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NATIONAL ADVISORY COMMITTEE FOR A0NAUTICS 


ADVANCE CONFIDENTIAL REPORT 

ANALYSIS OF HEAT AND COMEFRESSIBILITY COMPRESSIBILITY EFFECTS IN INTERNAL 


FLOW SYSTEMS AND HIGH-SPEED TESTS 

OF A RAM-JET SYSTEM - 

By JOHN V. BECK AND DONALD D. BAJ'iLS 

SUIvItARY 

An analysis has been made by the NACA of the effects of beat and 
compressibility in the flow through the internal ystoms of aircraft. 
Equations and charts are developed. whereby the flow characteristics at 
key stations in a typical internal system maybe readily obtained. 
The effects of compressibility (density change) were fully accounted 
for and were found to be important at present-day flight conditions, 
particularly at high altitudes. Particular attention was given to 
the flow changes across radiators and air-cooled engines'. It is 
shown that very' high Mach numbers will be attained within the fins of 

• existing air-cooled engines if required. coolin is to be maintained at 
altitude. The density decrease and the pressure drop across radiators 
and, enInes are shownto be considerably greater than the values 
computed on the basis of an incompressible flow. The equations show 
that when a Mach number of 1.0 is reached. at any station of the internal 
system, the flow becomes choked and any further reduction of outlet 
pressure will not increase the flow rate. The addition of heat had a 
throttling effect on the flow rate and led to choking at lower rates 
Of flow.	 S 

Tests of a 13-indh diameter ram-jet type of prOpulsion system 
using an electrical heating device to add heat to the internal flow 
have been made in the Langley 8-foot high-speed wind: tunnel throughout 
&. Mach number range of 0.2 to 0.75. The results showed that the 
measured thrusts.. and thermal efficiencies closely approached the ideal 
values for this type of propulsion system. Measurements of the flow 
details at various stations of the internal system-were compared with 
calculations based on one-dimensional compressible flow-theory, and 
excellent agreement was obtained. 

In regard to the propulsive effect due to heating the internal 
flow, the thermal efficiency of the energy-recovery cycle was shown 
to depend mainly on th&ratioof the static pressure n the duct - 
behiid the radiator to the stream static pressure. To a lesser extent,
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the thermal efficiency was governed by the Mach number of the duct flow 
and by the rate of heating; increases in either of these quantities 
caused decreases In the thermal efficiency. 

flODUCTION 

The operating speeds and the altitudes attained by modern aircraft 
have advanced to the point where the use of simple incompressible-flow 
relations in the design of internal ducts and cooling systems results 
in lar.-e errors in the-determination of the internal-flow characteristics. 
A more comprehensive analysis employing compressible-flow relations, 
therefore, is required in order to compute accurately the conditions 
at , each station within the duct, the pressure drop across the radiator, 
-the internal mass flow, and . the variation of the internal-flow charac-
toritics with the addition of heat. The effcts of the addition of 
heat to the internal flow are also of importance because of-the. 
possibility of obtaining appreciable thrust power from the internal 
system.	 .	 . 

References 1 and. 2, which are representative of the numerous 
theoretical analyses comprising most of the previous work in this 
field, were concerned mainly with evaluating the net force resulting 
from the flow through the engine-cooling.systeni. In these earlier 
analyses It was usually not necessary to compute the internal-flow 
characteristics in great detail and It was possible to neglect, In .part, 
the effects of compressibility (density changes). A more comprehensive 
general discussion of the 	 m cooling-syste air flow was given in 
reference 3 but the details of the flow relatioxs Involved, were not 
shon	 .	 .	 . 

In the present investigation a theoretical analysis of the flow 
details at key stations in a typical system was made. The effects of 
compressibility and of heating were accounted for up to Mach numbers of 1.0. 
Result of this analysis are, presented in 1art I of the Investigation 
In the form of charts and working equations- that can be readily aplied 
in practice. 

Of great interest are the designs of internal flow systems that 
employ much higher rates of heating than are normally found in the 
cooling systems alone. The effectiveness of such deigns depends on 
the thermal efficiency of the process whereby hOat is converted into 
thrust power. For this reason, one of the principal purposes of this 
investigation was to study analytically the energy-recovery process 
and to determine by eeriment how closely the ideal thermal efficiency 
could be approached in a typical system.

ti 

J1
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An experimental investigation of an idealized, ram-jet propulsion 
system was conducted In the 8-foot high-speed wind tunnel at the 
Langley Memorial Aeronautical Laboratory in March 1941. The object 
of the present tests was to provide experimental data to establish 
the validity of the analytical results of part I, :articuJar1y with 
reference to the conversion of heat ener.to thrust power. The results 
of these tests are presented in part II. 

The body used. in this investigation was designed to conform closely 
with the duct arrangement assumed in. the analysis given in part I. 
Heat was added by a specially constructed radiator causin negligible 
blockage o the duct flow and insIiIficant friction loss. This manner 
of adding heat minimized, the fire hazard in the wind tunnel and 
eliminated the combustion problem that would have existed if fuel were 
burned in the duct. The amount of heat added (160 1w max.) produced 
a thrust equal to about 40 percent of the drag of the test body . 
at M = 0 .75. This rate of heating, although lower than he rates 
obtainable by combustion of fuel, was. large enough to -Permit accurate 
measurements. of...the....th.rust...and..other effectsof heating to be obtained 
and thus to Provide the basis for significant comparisons with the 
analytical investigation.	 - 

SYMBOLS 

A	 area, square. feet 

a	 velocity of sound, feet per second. 

C	 mass-flow coefficient —.--'\ or 
GT FV0) 

CD	 internal-drag coefficient	
^J, ) 

L 

CD internal-drag-coefficient increment

Df 
C	 drag coefficient of radiator tube D	 .	 rr 22. 
CD	 radiator drag coefficient 

r	 ^2) 

c	 specific heat at constant pressure (for air 0.211. Btu/lb/)
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D	 net dra g due to internal flow, pounds


I internal-drag increment, pounds 

D f .	 drag force due-to friction within the radiator 
tubes, pounds 

D r	 total drag force acting on the radiator, pounds 

d	 duct diameter, Inches 

P 	 maximum fuselage cross-section area, square feet 
(1.009 for model tested) 

acceleration of gravity (32.2 ft/sec) 

H	 heat added, Btu p er second 

h	 total p ressure, pounds per square foot a' bsolute 

total-pressure loss, pounds p er square foot 

J	 mechanical equivalent of heat (778 ft-lb/Btu) 

K.E. kinetic energy, foot-pounds 

L.	 over-all length of fuselage, inches 

• d i sta nc e from nose, inches 

M	 Mach numer (v/a) 

m	 mass-flow rate, slugs per second 

I, 
•	 rn-p0 
P	 pressure coefficient I 

p	 static pressurq, pounds per square foot absolute 

Ap	 static-presure decrease, pounds per square foot 

0.	 quantity of flow, cubic feet per second 

q •	 dynamic pressure, pounds p er square foot	 PV2


gas constant, feet per P (for air, 53.3)
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R	 radius, inches 

T	 temperature, °F absolute	 - 

T	 thrust, pounds 

tt	 temperature change, 0 P 

V 0	 free—stream velocity, feet per second 

v	 velocity within duct, feet per second 

x	 d.isance from leading edge of respective sections, 
inches 

ratio of specific heats (for air, 1.40) 

heat—cycle efficiency (e q uation (31)) 

CM	 mechanical—efficiency factor (equation (33)) 

propulsive efficiency	 (eauation (32)) 

p V 

density, slugs per cubic foot 

d.	 diffuser- efficiency  

1+11	 compressibility factor 	 ..) 

Subscripts;	 V 

o to s stations in internal flow system shown in figure 1 

C	 test condition without heat 

d.	 value at any station in duct 

friction component 

i	 low speed, incompressible—flow condition 

r	 condition.across the radiator or heating device 

r2	 within the radiator at the tube entrances 

w it hin the radiator at the tube exits 

t	 condition within the radiator tubes
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A prime after a symbol indicates the con'Ution with-
out heat but with same mass flow as with heat. 

I ANALYSIS OF INTERNAL FL -017 SYSTEMS 

Calculation of the Flow Characteristics at Key 

Stations in a Typical Internal Flow System 

In the design of efficient aircraft, the flow char-
acteristics (static pressure, density, and velocity) must 
be computed at several key. stations in each internal flow 
system. The objects of such calculations are to deter-
mine the state of the air entering the radiators, the 
pressures available for cooling,, the flow changes across 
the heating device, the net drag or pro pulsive force due 
to the internal flow, and the required sizes of inlet and 
outlet openings. It will be shown that under present-day-
operating conditions compressibility effects and. the sec- 
ondary effects of heating cannot be neglected in the cal-
culations. 

Methods will be presented for analyzing the internal 
flow system that will account for the effects of heating 
and compressibility and will yet be simple to use. Elim-
ination of much of the mathematical work will be effected 
through solution of the more cumbersome equations in chart 
form. The methods presented are generally applicable to 
any internal flow system, either with or without the addi-
tion of heat or mechanical energy (internal blower), and 
for any rate of internal flow. 

One-dimensional flow and a uniform velocity distribu-
tion across the duct is assumed throughout the analysis 

The theory of. the process whereby the heat energy 
added to the internal flow is converted into mechanical 
energy is described under a subsequent subheading of part 
I.

Initial conditions.- The initial quantities assumed 
to be known by the designer. are as . follows: 

(1) The rate at which' heat is to be dissipated H, 
Btu per second
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(2) The pressure drop for the cold. radiator (p/q2)4 
Obtained from low-speed tests 

(3) The mass-flow rate required by the system m, 
slugs per second 

(4) The speed of flight V 0 and the atmospheric


	

conditions p 0 , p 0 	 and 

(5) The duct areas available at all stations in the 
internal system 

Station 0.- In the method. to be described, the inter-
nal flow is considered as a stream tube starting far ahead 
of the airplane where the velocity in the tube. (relative 
to the airplane) is V 0 and the air conditions are those 
of the free stream (fig. 1). The area of the tube at 
this station is determined by the required rate of inter-
nal flow; that is,

(i) 
0 

The area A 0 is noted to be a measure of the mass 
flow and bears a simple relation to the flow coefficients, 

and	 If Q, equals the volume rate of flow FVo	 p0FV0 

at any station d, then 

=	 _i = 
FV0	 Pd. FV0	 Pd. 

