e t  a r e a  of wing  c o o l i n g  d u c t s  s h o u l d  t h e r e f o r e  be  



slightly larger than indicate4 by tests with cold radia- - 
tors. Values of the function 1 - , which repre- 

sents the decrease in flow due to the heat, are plotted 
in figure 3 for various values of T, - T,. 

EXPERIMENTAL UETHOD AND TESTS 

The tests were conducted in the N.A.C.A. full-scale 
wind tunnel which is described in reference 3; The duct 
and wing arrangesent shown in figure 4 are described in 
reference 2, and a drawing of the wing showing the in- 
stallation of the heating unit is s h m n  in figure 5. 

%our ducts were investigated vhich were similar in 
all respects-*except for the inlet sf z e  and position. In 
the nomenclature of reference 2, these ducts are: 

Wuaber --.- Designation 

The ducts will be hereafter referrod to as No. 1, 2, etc. 

The electrical heater used in the duct consisted of 
grids of flat bars connected s o  as to absorb the availkble 
power of 100 km. The resistance units were connected so 
that more of the power was absorbed at the middle of the 
duct than at the edges. 

The temperatures of the air behind the heater were 
measured by means o,f four calibrated therrnocouplos. The 
temperature of the air in the wake 6ehind the wing was 
measured by a verti'cal rack of thermocouples which enabled 
the distributian of heat across the wake to be determined. 

The quantity of air flowing through the duct and the 



pressure in the rear of the radiator were determined from 
measurements of the total and static pressure over a sec- 
tion of the duct near the outlet. The pressure drop 
through the heater grid was measured for a range of air 
speeds. 

The section drag coefficients of the ductsd wing were 
computed from the Jones equation (reference 4) from measz 
urements made by means of a wake-survey rack. The wake 
rack consists of a comb of total head tubes and a separate 
comb of static tubes each about 2 feet long. A simultane- 
ous photographic record of the pressures in all the tubes 
was obtained by means of a multiple manometer. 

The total and static pressure in the duct, air tem- 
peratures behind the radiator, air temperatures in the 
make, electrical input to heater, and wake pressures were 
measured for each af the ducts at a lift coefficient of 
CL = 0.24 (corresponding approximately to the high-speed 
condition) at a tunnel speed of 83 miles per hour. The 
wake measurements w e r e  made for the lateral stations at 
the duct center and 1 foot' from the duct centor. 

RXSULTS AND DISCUSSION 

In the usual case the section-drag coefficients of a 
wing are obtained by means of the Jones equation (refer- 
ence 4) as 

Rhen heat is added in the wing the air density in the wake 
is changed, and the equation should ba modified to 

in which equals Pqh/PO. In order to check the assump- 



Cion used in deriving equation ( 6 ) ,  measurements of the 
drag and heat content were made at a number of different 
distances behind the trailing edge for one of the aing 
duct arrangements. These results are shown in figure 6, 
and it may be noted that the drags measured at different 
distances behind the trailing edge are in reasonable 
agreement. The low value obtained at the 72-inch atation 
may be due to the lower accuracy of the momentum mothod 
at the greater distance behind the trailing edge. 

The heat contents at the different stations are in 
good agreement. The effect of the heat in decreasing the 
drag is clearly shown in figure 6 by the low momentum loss 
in the part of the wake in which the heat as8 concentrated. 

A summary of the test results is shown in table 1. 
The reduction in the section-drag coefficient due to add- 
ing heat in the duct is about 0.0020 for all the ducts, 
This drag increment, varied from about PO: to 15 percent of 
the section-drag coefficient of the wing and duct, a m  was 
therefore measured with considerable accuracy. 

Representative curves are shown in figure 7 of the 
total and static pressure near the duct outlet, from which 
data the quantity of air flow through the duct was comput- 
ed. The flow through the duct was throttled from 10 to 
15 percent by the addition of the heat. This is slightly 
more than would be calculated from the data of figure 3; 
however, .the effect of the iqcreased resistance of the 
heated radiator on the flow which was omitted from the 
previous discussion may readily account for the difference. 
Data showing the effects of varying the resistance in the 
duct on the air flow are shown in reference 2. 

The horsepower i ~ p u t  into the duct per foot was ob- 
tained by averaging the integrated value of the heat con- 
tent in the wake at the two measuring stations (fig. 6). 
The temperature difference across the radiator was deter- 
mined from the thermocoupfos. 

The power recovered per foot of duct width, AP,, was 
calculated from the decrease in drag and the velocity, as 



Since 

V = 83.0 miles per hour 

and 

then 

A comparison of the duct resistance, mith and vithout 
heat, must necessarily be made for equal mass flows. The 
comparison is made in table I for the flow corresponding 
to the heated radiator case, and it is therefore necessary 
to credit the cold duct with the difference in internal 
power for the two flows. This power difference, AP,, mas 
computed on the assumption that the external losses re- 
mained constant for the range over nhich the V ~ / V  changes. 

The power loss in the radiator is QAP in which AP 
is KgR. The value of K was determined from measure- 
ments of the pressure drop across the radiator, the values 
of which are shown in figure 8 for a range of air speeds. 