The mass-flow coefficient C is 

m	 A0 

p 0 PV 0 - F 

For isentrop ic flow, the pressure, the density, and the 
temperature at any station in the duct for any rate of 
internal flow can be related to the known initial con-
ditions through the area ratio AO/Ad and the Mach number
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V 
M o = 	 where a 0 =49.0 ./f. Charts for obtaining

ao 
 

these desired characteristics for known values of the 

area ratio and Mach number are given as figure 2 (pres-
sure), figure 3 (density), and figure 4 (temperature). 

The mathematical basis for these curves was derived 

as follows: By Bernoulli's equation for adiabatic com-
pressible flow,

"	 (2) 
2	 'y-1p0	 2 

From the requirement of flow continuity, 

p 
0 
A 

0 
V 
0 = Pd. Advd. 

whence

I	 ' 
p0

2
\	 1A0\2 

\i)	 I\.kd.•) 

Als o,

= 

and for isentropic flow 

I	 '. 2

ô ) =  rPd) 

By substitution of these relations into equation (2) in 
order to eliminate the velocitj and density terms, the 
following result is obtained; 

- 1 
.2 \Ad)

Pd	 Pd. Y 

P0
+ - 

.Po.

=y —]• 
M0.+ 1 

This equation is solved in figure 2 forpd /P o" 

terms of 14 0 and AO /Ad. The density and temperature 
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ratios in the duct can be computed from the pressure-ratio 
values obtained from equation (3). For isentropic flow 

d.tP d.\ hiY 

^p 0.1 - 

and

Td - P	 y 
T0	 rPo-). 

The use of figures 3 and.. 4 permits the density and tem-
perature ratios to be obtained directly for the known val-
ues of M0 and A0/A. 

The use of the charts (figs. 2, 3, and 4) is not re-
stricted to the Mach number M 0 and the area ratio 

AC /Ad., as indicated by the subscripts on the figures. 
For exam ple, if the area ratio and Mach number were taken 
as Al/Ad and M 1 , respectively, the charts would yield 

the ratios Pi/Pd, P1/Pd., and T1/T. Any other more 

convenient area and corresponding Mach number might be 
similarly used in place of A 0 and M 0 . The charts may 

also be employed to determine the flow from a large area 
to a small area. The Mach number used with the charts 
must always be the Mach number corresponding to the 
smaller area. 

Station 1.- The entrance area A l should be designed 
to allow the desired mass flow to enter the duct at an 
inlet-velocity ratio that will permit efficient external 
flow as well as efficient internal flow,. In the investi-
gation reported in reference 4, velocity ratios of 0..3 to 
0.6 were found to fulfill these requirements for circular 
openings of suitable shape located at the stagnation point 
of a body. Higher inlet-velocity ratios will make it dif- 
ficult to expand the internal flow efficiently, and lower 
inlet-velocity ratios will generally make the external 
flow unsatisfactory for high-speed airplanes.. If the in-
let velocity v 1 is selected on the basis of these con-
siderations, the inlet area is given by
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•	 m	 (4) ply1 

In most applications a sufficiently accurate value of A1 
will be obtained when Pa is taken as equal to p0. 

After the entrance area and the ratio A 0 /A 1 have 

been determined, the pressure, the density, and the tem-
perature at station 1 may be obtained directly from the 
charts if the opening is not located within a boundary 
layer. 

Station 2.- If the ducting losses between stations 1 
and 2 are a negligible fraction of the free-stream dynamic 
pressure,'the static pressure, the density, and the tem-
perature at station 2 may be obtained directly from the 
charts (figs. 2, 3, and 4) for, the area ratio ' A0/A2. 

Under most conditions of flight, however, it will be 
necessary to account for the diffuser losses even in ef-
ficient systems. The characteristics of the diffuser are 
usually defined by a diffuser efficiency, 

q1-q21 

or, preferably,

= 1 -
- q 

The definition in termsof"the static pressures, as in-
dicated, can be used only in the reduction of incompress-
ible-flow data because, at high speeds, the 'pressure rise 
is affected by factors other than the diffuser shape. 
The definition in terms of the total-pressure loss between 
stations 1 and 2, however, which yields the same value for 

at low speeds, remains essentially constant with Mach 

number (see reference 5) and should therefore be used for 
all high-speed test data. If the veiocity'dist.ribution 
is reasonably uniform, the total-pressure loss in the 
diffuser will equal the decrease in static press-ace at 
station 	 below the ideal static pressure for zero fric-
tion loss; that is,



A1 2 
P2 = th 2 = (q 1 - q 2 ) (I -. r d) = i[l - (r;-) ] (i - d) 

•	 The assumption of Incompressible flow in computing 
the local dynamic-pressure ratio is justified in the 
usual case where the Mach number at the entrance is low 
and where Ah 2 is small. 

The-static-pressure ratio at station 2 is therefore 

P2
Id	 (5) 

P2\	 q1 [	 Al21 

- P0	 PO)ideal.	 [	
A2 j 

The ideal pressure ratio is obtained a.s before from fig-
ure 2, and the diffuser efficiency rdcan be estimated 

from test data such as that given in refrnces 5 and 6. 
Data on the diffuser efficiency for the model used in the 
present tests arc given in reference 5. 

The temperature distribution across the duct at sta-
tion 2 is not uniform, the temperature being slightly 
higher near the walls where the friction effects predom-
inate. Asatisfactory value is given by 

T0 -
	 )ideal = P0Jideal 

in which the ideal pressure ratio of figure 2 is used. 
The corresponding value of the density is 

P2	 P2 
gRT 

P2 
=	 2 

= 0.000583 - 
T2 

11 

The Mach number of the flow in the duct at station 2 will 
be shown to be an Important. parameter and is given by
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= M.	 /T0\h/2 
M2 =

	

V0a	 p2 A2 K ) 

Plow changes within the radiator.- An exact deter-

mination of the flow changes between stations 2 and 3 must 
include calculations of the flow details within the-heat-
ing device. The following analysis describes the flow 
through a tube or channel of constant cross section in 
which heat is added and in which friction losses occur. 

If no appreciable energy losses are assumed to occur 
at the tube entrances, it is apparent that the flow 
changes.between station 2 and station r 2 (at the tube 
entrance) are determined by the area ratio Ar a 	 and 
the Mach number M , where Ara is the free area within 

the radiator. Figures 2, 3, and 4 may therefore be used 
to obtain the desired conditions at station r 2 by 
merely changing the nomenclature on these charts. The 
charts recuire the use of the Mach number Nra, which may 

be computed from the known value of M 2 as follows; 

N	 M2	
/T2 1/2 

Ta	 Ara	 T 2 r 2	 r2 

The value of Mr	 is dependent on/Pra and 

values which are to be obtained from the charts. A trial 
and error process must therefore be employed until corres-
ponding values of Mr 2 , Pa/Pr2, and T2/Tr2 are ob-

tained. Two or three trials usually suffice. The pres-
sure drop of the air entering the tube is given by 

P2 - Pr 2 = Pa	
- P r	

(6) 

in which Pa/Pr	 is obtained directly from figure 2, for 

the value of Ar2/Aa and. Mr2 as just described.



13 

The pressure drop between stations r 2 and r 3 (at 

the tube entrance and. exit) is obtained, by applying the 
momentum relation between these stations:

DP 
r2 + p v 2 = 2 + - 

	

r 2 r 2	 r3 + PrVr	
Ar

2 

where D f is the drag force due to friction within the 

radiator tubes and Ar = r3' The pressure Arop in terms 

of q r2	
is ,thus, 

Apt- P . 2 - Pr3	 Df	 Pr3Vr32 - Pr3Vr22 
-	 =	 +	 (7) 

. A -r 2 r2 

It is evident from equation (7) that the pressure 
drop in the tube is comprised of two components: Iirst, a 
pressure drop associated with the frictional drag force 
and, second, a pressure drop due to the momentum increase 
in thetube. This second term,freauently neglected, be-
comes very imp ortant when the velocity in the tube is 
large. The drag term is presented in the form of a drag 
coefficient, denoted hereinafter as CD f$ whore 

- __

'

 
-

'r 2 A r2 

The basic value of °Df corresponding to the unheated 

	

low-speed condition CD	 can be determined from pressure-
fi 

drop measurements for this condition; 

/ D.	 ('P'r2\ -
 (^p

qf\ 

	

CD f 
= Q r Ar	 r2 r2/. Ig A.	

- 

This basic value of the drag coefficient depends on the 
geometry of the radiator tubes and on the Reynolds number. 
A considerable volume of pressure-drop data for radiator 
tubes is available and may be used to compute CD

fi
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When heat is applied, the drag coefficient increases be-
cause of the increase in dynamic pressure along the tube. 
If this drag increase is assumed to be proportional to 
the mean dynamic pressure in the tube, 

C=C
i 

APf = ItPf"\ 

r2

[21 (1 + P ri Fr 3 

- 1	 + Pr2 1—

or

(8) 

In order to evaluate C±, from the known basic value 

CD , the density ratio	 r /Pr	 must be obtained. 
fj	 S 

This relation is also required in evaluatingp /q t r2 
(equation (7)). A method for computing p.. /Pr 	 exactly 

2	 3 

will now be described. 

•	 The density ratio will be obtained by solving simul-




taneously the momentum, energy, and continuity relations 
between the flows at stations r 2 and r 3 . Equation (7) 
shows the momentum relation. The energy equation, relat-
ing the total energy per unit mass at the two stations, 
is

v 22 	 p 

__ .+ 	 _ - +	 = ---- + y	 (9) 
271r	 m	 2	 Y1Pr3 

Since the areas at stations r 2 and r 3 are equal, 

Pr#"r 2 = 

Solving the last three equations simultaneously for 

Pr2/Pr3 gives
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a 
Pr2 
—=1+ H +02M 2 
Pr	 cpmT2	 r2	 -FT)  Pr

•	 Pr2(%fPr2\1 (10) 
+ 7.0 - 

0r3 2	 Pr3 Jj 
This relation has been evaluated for a wide range of values 
of heat input and radiator drag coefficients and the re-
sults are given In figure 5 for use in design and perform-
ance work. Values of Pr2/Pj3 obtained from figure 5 with 

an estimated. CD f may be substituted in equation (8) to 

obtain a more exact value of	 Df. This process may then 

be repeated until the correct values of Pr2/Pr3 and 0Df 

are obtained. Two or three trials are usually sufficient. 

Several interesting conclusions may be drawn from a 
study of eauation (io) or figure 5. When the Mach number 
Mr	 of the flow approaches zero, the value of Pr2/Pr 

approaches 1 +

	

	 or 1 + Tr,  
-Tr- 

, the density 
cpgmf 

ratio for heating at constant pressure. As Mr2 becomes 

greater, the pressure drop rapidly increases, with the re-
sult that the density ratio Pr2/Pr3 increases above the 

constant-pressure value i + 	 H	 • This effect is 
çpgmT2 

very great for large values of Mr .9 such as are encoun- 
tered with air-cooled. engines.	 2 

For each radiator drag coefficient a limiting value 
of Mr2 is reached beyond which the solution of equation 

(10) becomes imaginary. This limiting condition occurs 
when the flow velocity at the tube outlets reaches the 
speed of sound, that is, when Mr 3 = 1.0. A curve con- 

necting the limiting density ratios is shown in figure 5. 
When the drag coefficients or the rate of heating I 
high, this critical condition is reached at low values of 
Mr, owing to the large density decrease along the tube. 

No increase in mass flow can occur after this critical 
condition has been reached. It may be inferred from the
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general knowledge of nozzles that shock waves will occur 
at the tube exits if the pressure drop is increased after 


	

sonic velocity has been reached..	 The energy correspond-




ing to the increased pressure drop is dissipated in these 
shock waves and no increase in mass-flow rate occurs. 
The use of figure 5 as outlined will automatically indi-
cate when this limiting condition is reached. 

With the density ratio an& the drag coefficient eval-
uated by equations (8) and (10) as just described, the 
pressure drop between the entrance and exit stations of 
the tube is easily calculated from equation (7); that is, 

Ap t=	 \ 
- 0D 2 I-— U	 (11) 

•	 \P. 

Plow changes across the radiator.- The pressure 

change between stations 2 and 3 is the sum of the pressure 
drop due to acceleration of the air int..o the tubes plus 
the pressure drop within the tubes-less the pressure re-
covery between the tube exits and station 3. The pressure-
recovery term has yet to be evaluated. If station 3 is 
assumed to be far enough behind the radiator for the ve-
locity distribution across the duct to be uniform, the 
momentum equation maybe applied between stations r 3 and 
3 to give

r3	 p3	 23(1 

or, as a satisfactory approximation, 

- p3 = - 2q 3 	 1 .	 (12) 

The over-all pressure drop across the radiator is the sum 
of equations (6), (ii), and (12); 

Pr =	 P3 =	
-	

+ qr2	 + 2 (-

	

- 2q 3 
(TA:'

-
l 

The pressure drop is usually more conveniently expressed 
as a fraction of the dynamic pressure q 2 , as follows:

Ii 

J1
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/	 2

+ 2F - iii 
A p r = 1.43 ( -	 + a_ A

2
 \ [CD	

fPr2	 \1 
(12	 P2
	

Pr2 (Ar 2 )	 f  

Pr 2 (A.2 
-2— 

r 3 (\ 
 

For the case of the tubular radiator, simple methods for 
evaluating Pr2/P2 and Pr2/P2 from figures 2 and 3, 

Pr2/Pr3 from figure 5, and CD f from equation (8) have 

been described. Equation (13) for the over-all pressure 
drop is exact except for the approximations made in sim-
plifying the last term, which gives the pressure recovery 
between stations r3  and 3.. This term is a small frac-
tion of the over-all pressure drop and cannot be computed 
precisely, in most cases, because the flow distribution 
rarely becomes uniform in the short duct lengths that are 
usually available-for the pressure-recovery process. With 
air-cooled engines, for example, the rear pressure station 
is always taken so close to the baffle exits that the 
pressure-recovery term is virtually zero and, hence, only 
the first two terms of equation (13) need be used. An 
examp le of the application of equation (13) to the case 
of a partly baffled air-cooled cylinder will be given in 
appendix A. 

Simplified method of computing radiator pressure 

drop.- The pressure drop across the heated radiator can 
be determined by a less involved approximate method, ac-
curate enough for many applications, which does not in-
volve calculation of the details of the flew within the 
tubes or fins. The method consists of correcting the 
basic pressure drop of the cold radiator to the design 
operating condition by a relation involving the density 
ratio P2/P3 across the radiator. The use of p2/p3 

instead of the density ratio within the tubes Pr2/Pr3 

eliminates the necessity of computing the tube flow and 
is justified by the fact that the two ratios are approx-
imately equal. The same general procedure followed in 
deriving the exact equation for the pressure drop (equa-
tion (13)) will be employed in deriving the more simple 
approximate relation. If P2 is assumed. equal to Pr2' 

the pressure drop between stations 2 and r 2 is approx-
imately
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A2 
2	

1 AP2?r 2 - 2	 q2

 

Within the tube (cf. equation (7)), the pressure drop is 

Ap t '= AP f + Pr V r 2 - Pr2'U'r22 

or approximately

-	 2 

Ap t = AP f

L
 (1 +

	

+ 2q	
(P3 .

.1) 

The pressure rise between t 	 tube exits and. station 3 is 
(see equation (12)) 	 0 

	

APr. 3 = - 2q2	
(a;.- i. 

The sum of 'these three cqmpon'e 'nts is the &esred. over-all 
pressure 'drop; that is, 	 ' 

APr	 APf	

+	

+ 2q2

oS

 (	

1)'. 

+ q3	 - 1] - 2q	

) (._	

1) 

In order to use this relation to compute the effect of the 
density change across the radiator, Apf	 must be evalu- 

ated ..f'orn the known (or calculable) value of the over-all 
pressure drop of the cold radiator APrj. For the basic 

cold condition P2 = P 3 , and. equation (14) then becomes 

	

A Pf +q2 [os - ii	 2q2  
(!A

 

whence	 '
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2 

Pf = APr. - q2 

Thus APf1 can easily be

-I 
- ii + 2 q 2 - - l	 ( 15) 

j	
Ar	

/ 

computed from the over-all pres-

sure drop for the cold radiator if. the geometry of the 
radiator is known. The use of e q uations (14) and (15) to 
correct the pressure drop obtained for the cold condition 
(or for a test condition with heat) to the design op&.rat-
ing condition has been found to yield results approaching 
in accuracy the results of equation (13) in cases where 
the Mach number of the flow in the tubes is not large. A 
previously discussed, the last term in both equations (14) 
and (15) should not be included in cases where station 3 
is too close to the tube exits to permit the velocity dis-
tribution to become uniform. 

In order to obtain the correct value, of 	 for 

use in equation (14), it is important that compressibility 
effects, as well as heating effects, be 
simple method of obtaining 

p2/p3 

from 

be presented. For this method the drag 
radiator 0D	 will be needed, and this Dr 
tamed, from equation (14) as follows (c

allowed for. A 
figure 5 will now 

coefficient of the 
value can be ob-, 

f. equation (u)) 

CD	 Dr =	
- 2 'P2 -	 (16) 

q:A2	 q2  

where 6Pr/qa is given by equation (14). The flow in the 
constant-area duct between stations 2 and 3 is analogous 
to the flow in the tubes and exactly the same relations 
apply between stations 2 and 3 as have been applied be-


	

tween stations r 2 and r 3 ,	 Equations (7), (9), (10), 

and (ii) may thus be used to compute the density ratio 
and the pressure drop across the radiator by merely 

changing the notation to represent the duct flow rather 
than the tube flow. Similarly, figure 5, which is a 
graphical representation of equation (10), may be used to 
obtain p2/p3 directly. The aforementioned changes in 

notation, applicable to equations (7) to (11) and to fig-
ure 5, are as follows:



Me

Replace Mr	 by 

Replace p r2 /P r 3 
by 

p/p3 

Replace.	
by. ogmT2 

Replace	
i; D frictiOn	 Draia or OD f b' CD r q2A2 

Figure 5 may be used with the revised notation to obtain 
a. value for p2/p3. By use of a trial value of 

the drag coefficient CD	 can be determined from equa-

tion (16). With this value of CD r	 a new value of 

can be determined from figure S. This process is 

repeated until corresponding values of 0Dr and 

are obtained. Equation (14) maybe then evaluated for 
the radiator pressure drop. 

For design work, it is frequently necessary to-com-
pute the pressure-drop ratio This quantity can 

be written in the form 

Ap r	 AP; (q.2 

q 0 - q 2	 q0 

which can be evaluated in terms of the flight Mach number 
and the design area ratio A 0 /A in cases where the area 

ratlois small (say less than 0.2) and where the diffuser 
loss may be neglected. For these conditions, from equa-
tion (3) or figure 3,	 .	 . 

/ 
• 	

S  

PO  ____ 

Pa	 \\. + 0. 20M 

Therefore,
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1	

\\215 
(A\\2 

q 0	 Po ( A21/ -	 + O.20MO2,,) 

and

/	
\2.5 ,	 2 

\	 (A'\APr 
+ O.20M O 2 ,)	 \A2) qa	

(17) 

Either the approximate value of	 pr/2 given by 

equation (14) or the exact value from e q uation (13) may 
be used. in equation (17). Th& quantities A 0 /A2 and H0 

are design constants. 

It has been shown in figure 5 that the density ratio 
across a radiator or air-cooled engine becomes very large 
as the tube or duct Mach numbers increase, even with low 
rates of heating. Corresponding increases in friction 
and in the pressure dro p due to momntum increase within 
the tubes have been indicated in equation (13) or (14). 
These adverse effects due to the density-ratio change 
should be emphasized because, under present-day operating 
conditions at high altitude, very large Mach numbers can 
be obtained, within radiators and, in particular, within 
the baffles of air-cooled engines. Calculation of the re-
quired pressure drops will be seriously in error if no 
allowance is made for the effects of density change. 
Equation (13) or (14) or equivalent relations must be 
used. High-speed test data are needed to indicate how 
closely the one-dimensional analysis of'this report approx-
imates the actual flow through an air-cooled. engine. 

In order to illustrate the large preseure-'rop increase 
that will be required as the operating altitude is increased, 
figure 6 has been prepared for a typical existing air-cooled 
engine. Figure 6(a) shows the variation of the pressure- 
drop ratio Lp

r
.l q 9 with altitude for the air-cooled. engine. 

Two limiting conditions beyond which the desired cooling 
conditions cannot be maintained are included. The first 
occurs when the maximum available pressure drop (assumed 
as 10 q 0 with extended exit flaps) is reached. Flight at 
an altitude higher than the altitude defined by this limit 
would require the use of a blower. If a blower were used 
the second limiting condition would occur at a still higher
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altitude, where sonic velocity would be attaine rl within the 
baffles. A comparison Is made in figure 6(b) of the increase 
In pressure drop with altitude as predicted by the methods of 
this report with the increase predicted by current methods in 
which no allowance is made for the density change across the 
engine. Details of the calculation and the assumptions 
involved are given in appendix A. 