Since 

then 

The increased power ab:orbed.by a hot radiator, A P ~ ,  
has been discussed in the resume of the theory. Knowing 
the temperature difference, T, - TI, the increased power 
due to heating may be obtained from figure 3 as a fraction 
of the power absorbed by the cold radiator.   his incre- 
ment tends to decrease the useful power that may be re- 
covered in the duct. 

In order to compute the power regained due to the 
adiabatic expansion of the air after the heat is added, it - 

p. 



is necessary to debit the measured drag differences with 
the power required to adjust the flows to the same qunn- 
tity and to credit it with the power lost due to.the high- 
er resistance of the hot radiator. That is, 

The values of 
QpCl 

which are given in table I show 
a considerable scatter which is due largely to the fact 
that they are relatively small differences of larger 
quantities. The cycle efficiency is obtained from 
ApQ/p = rip,. The experimental TQ obtained from the fore- 
going relation and the theoretical value obtained from 
equation (1) using the pressure behind the radiator for 
tho term pl are shown in table I. 

Thc experimantal efficiencies are lower than the the- 
oretical ones and the ratios of the two are somewhat in- 
consistent. As an average of the four cases the experi- 
mental efficiencies are about one-half of the theoretical. 
Lt will be noted that the efficiencies are low,which is 
due to the relatively s l o w  speed at which the testswere 
made. The efficiency varies as V 2  as shown in figure 2, 

D e s & n m s t i o n . -  From analysis of the results it --- 
is indicated that if only the heat from the radiator is 
added in the duct from the standpoint of p~rformanc~e cal- 
culations the effect of the heat may usually be neglected; 
that is, the duct efficiencies obtained with cold radia- 
tors may be applied with sufficient accuracy to represent 
the operating condition. Assuming a high speed of 400 
miles per hour and a conversion of 0.8 of the dynamic 
pressure into static pressure in the duct, a theoretical 
efficiency, Tjg, of 4 percent is indicated (fig. 2). Fur- 
ther assuming 6he average value of 0.4 for the ratio of 
the heat in the cooling air to the brake horsepower, the 
maximum power return psssible is 1.6 percent of the brake 
horsepower. Since the actual efficiency may bo only one- 
half of tho theoretical, the actual maximum pomer regain 
may be less than 1 percent of the brake power. From this 
value must be subtracted the power loss due to the heating 
of the radiator and Several other minor losses (reference 
1) 

The actual regain in power even for the higher speed 
airplanes may, therefore, be less than 1 percent of the 
engine power which is smaller than the possible accuracy 
of the calculations. 



The effect of the heat must be considered, howover, 
in calculating the quantity of air that will flow through 
the duct. It will be necessary to provide a larger duct 
outlet and in some cases a larger radiator than indicated 
from tests made with cold radiators. In the present tests 
vith temperature differences of about 80° to 1000 I?. 
across the heater, the air-flow quantities were decreased 
from 10 to 15 percent beloa those for tho cold radiator 
tests. 

This paper has discussed the possibility of recover- 
ing a part of the energy which is apparently lost in the 
cooling of engines. It is of interest to point out that 
if the heat of the exhaust is discharged into the cooling 
duct, a substantial recovery of power may be made. This 
recovery of power will be no greater, however, than that 
resulting from discharging the exhaust gases rearvard by 
a suitable exhaust pipe. In effect, the cooling duct be- 
comes an exhaust pipe, and its use for this purpose will 
be primarily dictated by the arrangemehand detail design 
of the airplane. For some designs the cooling duct will 
provide a convenient place for expanding the exhaust gases 
so that they may be discharged more nearly at tho free- 
stream velocity. 

Langley Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Langloy Field, Va., April 3, 1939. 



RIFERENCES 

1. Sieredith, F. 'if.: Note .on the Cooling of Aircraft 
Xngines with Special^Reference to Ithylene-Glycol 
Radiators Inclosed in Ducts. R. & M. Xo .  1683, 
British A.B.C., 1936. 

2. Nickle, 3'. R., and Freeman, Arthur B.: Full-Scale 
rind-Tunnel Investigation of Wing Cooling Ducts. 
Confidential ldemorandurn, N.A.C.A., 1938. 

3. DeFrance, Smith 3.: Ths N.A.C.A. Full-Scale Wind 
Funnel. T.R. No. 459, N.A.C.A., 1933. 

4. The Cambridge University Aeronautics Laboratory (3. 
IvIelvill~, Jones): The Ueasurement of Profile Drag 
by the Pitot-Traverse Method. R. & U. Wo. 1688, 
British A.R,C., 1936. 



Duct I C d  i Cd Change ! Total  Power 
i n  air t p m e r  required 
temp. i recovl  t o  pro- 
at ra6.i ered I videsqua 
T2 - TI I hp/f t. 1 flow 
F deg. / APl I hp./ft. 

- - *  
1 

I I 
- 

Power Power Experi-I Theoret - 
l o s t  due regained mental i c a l  ef-  
t o  heat- from ex- e f f i -  f i c iency  
ing  of pansion ciency of heat 
r ad i a to r  hg./ft. 
hpo/ f t .  APQ c' 

P3 



B.A.C.A. 
Fig. 

1
 



Fig. 
2
 



N.A.C.A. 
P

ig
. 
3
 





N
.A

.C
.A

. 





Figure 7.  



N
.A

.C
.A

. 
- 

; 

F
i
g
.
 

8 