A study of the effects of increasing the fn area of 
the engine indicates that the cooling difficulties shown 
on ±'igure 6(a) could be.delayed to altitudes higher than 
those indicated if the fin area could be increased.. The 
same result could be obtained by the unsatisfactory ex-
pedient of increasing either the fuel-air ratio Qr.the 
head. temperature. This fact undoubtedly explains the 
ability of some existing airplanes to operate at very 
high, altitudes for .lirited periods of time. 	 It is also 
evident that the cooling problem is alleiated by the re-
diiction in power output that occurs if the critical alti-
tude of supercharging is exceeded.. 

Temperature change across radiator.- The temperature 

rise across the heating device is easily calculated after 
the pressure drop and density ratio p/p3 have been ob-

tained. The desired. temperature-rise ratio ttr/T2 is 

derived as follows:

•.T2	 p2 p3 

•	 ,	 .'T3TatrP3Pa 
- -	

i 
T2 	 T 2 12 

Atr PrP2 

T 2 	 , 	 l2 P 2) P3..
(18) 

where	 Pr/q.2: is given. by eauation . (13) or (14) and 

P2 /p3 is obtained from the chart (fig. 5) using the duct- 

flow notation.	 . •	 ,	 . 
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Station 3.- If either equation (13) or (14) is used 
to compute the pressure drop and equation (18) is used to 
compute the temperature change, the conditions at station 
3 are given by

= P2 - 
0) 

T 3	 T, +
	

tr) T2




0.000583 

p o A0 (T0'!2 
M 3 - M0 p A3
	

3)1

Station 4.- The internal static pressure at station 
4 depends on the shape and location of the outlet. Ef-
ficient outlets of the type employed in the present tests 
are designed to make the streamlines of both the internal 
and external flows as nearly parallel as possible at the 
outlet; thus, the external outlet pressure becomes equal 
to the internal pressure.	 (See references 4 and 7.) The 
value of the outlet pressure for this type of outlet is 
found to be about the same as the pressure existing at 
that station on the body before the opening was added. 
Pressure-distribution data for faired bodies may there-
fore be used to estimate the outlet pressure for openings 
of the type described. If the walls of the outlet are 
converging rather than parallel, however, the outlet pres-
sure will be considerably higher than the pressure on the 
corresponding faired. body. 	 (See references 4 and 7.) 
With cusped outlets at the tail of a streamline body, as 
assumed for the present analysis, the outlet pressure is 
about 0.11 q.0 above stream static pressure, according to 

reference 5. If an estimate of the outlet pressure is 
made as suggested, the flow conditions at the outlet may 
be computed..from

p4	 p0 + P4q0
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N00286. 

T	 T	 T 
4	 3\3,)	 3\\3 

0 4 = 0,000583 A 

or fi/ 
0 

=	

PY 

4  

The size of the opening reqDired to permit passage of the 
design quantity of internal flow can now be computed from 

A4 = —fl—	 ( i9) 
p4v4 

where m is known, p4 has been given previously, and. 

V 4 . is g.iv•en by 

V	 V + 21
	 p 3[

	
) 1 

2	 .	 ..	 0.286 

/:A3) 
+70[l()	

]	

(20) 

The assumption of isentropic flow between stations 3 
and 4 yields accurate results for unobstructed outlet pas-
sages.	 In ordinary, cases the efcts of friction are local-
ized.in a shallow, boundary layer near the wall and do not 
affect the main outlet flow. In many practical arrange-
ments, however, the outlet passage is complicated by turns, 
tiers of guide vanes, and like arrangements, to which spe-
cia]. consideration must, be given. In such cases, it is 
suggested that the step-by-step process employed in deter-
mining the flow across the radiator. be used. The drag 
coefficient of the obstruction can usually be estimated 
and figure 5 may be used. to simplify the computations.
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A less exact but more simDle method of accounting 
for the energy loss due to obstructions between stations 
3 and 4 assumes that the isentropic ex p ansion takes place 
between the pressure p. 3 - h 3_ 4 and the outlet pressure, 
where 4h34 is the total-pressure loss occurring between 
stations 3 and 4; that is, as an approximation, 

-Y 

P4. = p3 

A sample calculation using this method was given in refer-
ence-8.	 ........ 

Porusual installations, the maximum duct velocity 
between stations 3 and 4 will'be attained at : the outlet. 
It can be shown that the outlet Mach number cannot exceed 
unity. This liiiting condition cannot be reached in ordi- 
nary cases, however, without the aid.' of an internal blower 
because the outlet Mach .number will not exceed the flight 
'Mach xumer except in 'systems where, the outlet is located 
• ma region of high negative pressure. The addition of 
'heat 'alone will not appreciably change the outlet Mach 
number because, with the increase in outlet velocity due 
to the addition of heat, there is a corresponding increase 
in the speed of sound.. If the critical velocity were 
reached. in the outlet, the mass-flow rate could still be 
increased by an increase in outlet area. 

Station 5.- The velocity at station 5 is required. for 
the purpose of computing the resultant force due to the 
internal flow. :As the static pressure is equal to p0, 

by the general energy equation 

_	

- 

( 5 28 ;6f 
P^4 A	

P^) L. 
4	 T4 

The resultant. force is obtained by substitution of this 
value of v 5 into the momentum relation which, sinc.e 

P = p 0 , is simply



26

D = m(-V 0 -
	

(21) 

A negative result obviously indicates that 'the resultant 
force is a thrust.  

The Effects of Heat and Oompressibili. ty on the Total Pressure 


at the Outlet and., on the Internal Mass Flow 

Total pressure at the outlet.- In cases where the 

station-to-station metho& is not employed, the total pres-
sure at the outlet must be measured or calculated in order 
to determine the net drag or thrust 4ue to the internal 
flow. The station-to-station method of analysis just d.e-
scribeci, although essential in' calculating exactly the 
details of the internal flow, does not clearly indicate 
the overall effects of heating and compressibility on 
the out 	 total pressure. 'A more direct method, which 
is useful in' illustrating the effects in question and. 
also in computing the mass-flow changes and the net 
thrust, will now be described. The total-pressuxe loss, 
at the outlet is the sum of the loss across the radiator, 
the duct loss, and the •pressurertse through the blower, 
if one is present'; that 'is,  

=	 •+'	 +'i	 '	 (22) 

(T-101
q0j	 01 0j

 1over-all	 \ /r.	 \ 1 duct'	 \ "blower 

The total-pressure loss across the radiator 'is equal to 
the static-pressure drop (equation (17)) less th'e dynamic-
pressure rise (for the small values of M 2 usually en-, 
countered).,  

h\

-

- q 3 - c	
=	 -'\' q A (-P- a - - 

O3 J 
From equation (17), therefore, if no blower is used 

()ov'era1	
O.2'0MO2)	

[	
+	 uct(23) 
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This equation is ea1ly evaluated by use of figure 5 with 
the d.uct'-flow notation to obtain the necessary values of 
p 2 /p 3 . The duct loss should include an estimate of t.!ie 

skin-friction l6sses plus the diffuser loss, which, from 
equation (5), is given by

(A-d 

21 
A1'\ 

)diffuser.	 -	 ) J 
For a constant mass-flow ratio	 /.A2, the radiator


drag increases as a result of the increase in density 
ratio P:/P3 due to heating. As shown by equation (23), 

the total-pressure loss will correspondingly increase.. 
Aside from thiswell-known'effect, however, the addition 

, of heat will cause little change in the outlet total pres-
sure, From the development leading to equation (23), it 
is seen that, for a given mass flow and radiator drag, 
the outlet total pressure will decrease as heat is added 
by the amount q 3	 q. Owing to the low duct velocities, 

the quantity (	 - q)/ 0 will be very small. in usual 

cases. This result is of considerable interest in that 
measurement of total pressure in the wake will give no 
direct indication of the propulsive effect of heating. 

When the duct velocities are large, however, and the 
corresponding value of q3 - q2 is appreciable, the .fore.-

going development indicates that the effect of heat will 
cause an appreciable loss in outlet total pressure ovr 
and above the increased radiator drag loss. 

For a duct system with moderate internal losses, no 
appreciable drag change of surfaces exp osed to the outlet 
flow is to be expected because of the negligibly small 
change in outlet d.ynamc pressure with heating. The 
Reiñc'lds number of the 0i1et flow c.ecreaes, however, 
and some scale effect might therefore be expected. No 
change in the outlet Mach number occurs because the velo-
city increase is offset by an increase of the speed of 
sound in the heted outlet flow. 

Variation of mass. flow.- The internal mass-flow coef-

p4v. 
ficient ---- or the flow ratio	 .. is a constant for 


Po 0, pV0
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a given .system, exce pt for the effects of compressibiliy 
and heating.	 (See reference 5.) In order to show these 

effeäts, the ratiO	 will be written in terms of 
p0V0  

and _H	 From the general energy equation, 
c&mT 0

4 V 4 2 _____ I h4 

—1 
4 

whence,  

•• = (24)' •	 pV	 - 1 p 0 q,01'\4,J. 

where	 • 

ly 
ly-

2) 
p 4 •	 p4	 P4	 • 2. • 

and	 ,	 .	 •	 ••	 • 
•	

1	
v2

 )4'

 

P 4 = P0	 P4q0 = p	
+• 

The density ratio p 4 /p 0 • in equation (24) àai be writteil 

in terms of the heat added and V0. 

-_	 -	 To  

O 5 - b	 oJ	 T5 
L	 2 ,,J 

If the internal losses are -'assumed to be mbd.eraté and the 
pressure at the ratiator to approach stagnation pressure, 
itcanbe shown fromth eergyelations that T. is 

related to the heatadded as follows:	 •.



1 

1+
cgmT.0 (1 + 0.20MO2) 

whence

0.714 
=	 (i + 0.7P4MO2) 

Po	 Ii 
1+

7.74mT 0 (1 + 020M0) 

When the ind.icated substitutions for total pressure are 
made, e q uation (24) becomes 
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(25) 

P4v4_ /p4 

p0V0 Vp0

ly
- 

4O72) E	 'o- (2	 N 2Jj (26) 

where p4 /p 0 is given by equation (25). Inspection of 

this result shows that, for fixed values of N 0 and 

the mass flow will decrease as heat is applied in 

1/2 
proportion to p4	 . The outlet area, therefore, must be 

increased as heat is added to the flow if a fixed mass-
flow rate is to be maintained. Equation (26) has been 
solved for a range of values of 6h/q 0 and M0 in order 

t.o show the effect of Mach number and to facilitate the 
use of this relation in design work. The solution is 
shown on figure 7 for an outlet pressure equal to free-
stream static pressure P4 =0. The Mach number effect 

on the flow ratio is seen to be appreciable. Equation 
(26) or figure 7 will yield values of p4 v4 as accurate 

as the results of the step-by-step process for most ap-
plications, provided that the internal losses are not ex-
cessive and that the heat is added at a duct pressure ap-
proaching stagnation pressure. The values of	 h/q0 and 

p4 /p 0 required for solution of equation (26) or for use 

with figure 7 are obtained from equations (23) and (25), 
respectively.
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If the flow is considered to be incom pressible except 
for the effect of heating, equation (26) can be reduced to 

/	 i12 / 

	

E4	 Ah	
1/2 

p4v4 
	 p	 ( 27) 

	

p 0 V0	 \o). \\	
q0	 >1 

as M 0 approaches zero. This relation was given in ref-

erence 7. The curve on figure 7,for M 0 = 0 is a plot 

of equation (27) for the outlet pressure coefficient 
P 4 = 0. Because of its simplicity and also because equa-

tion (26) tends to become inaccurate at very low Mach num-
bers, e quation (27) should be used for M 0 < 0.2 in pref-

erence to equation (26) in cases where figure 7 is not 
used. Figure 7 applies for only one value of the outlet 
pressure coefficient P 4 = 0. It may be used for values 

of P	 other than 0 by correcting the result obtained 


from the figure to the required value of P 4 according 

to equation (27). 

Direct calculation of the outlet area.- Calculation 

of the size of outlet' opening required to pass the design, 
mass flow is one of the most frequently performed opera-
tions in the design of an internal flow system. If the 
step-by-. step process has been carried out, the outlet 
area may be calculated from the values of p	 and v4 

as already 'shown (equation (19)). In general, however, 
the computation of A 4 without the detailed intermediate 

steps is desirable. 'Equation (25), with equation (26) or 

(27), or figure 7 can be used to calculte 	
44 

a
	

which 

permits.th.e outlet area to be obtained directly 

	

A4	
p4v4 = (p4v4\

Pov 0 

or	 A
(28) 4	

(

4

)	 '	

0,
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Effect of an operating propeller.- If the inlet open-

ing is located, in the slipstream, the velocity, the pres-
sure, and the density in the sli p stream should b. e taken 
as the initial conditins and the same procedure followed 
as for the condition without propeller in arriving at the 
conditions in the duct. In cases where the inlet is im-
mediately behind the propeller, it will be found conven-
ient to take the flow characteristics in the inlet open-
ing as the initial conditions rather than the conditions 
ahead of the propeller. The area-ratio charts (figs. 2, 
3, and 4) may be used after substitution of A 1 and N1 

for A 0 and N0. 

The Conversion of Heat Energy to Thrust Power 

The effects of the addition of heat in increasing the 
radiator drag and in reducing the internal mass flow have 
been discussed.. Both of these effects cause changes in 
the drag due to the internal losses, but neither effect 
results from the recovery of mechanical energy from the 
heat added.. In the study of the propulsive effect due to 
heating, therefore, it is desirabl.e to eliminate these un-
related drag changes. This elimination can be accomplished 
by assuming, for comparison with the heated condition, a 
hypothetical condition without heat in which both the 
radiator drag and the mass-flow rate have the same values 
as in the heated condition. This assumption not only 
simplifies the analysis of the recovery process but also 
greatly facilitates calculation of the net propulsive 
force, as will presently be shown. In the following anal-
ysis this assumed unheated condition will be indicated by 
the use of primes with the symbols. 

The net drag due to the flow through an internal sys-
tem is equal to the decrease in the momentum of the in-
ternalfiow, provided that the momentum is measured at 
stations where the static pressures are equal to free-
stream pressure. 

From equation (21),

D = m(V 0 -. 75) 

If the system produces a net thrust, this thrust is given 
by the increase in momentum of the internal flow:
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T	 m(v5 _ ­ Vo) 

The drag decrease (or thrust increase) resulting from the 
recovery of mechanical energy from the addition of heat 
is

= (Thrust with heat) - (Thrust without heat but 
with same mass fl-ow and same radiator drag 
as with heat) 

or

	

AT = m(v 5 - v5 ')	 (29) 

The increase in kinetic energy of the internal flow due 
to the recovery process is thus 

(K. E. 	 = - (v	 -	 e2)	 (30) 

If the efficiency of the process is defined as 

€	 = K.E. recovered- H	 Total heat added 

Then, from equation (30)., 

m(v 5	 5 2-.v 	 )


2JH 

The over-all efficiency of conversion of heat energy 
into thrust power is the ratio 

Useful thrust power	 6TVO	 m(v5 - 

Heat added	 JH	 JH	
(32) 

This equation can be written in terms of the heat-cycle 
efficiency (equation (31)) as follows: 

= H ( 2V0
	

=	 () 

V 5 

+ vs)
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The quantity M represents the efficiency with which the 
kinetic energy recovered from the heat input Is converted into 
thrust power. This efficiency is analogous to the ideal efficiency 
of a propeller and, In the same way, accounts for the energy left 
in the wake when the wake velocity is different from V 0 . It will 
be found convenient in the succeeding analysis to express EM 
terms of the Internal-drag coefficients with and without heat. From 
equations (21) and (33), expressing the drag and mass flow In coeffi-
cient form,

EM	 1	 (34) 
I -(CD +CD') 

Efficiency of the heat-recovery cycle.- If the duct velocity at 
the radiator section is very small in comparison with the flight 
velocity, the static pressure at which heat is added will approach 
stagnation pressure and the pressure change across the radiator will 
approach zero. Under these conditions the heat cycle consists of an 
adiabatic compression from the stream static pressure to stagnation 
pressure, an addition of heat at constant pressure (p2 	 Pb), 
and an adiabatic expansion back to p0 . The continual admission of 
air at pressure p0 and density p0 is equivalent to cooling the 
outlet flow back to p0 at constant pressure p0 and this step 
completes the cycle. This process corresponds to an ideal heat 
engine cycle, the efficiency of which is, from elementary thermo-
dynamic relations,

1 7 

p\Y 
- Kinetic energy recovered = - 	 () H	 Total heat added	 p0) 

The assumptions on which this formula is based are justified in the 
case of the Internal flow system only when the duct velocities are 
very small by comparison with the flight speed and when the friction 
losses in the radiator or combustion chamber are negligible. 
Operating conditions exist, however, In which relatively high duct 
velocities occur, and an expression for the efficiency applicable 
to such cases will now be derived. The heat-cycle efficiency will 
be shown to depend not only on the compression ratio but also on 
the Mach number of the duct flow and on the rate of heating.
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From the energy equation (cf. equatioi(9)'), 
0 

V5.	
V5  =	

- Jgc (T5 - T51) 

By equation (31), therefore, 

-	 (T5 -T5 1 )	 .	 (36) 

The values of P5 and T5 l 
°' will depend. on the outlet pressure 

and on the conditions at station 3 . , which in the general case will 
.depeid on M2 and on theradiator or combustion-chamber losses. 
The previous analysis has Indicated that when .a radiator of con-
ventional design is present it.is imposs i ble to obtain high Mach 
number in the udt at 'station. 2 because the flow will choke within 
the.radiator at the tube exits. for relatively low values of M2. 

Since it is dsired1n the present analysis to show the effects of 
'relat1vely'iargsincreses in M2 on the efficiency of the recovery 
cycle, it will he assumed. that no radiator obstructs 'the duct. The 
addition of heat'd1l be . assumed to take place by combustion of 
fuel In the duct between stations 2 and 3 by means of a burner 
having negligible' friction losses.. This ideal arrangement Is being 
approached in the 'rain-jet types of propulsion system. The 'effects 
of the increase in mass flow due to addition of fuel are of 
secondary importance and will be neglected. From these assumptions 
T5 can be related to T2 as follows: 

1-7 
(p2\ 

.T5.t=T*)  

The pressure p3 is less than p2 by the value of the momentum 

Increase due to the addition of heat, that is, inasmuch as A 2 = A3 

P3 p2 - P22 ç - 

PO 
= 1 - yM22 

(^ 3



Also, from the equation of state, 

	

T	 T
p2 p, 

= 

	

3	 2p3p 

arid, substituting for p3/pa, 

	

P	 p	 1 
T3 = T2	 — l - 7M22( .! 

Bowl

= T3) 

T5 T2	 - yM2	

-	

-	 - i)J 

= T2 (0) [- 7M 2ç3 - )

Ji/7 

The heat-cycle efficiency is,therefore, from equation (36) 

/_i_\(p\Y
 p2	 2 (P2 

1 7M2

(37) 

cpmT2 	 [ 
-3 

This equation for GE IS plotted, in figure 8 as a function of 
compression ratio for various values of the heat input factor 
and M2 . The term p2/p 3 in equation (37) is a function only of 
these variables and was computed: from equation (10) for CDr 01 

using notation appropriate to the duct rather than the radiator 
tube

The lvhch number at the entrance to the combustion chamber, 1'12, 
Is shown in figure 8 to have a large effect on the heat—cycle efficiency. 
When M. is very small, approaching zero in value, the heat—cycle 
efficiency approaches the value given by eqiation (35), regardless of 
the heating rate. As N2 increases, however, the value of € decreases



36 

because of the pressure drop due to acceleration of the heated air 
in the combustion chamber. For a given value of M2, increasing 

the rate of heating causes decreases in EH for the same reason. 

The limiting or "choking" values of M2 are also shown in figure 8. 

If no heat were added, the highest possible value of M2 would 

be 1.0. As heat is added, the choking value of M, decreases 

because sonic velocity is reached at the end of the combustion 
chamber (M3 = 1.0) for values of M2 less than 1.0. At the 

high rates of heating (for example, at	 = 5.0, which 

corresponds to a temperature rise of the order of 25000 F in the 
combustion chamber), the choking value of M2 becomes very small, 

only 0.196 for the example cited.. This effect is extremely Important 
because It dictates the minimum possible area expansion A 2/A0 for 

a given heating rate. 

The flight Mach numbers required to produce the compression 
ratios of figure 8 (assuming ideal stagnation pressure Is obtained 
at station 2) are noted on the figure. At the higher supersonic 
speeds, the ideal thermal efficiencies for low values of M2 
approach those obtainable In Internal-combustion engines. This 
result would be expected in view of the fact that the compression 
ratios are of comparable magnitude. 

Because E increases with compression ratio, the inlet 

ducting and diffuser losses should be a:: low as possible. If an 
internal blower is not used, high pressures in the heating section 
of the duct can be obtained only when the area of this section is 
greater than the initial area A 0 of the internal-flow tube. 

(See fig. 2.) This location of the heating device in a high-
pressure, low-velocity section of the duct is also ideal from the 
standpoint of minimizing the losses In the heating device. 

The friction loss within the heating device, 6hry has the 
undesirable effect of reducing the compression ratio. For reasons 
of simplification this loss was neglected In the evaluation of 

equation (37), figure 8. If the principal part of. this loss occurs 
upstream from the region In which heat Is added, it may be accounted 
for by using p2 - Ahr instead of p2 as the effective pressure 

at the entrance to the heating region. In the case In which the 
friction loss is Intimately involved in the heating process as in 
a tubular radiator, the actual pressure drop during heating will 
be greater than assumed in equation (37). .Ps an approximation in
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this case, it may he assumed that the effective pressure is p2 - 
at the entrance to the heating chamber, and this value may then be 
used in equation (37) or figure 8 to obtain EH. In both of these 
examples, the value of hr should include estimates of the heating 
and compressibility effects on the friction loss if low-speed data 
for unheated devices are used in the calculation. 

Oalculation of the net internal drag (or thrust) in per-

formance studies, it is desirable to compute the resultant drag, 
or thrust, due to the heated internal flow without going through 
the step-by-step duct calculations previously discussed. The 
method to be described is exact within the limits of the assumption 
that the outlet flow is uniform. Very few steps and only simple 
slide-rule operations are involved. 

The net force due to the internal flow (equation (21)) is 

D = ni(V0	 v5 ) = rn(V0 - v5 ') - ni(v - v5 1 )	 (38) 

Equation (29) shows the significance of the two terms of equa-
tion (38) to be: 

(Net force due to internal flow) = (Internal drag 
without heat) - (Drag reduction due to heating) 

Each of these components can be computed without difficulty, and. 
the separation of the two is the basis for the present method. 

If the flow were Incompressible, the drag corresponding to 
the unheated condition could be very easily computed. from 

Di = m 0 (V - v 51 ) =	 - (v02 - p71) 

or

] 

Di 

CD.	 = 2C [ -	
- )1/2]	

(39)
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where h/q0 is obtained from e quation (23) for values of mass-
flow coefficient and radiator drag corresponding to the heated.-
flow condition. For compressible flow, unfortunately, the drag 
calculation is laborious. A relation exists, however, between the 
true value of CD for compressible flow and the value computed 
from the simple incompressible-flow formula ., equation (39). From 
equations (21) and (39),.

V
5 

/	 1--• 
I CD \	 V0 

CD.) -	 /	 Ah 
- q0 

This equation involves only the total-pressure loss


and. the velocity ratio v5/V0 , which can be defined in terms 
of th/q and M.from equations presented in appendix B. A 
plot of this relation is given in figure 9 and may be used to 
obtain the true value of the internal drag for the unheated con-
dition using the value of the low-speed drag coefficient computed 
from equation (39); that is,

Ic 
CD'	 CD-'

Di

V

 

the quantity	 ) being taken from figure 9. D1, 

The drag for the unheated condition having been already 
obtained, only the drag, reduction due to heating (second. term of 
equation (38)) remains to be computed. From equations (32) 
end (33) the drag reduction, or thrust, due to heating is



39 

EHEMJH 
= - -V

0

or

Eli 1EMJH 
ACD = -

	

	 .	 (1o) qoFVo 

In summary, the net or resultant force (taken as positive in 
the drag direction) is given by the following formula: 

CD = CDt -.AC D  =2C  - (l

1/2]	 ____ 

j)'- 

qTffM (lil) 

in which the parameters iiio1ved are contpute.d as follows: 

Ah/q	 eouation (23) 

(CD/CDj)	 from figure 9 

from figure 8 or equation (35) or (37) 

E
M	

from equations (34) and (41) by trial 

The separation of the propulsive effect of heating from 
the internal drag due to frictional effects is useful in several 
other connections. In the correction of wind-tunnel data obtained 
without heat, for example, the right-hand term of equation (41) 
may be used to evaluate the drag reduction due to heating. It is 
obvious that model tests should be made with values of 

and C corresponding to the heated condition. A further applica-
tion of the separation principle will be made in part. II, where 
the thrust force due to the added heat is separated from the 
net force due to the internal flow. The results analyzed on 
this basis. are significant as applied to any internal system.
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II. HIGH-SPEED WIND-TUNNEL TESTS OF A MODEL RAM-JET


PROPULSION SYSTEM


APPARATUS AND METHODS 

The Langley 8-foot high-speed wind, tunnel, in which 
these tests were carried out, is a closed-throat, circular-
section, single-return tunnel with airspeed continuously 
controllable for speeds from about 75 to 600 miles per 
hour. The turbulence of the air stream is unusually low 
but is somewhat higher than in free air. 

The model tested consisted of a 13.6-inch-diameter 
body of revolution housing a 160-kilowatt heating device 
and mounted on a 9-percent-thick, 20-inch-chord, low-drag 
airfoil, that spanned the jet (fig. 10). The air inlet 
was at the nose of the body with an expanding duct sec-
tion back to the radiator. The air outlet was at the 
tail. The general model layout is shown in figure 11 
with the ordinates listed in tables I and II. 

The external shape of the wing-fuselage combination 
was designed to have a critical speed in excess of the 
maximum test s peed. In order to meet this criterion, in-
let and outlet openings designed according to reference 
4 were utilized, and a 9-percent-thick 20-inch-chord wing 
of airfoil section NACA 66-009 was required. The inlet-
and outlet-opening shapes of reference 4 had the further 
advantage-of permitting wide variations in the rate of 
internal flow and in the inlet- and outlet-velocity ratios 
without causing appreciable external-drag changes. 

Three cuèped-type openings at the tail (figs. 10 and 11) 
were employed to vary the internal mass-flow coeffi-' 
dent C from about 0.07 for the largest size (tail A) 
to about 0.025 for the smallest size (tail C). Tail D 
was similar in size to the intermediate cusped. outlet 
(tail B) but had straight, slightly converging walls. 
Tail E was a partial-annular outlet located at the 56- 
inch station on the body and designed according to refer-
ence 7. Tails B. D, and E had approximately the same 
flow coefficient, namely, 0.052. 

The internal system was designed to house the radi-
ator and survey equipment with a minimum of duct losses. 
A more detailed description of the model and design 
considerations is given in reference 5.
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Radiator 

The heat input to the internal air flow was provided 
by a 160-kilowatt, 220-volt, three-phase electric resist-
ance radiator designed for a maximum operating temperature 
of 1500 0 p	 The radiator consisted of six elements of 
1 3/2 inch X 0.020 Nichrome V furnace strip (radiating sur-
face, 32 sq ft) woven on a framework of reinforced asbestos 
miliboard. supports (figs. 12 and 1E. Radiator tempera-
ture was measured by four chromel-alumel thermocouples 
welded to the elements. 

Power input to the radiator was controlled by eight 
transformer voltage taps spaced to provide approximately 
uniform power incremente. Total power input was measured 
by a standard three-phase.wattmeter. 

Survey Equipment 

Pressure surveys.- Pressures ahead of and behind the 

radiator were measured, respectively, by an 8-tube and an 
11-tube static- and total-pressure rake spanning the duct. 
(See figs. 11 and 13 for installation details.) All pres-
sure tubes were connected to a standard manometer and the 
pressure readings were photographically recorded. A 52-
tube removable survey rake of static- and total-pressure 
tubes Was installed at station 4 for measurement of the 
internal and external pressures at the tail outlet. The 
rake tubes were supported by two 214- inch - cho rd blades 
(NACA section 16-010) set at right angles to each other 
and extending beyond the outlet walls (fig. 14). The 
tail rake was supported by a 1 1/8 -inch outside-diameter 
steel tube housing the pressure leads and extending 
through the core of the radiator to the wing duct (fig. 
11).

Temperature measurements,-. All temperatures were 
measured by calibrated thermocouples connected to a* sen 
sitive potentiometer. Air temperature ahead of the radi-
ator was measured by two shielded thermocouples located 
in the front thermocouple rake. (See fig. 15 for rake 
details.) 

Shielding of the junction prevented false air-
temperature readings d.ue to radiation effects. Air-
temperature rise across the radiator was measured directly



42 

by two thermocouple rakes containing six junctions in 
separate compartments (fig. 16). The thermocouples in 
the front rake were the ' cold. junctions and the correspond-
ing thermocouples in the rear rake were the hot junctions. 

Temporary apparatus.- During preliminary calibration 
runs, additional apparatus was installed in the model to 
supplement the fixed. equipment. A 14-tube total-pressure 
rake spanning the duct was mounted behind the radiator to 
aid in determining the duct velocity profile. From these 
data the energy ad.d.ed to the air stream was determined by 
an integration of the mass flow, and the air-temperature 
rise.

The heat lost through the walls of the tail was corn-
puted from measurements of the wall temperatures and local 
skin-friction coefficients. A standard 5-tube static- and 
total-pressure "mouse" was used to survey the boundary 
layer of tail B in conjunction with local wall-temperature 
measurements by thermocouples. 

TESTS 

Drag tests with each outlet were carried through a 
Mach number range of 0.26 to 0.75 (a

pprox. 200 to 560 mph 
in the 8-fthigh-speed.tunnel). The tail rake (fig. 14) 
was removed during the force tests. Internal pressures 
at stations 2 and 3 were recorded simultaneously with the 
force data, as waq the power input to. the radiator. The 
range of power input was from Oto 160 kilowatts. 

Tests of the model with the tail outlets A, B, 0, 
and D were made with the tail rake (fig. 14) in place and 
were similar in range to the force tests. The object of 
these runs was to furnish data for calculations of the 
heat-energy recovery independent of force measurements 
and also to evaluate eternal-drag changes under various 
heating conditions. A special run was made with tail B 
with an internal resistance plate that produced a total-
pressure drop of 0.27 q0. 

Supplementary runs to permit an estimation of the 
heat lost through the walls included measurements of wall 
temperature and boundary-layer velocity profiles. 

All tests were made at zero angle of attack.

J1
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RESULTS 

The methods employed, to compute the heat—cycle ef-
ficiency and the duct—flow characteristics from the test 
data are described in a ppendix B. 

Figure 16 shows the variation of heat—cycle effici- 
ency with com pression ratio as determined from the wake—
survey data. The experimental results are shown for all 
the, fl tests and therefore cover a wide range of mass—flow 
rates, heat input, Mach number, and ducting losses. The 
heat—cycle efficiency indicated by the force—test data is 
shown on figure 17 for the same range of variables as 
presented for the pressure measurements. 

Comparisons of the flow characteristics measured at 
key stations in the duct with the characteristics com-
puted by the methods of part I are shown in figure 18. 
Table III shows a comparison of the test values of total—
pressure loss with the corresponding values com puted, from 
the theory. Table IV shows a comparison of experimental 
and theoretical mass—flow ratios. Figure 19 compares the 
experimental variation of mass—flow coefficient with out-
let density ratio with the variations computed from the 
simplified theory (equation (27)) presented in part I. 

DISCUSSION 

'Efficiency of heat—recovery process.— The maximum 

Mach numbers of the duct flow at the radiator section did 
not exceed 0.10. Reference to figure 8 or to equation (37) 
will show that, for this low value of M 2 , the heat—cycle 

efficiency depends only on the compression ratio p/p0; 

that is,

fP-0

2\ -y 

= 1 -'1) 

This relation is shown for comparison with the experimental 
data obtained from the wake pressure surveys in figure 16.
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Virtually all of the heat energy theoretically recoverable 
was actually recovered.. The data shown represent a very 
wide range of heating conditions and internal mass-flow 
rates. The maximum air-temperature rise in the tests was 
about 300 0 P and the flow coefficient C varied from 
about 0.025 to 0.070. 

The recovery process was not measurably affected by 
any increase in ducting loss due to heating because of 
the extremely low initial value of the ducting loss for 
the model tested. With tail B, the medium-size outlet,• 
the loss across the radiator was only 0.008 q 0 and the 

loss In the converging duct behind the radiator was 
about 0.007 q 0 for a mass-flow coefficient of 0.050. 

£he heat loss through the walls between the radiator 
and the tai] outlet is estimated as ap proximately 1 per-
cent of the heat added. The heat loss determined from 
the wall-temperature and boundary-layer surveys agreed 
with the theoretical calculations of this lose. Allow-
ance for this small correction was made in the reduction 
of the data, but there was no measurable change in the 
recovery process with so small a heat loss. 

The force measurements of the net thrust caused by 
heating provided a means of determining a value of 

that includes the external losses associated with exhaust-
ing the hot air of increased. velocity. This value of 

is shown in fi gure 17. As noted rom the definition of 
H (see equations (31) and (33)), the over-all efficiency 

given by the force tests was reduced by the mechanical or 
Froude efficiency factor . EM in computing EH. The force-

test data closely approach	 the ideal value of E., The 

results are consistent, however,in indicating small losses. 
Comparison of figures 16 and. 17 leads to the conclusion 
that the losses must be due to slight increases in exter-
nal drag from the heated exhaust flow. 

Measurements of the external drag with the tail rake 
were made in only the vertical piano (fig. 14). The re-
sults so obtained showed no consistent external-drag 
changes with heating. In any case, such changes in ex-
ternal drag were very small; a 1-percent change in the
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drag of the body would account for the small divergence 
between the ideal and the measured efficiency at the 
highest test speed and heat input. 

The heated flow from the annular outlet had as little 
effect on the external-drag as did that from the tail out-
lets. This result does not seem surprising when it is 
considered that the dynamic pressure in the heated flow 
was virtually equal to that of the cold outlet flow. The 
increased velocity Is offset by the decreased density so 

that there is little change in	 .P4v42 and correspondingly 

little change in external drag.	 (See part 1..) 

The efficiencies obtained with the duct pressure re-
duced by 0.27 q 0 by means of the baffle plate approached 

the predicted efficiency for the measured compression 
ratio as closely as in the runs with low internal losses. 

Figures 16 and .17 indicate that the use of the ideal 
relation for the heat—cycle efficiency is justified for 
design calculations. If the duct—flow-Mach number M2 

is low, say less than 0.10, the heat—cycle efficiency is 
ad.equatelygiven by the simple relation of equation (35), 

(n\Y 

Otherwise, the more exact relation (equation (37)) must 
be employed, in which case EH may be obtained for the 

particular values of M 2 . and.	 ' H	 involved. 
cgmT2 

The data accumulated in the tests are useful' in veri-
fying the relations, developed in part I, concerning the 
calculation 0±' the flow characteristics at key stations in 
the duct, , the effects of heat on the over—all flow charac—. 
teristics, and the net propulsive force. Comparison of 
the computed and the measured values of these characteris-
tics will now be made in the foregoing order.



46

Comparison of calculated an, measured internal-flow. 

characteristics.- The internal-flow characteristics at the 
key stations in the duct were computed from the equations 
of Dart I. on the basis of the following constants, which 
correspond to one of the test conditions with tail B: 

H, Btu per second ..................68.2 
V0

miles per hour	 ...................	 456 
feet per second .................669 

Poo pounds per s quare foot .............1653 

Pow slug per cubic foot .............0.001970 

75 ri 
(Lh/o), including diffuser loss ............ 0.93 

duct 

'1 d.	 ..........................	 0.93 

P4............................0.11 

A4 .	 (outlet area), sauare foot	 ............0.0547 

The computed mass-flow coefficient is 0.0399, a 
compared with-the measured. value, 0,0401. The area, 
A o = 0.0403 square foot, whic4. corresponds to the computed 

mass-flow coefficient, was used in calculating the pres-
sure, the temperature, and the. velocity at each station in 
the duct according to the equations of part I. The results 
are compared with the measured data in figure 18 and show 
that the flow characteristics of an efficient system, in 
which the velocity distribution is.fairly uniform, can be 
computed with g.od accuracy.. 	 . . 

Effects of heat and compressibility on the'interii'a1. 

total-pressure loss.- Table III gives a comparison of the 

measured variations, of total- p ressure loss for the tests 
with the internal resistance plate ,wit}i the results com- 
puted by equation (23). Two rates of heating and a range 
of values of Mach number are shown. The reduction of the 
total-pressure loss with increased heating is due,to the 
decrease in internal mass flow accompanying the addition 
of heat. For a given rate of.heatig, the total-pressure 
loss decreases as the Mach number N 0 increases in sys-
tems with a fixed outlet size. This result is caused by 
the appreciable increase in density of the air at the 
radiator section of the duct as the Mach number increases. 
With a given outlet Opening and fixed rate of heating, the 
mass-flow coefficient does not change greatly as the Mach
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number advances; the increased density at the radiator 
section therefore resulted in decreased velocity ratios 
through the radiator and in correspondingly decreased 
radiator losses. It will be noted from table III that 
e q uation (23) predicts both the effects of heating and of 
Mach number very accurately. 

Effects of heat and compressibility on the internal 
mass-flow rate.- As shown by equation (26), the mass flow 
through a system with a given outlet area will be reduced 
in proportion to the square root of the outlet density, 
provided that the internal losses are negligible. Figure 
19 compares this theoretical variation with the experimen-
tal results for all of the tests except the runs with the 
added internal resistance. The agreement is excellent. 
For these tests, the decrease in mass-flow rate was inde-
pendent of Mach number for a Mach number range from 0.26 
to 0.75.	 S 

When an appreciable internal total-pressure lose is 
present, as in most practical installations, the change 
in mass-flow rate no longer varies simply as 	 but 

depends on both the internal resistance and on the Mach 
number M 0 . Table IV shows the flow variation obtained 

experimentally with the resistance plate in the duct and, 
for comparison, the flow variations computed by equation 
(26) and also by the approximate equation (27). The 
exact equation (equation (26)) agrees very closely with 
the experimental results, but eqvation (27) departs ap-
preciably from the experimental, values at the higher Mach 
numbers. It has been found, however, that the approximate. 
equation (27), which does not account for Mach number 
changes., yields sufficiently accurate results at Mach num-
bers below about 0.30. 

With an appreciable internal loss, the reduction in 
mass-flow rate with heating is less than the reduction 
indicated by the p4 2 relation. 'The reduced total- 

pressure loss accompanying the addition of heat in , a sys-
tem with a fixed outlet opening tends to increase the in-
ternal flow and thiseffect nullifies to some extent the 
throttling effect of the heat. 

Computation of the net force due to the heated inter-

nal flow.- An example of the simple method described in 
part I for computing the net force will now be given. The
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same duct characteristics and the same initial conditions 
assumed in the preparation of figure 18 will be used. In 
addition to the flow characteristics previously listed, 

the total-pressure loss - = 0.238 and the compression 
P	

q0 

ratio 2 = 1.26 are required. These values were 
PO 

computed from the basic data. 

The low-speed, drag coefficient without heat is (from 
equation (39)) 

CD'	 2 x 0.0401 (1 -	 - 0.238) = 0.0103 

The drag coefficient without her but at the design Mach 
number M 0 = 0.615 is (from fig. 9) 

0D' = 0. .0103 x .0.790= 0.0081 

From equation (35) (or fig. 8 for M 2 z 0), the efficiency 

of the heat cycle is 

= 1 - ( 1.226 ) 0286 = 0.0565 

The drag reduction due to heating is given by equation 
(40). The value of €M required in this formula is ex-

pressed by equation (34), which cannot be evaluated Until 
equation (40) is evaluated. As a trial value, €M will 

be assumed equal to 1.0. The drag reduction due to heat-
ing is then, by equation (40) 

- JI-i€ H CM - 218X- 68. 2_X  0..0565x 1.0 =_ 0.0101 
VD	 q,0PV3 .	 441 x 1.009 x 669 

The value of the net force is, finally, 

0D = 0D' + AC.D	 0.0081 - 0.0101	
-0.0020 

If this first approximation is used for the net force, a
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value for CM may be compute& from equation (34); that 

is,

=1	
o.000 + 0.0081	

.04 

4X0.0401 ) 

With this value for CM, the new value obtained for the 

thrust due to heating is 

ACD = -0.0101 x 1.04 = -0.0105 

and the net force is 

CD = 0.0081 - 0.0105 = -0.0024 

To further trials need be made in this example because 
CM is so close to unity. The measured value of the net 

Internal drag for this test condition was -0.0022. The 
slight difference between the measured and the computed 
results indicates the small error involved in the assump-
tion of uniform outlet-velocity distribution. The fore-
going method is exact except for this assumption. 

Comparison of subsonic ram-jet propulsion system with 
Internal-combustion engine.- The compression ratio correspond-
ing to stagnation pressure in the duct at a Mach number 
of 1.0 is smaller than the values employed in internal-
combustion engines. The ideal heat-cycle efficiency for the 
duct system considered in this report (ram jot) is, therefore, 
lower at subsonic speeds than for the Internal-combustion 
engine. A number of energy losses, however, occur in the use 
of the internal-combustion engine that do not occur in the 
heated duct flow, Those losses . may be listed as follows: 

1. Mechanical losses in the moving parts of the 
engine 

2.' Power required for cooling-air flow 

3. increase in airplane drag due to the engine 
installation 

4. Friction and compressibility losses in the pro-
peller
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From a consideration of these factors, a value of 24 per-
cent for the thermal efficiency of 

-
a typical engine in- 

stallation was arrived at. This value does not include 
the induced losses in the propeller slipstream or the com-
pressibility losses.	 In the case of the duct flow, the 
present results indicate that the ideal thermal efficiency 
can be closely approached if the ducting losses can be 
kept low. Furthermore, the results of references 4, 5, 
and 7 show that installation of the duct with suitable 
inlet and outlet openings can be accomplished without in-
creasing the airplane drag. A comparison of the two sys-
tems of propulsion is shown in figure 20. The ideal ef- 
ficiency of the duct system becomes of comparable magni- 
tud.e. to the thermal efficiency of the engine installation 
at Mach numbers approaching 1.0. 

The power recoverable from the cylinder-cooling flow 
("Meredith effect," reference 1) in a typical air-cooled 
engine is also shown in figureQ. The pressure-drop 
results given in figure 6 were used to compute the com-
pression ratio p/p 0 . The heat dissipated in cylinder 
cooling was assumed. tobe 0.4 brake horsepower. As shown 
in the figure, at a given Mach number, greater. recovery 
is possible at sea level than at altitude because the re 
quired. 6p/q 0 increases rapidly with increase in altitude. 

The energy recovery for this air-cooled engine installa-
tion thus amounts to about. 3 percent of.the brake horse-- 
power at sea level at M 0 = 0,60, but at 30,000 feet 

there would be no recovery at this speed. For lower 
speeds at 30,000 feet the effect of the heat would cause 
a power loss.

SUMMARY OF RESULTS 


Compressibility Effects 

The results of-both the analytical and experimental 
parts of this investigation are summarized as follows: 

1. Compression of the air in the duct ahead of the 
radiator results in large increases in pressure, tem-
perature, and density at . the flight Mach numbers now 
commonly attained..
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2. The Mach number of the flnw in the radiator is 
an important parameter governing the flow changes across 
the radiator or air-cooled engine. At high internal Mach 
numbers, the density decrease through the radiator due to 
the heat added is greatly augmented by the effects of 
friction and m>mentum change. 

3. A large increase in the pressure drop, corre-
sponding to this density decrease, occurs for a given mass 
flow as the Mach number advances. This increased pressure 
drop results partly from increased friction losses and 
partly from the change in momentum of the air flow within 
the radiator. The magnitudes of these compressibility or 
density-change effects increase Jth radiator drag coef-
ficient as well as with the Mach number, 

4. In order to maintain required cooling of air- 
cooled engines as the altitude is increased, an increas-
ing volume rate of air flow is required because of the 
reduction in atmospheric density. The Mach number of the 
internal flow therefore increases with altitude and the 
compressibility effects oonseauently become more severe. 
It appears that the use of a'blower to produce adequate 
pressure drops at high altitudes will be required for 
some existing engines. 

5. The maximum possible mass-flow rate is attained 
when sonic velocity is reached at any station in the in-
ternal flow system. Increasing the pressure drop after 
this limiting condition is reached will not increase the 
mass-flow rate; the added energy will be dissipated in 
internal shock waves. 

6. The attainment of sonic velocity is the limit-
ing possible flow condition regardless of the rate of 
he 	 or the magnitude of the internal-friction losses. 
Increases in either of these factors, however, reduce the 
mass-flow rate obtained at the limiting flow condition. 

7. In conventional cooling-system arrangements, 
sonic velocity would. first be obtained either within the 
radiator at the tube exits Or at the outlet opening.Ex-
isting air-cooled engines generally employ much higher 
cooling-air velocities than an efficient radiator, and 
the critical flow condition might occur under flight con-
ditions now attainable.. Calculations for a typical air-
cooled-engine installation indicated that sonic velocity 
would be attained in the baffle exits at altitudes rang-
ing from about 40,000 to 45,000 feet if a maximum head 
temperature of 4500 F and a fuel-air ratio of 0,10 were 
maintained.	 .
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Effects of Heating 

1. In usual internal flow systems heat is added in an expanded 
section of the duct where the static pressure is greater than 
atmospheric pressure. Under these conditions the momentum and 
the kinetic energy of the flow in the wake are increased. The 
ratio of the increased kinetic energy to the heat energy added is 
denoted as the efficiency of the energy-recovery process. The 
momentum increase, which determines the thrust or drag reduction 
due to heating, is related to the kinetc-energy gain by a factor 
depending on the relative magnitudes of the wake velocity and the 
flight speed. 

2. The thermal efficiency of the recovery process depends 
mainly on the ratio of the static pressure in the duct at the 
entrance to the heating chamber to the atmospheric pressure and, 
to a lesser extent, on the Mach number of the flow in the duct, 
and on the rate of heating. Increases in either the Mach. number 
of the duct flow or the heating rate cause decreases in the efficiency. 

3 .. An important effect of addition. of heat in a constant-area 
duct is to Increase the Mach number of the flow. For heating 
rates corresponding to temperature rises of the order of 25000 F, 
a Mach number of 1.0 is reached at the end of the duct for an Inlet 
Mach number cf about 0.2. This critical or choking inlet Mach 
number dictates the area expansion required in the diffuser ahead of 
the combustion chamber. 	 - 

4. The compression ratio, and hence the efficiency, increases 
approximately as the square of the flight Mach number. Maximum 
recovery at a given flight Mach number requires that factors 
tending to reduce the compression ratio be minimized. Poor installa-
tions having large internal-pressure drops will suffer also from 
decreased gain from the heat-recovery process. 

5. The power recoverable from the heat added to the cooling 
air (Meredith effect) was found to be about 3 percent of the 
brake horsepower-for-an existing air-cooled engine at a flight 
Mach number of 0.60 at sea level. At 30,000 feet, however, no 
recovery occurred at this flight Mach number, and at lower Mach 
numbers the recovery was negative. 

•	 6. The addition-of heat in. an internal flow system has a 
throttling effect on the mass-flow rate. The flow for a given outlet 
area decreases approximately in proportion to the square root of the 
outlet density. It is essential that this effect be allowed for In 
computing the required outlet-opening size.
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7 . The outlet dynamic pressure . pv 2 does not change 

appreciably with heating because, in most cases, the reduction in 
density Is nearly offset by an increase In the outlet velocity 
term V4 . The drag of bodies in the wake, theiefore, would 

not be changed due toheating, except for possible scale effects 
associated with the reduced Reynolds number in the heated flow. 

Charts and Equations 

For convenience, the formulas and charts showing the principal 
heating said compressibility effects are listed as follows: 

(a) Pressure, density, and temperature ahead of radiator: 
figures 2, 3, and. 14. end equation (5) 

(b) Density decrease within the radiator and across the 
radiator: figure 5 

(c)Pressure drop within the radiator: e quation (ii) with 
the aid of figure 5 

(a.) Pressure drop across radiator: equation (13) or (14) 
with the aid of figure 2 and figure 5 

(e) Effect of density change across radiator on the pressure 
droD: equation (14) 

(r) Temperature rise across radiator: equation (18) 

(g)Required outlet area: equation (28) with the mass-flow 
ratio given by equation (26) or (27) or by figure 7 

(h) Ideal efficiency of heat-recovery cycle: equation (35) 
or (37) or figure 8 

(i) Thrust due to the addition of heat: equation (40) 

(J) Net force die to heated internal flow: equation (41) with 
the aid. of figure 8
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CONCLUSIONS 

1. The flow details in an efficient internal flow system with 
addition of heat can be computed with good accuracy by the one-
dimensional compressible flow relations presented in part I. 

2. The actual thermal efficiency obtainable from a ram-jet 
type of propulsion system is virtually equal to the ideal thermal 
efficiency. The thrust available from ram-jets can thus be calcu-
lated with good accuracy from simple theory if the rate of heat 
addition to the flow is known accurately.. 

Langley Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Langley Field, Va., July 21 1 1942.
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APPENDIX A 

CALCULATION OF PRESSURE DROPS REQUIRED FOR COOLING


A TYPICAL AIR-COOLED EINGINEAT HIGH ALTITUDES 

Basic experimental data.- Test data used to establish the 
basic sea-level air requirement and pressure drop were obtained on 
a Pratt & Whitney R-280027 engine installed in a nacelle in the 
Langley 16-foot high-speed wind tunnel. The operating condition 
and the basic data obtained were as follows: 

Brake horsepower at 2400 rpm (normal rating), assumed 
constant with altitude 	 ................... 1600 

Fuel-air ratio.................. 0.10 
Air temperature, 	 T2 

°F-	 .	 .	 .	 ....................	 .	 ..	 . .	 100 
OF	 abs.........................• 6o 

Maximum head temperature 
OF	 ............................. 14.50 
OF	 abs........	 ...	 ................ 910 

Average head temperature 
OF	 •	 .......................... . 
OF	 abs ..	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 86 

Mass flow of cooling air 
slugs/sec	 .................. •• 	 ..... 1.165 
lb/sec	 .......................... 37.5 

Pressure drop	 AP	 in. of water	 ............. 15 
Frontal area	 A2 ,	 sq ft	 .	 •	 .	 .	 .	 .	 .	 .	 .	 ...... 17 
Equivalent leak area ratio 	 Ar/A2	 •	 •	 •	 •	 •	 .	 •	 •	 •	 • •	 •	 0.14

Variation of mass flow of cooling air with altitude.- The mass 
flow required to maintain a fixed head temperature depends on a 
number of variables, but a discussion of the details of the vari-
ation with altitude is considered beyond the scope of this paper. 
A relation currently in use for determining the mass flow will there-
fore be used without explanation of Its derivation. If a super-
charged engine with intercooler is assumed, this relation for the 
mass-flow variation is

- T s ea 2) ea level 
maltitude = msea level

' 15 
(Thead -: T2)lt.td 
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The mass-flow calculations will be carried, out for values of the 
flight Mach number 140 equal to 0.4, 0.6, and 0.8 through the 
altitude range. As pointed out In part I, the temperature ahead 
of the engine T2 depends on the flight speed as well as on the 
atmospheric temperature. For Army Summer Air, the value of T2 
was determined from figure 4. For M0 equal to 0.6, the mass flows 
computed at altitude by the foregoing relation are as follows: 

Altitude 
(ft)

T0 
(°F abs.)

T2 
•(°F abs.)

Mass flow 
(lb/sec) 

0	 - T	 560 600 46.3 
10 1000 524 562 38.0 
20,000 489 524 31.7 
30,000 14.53 486 27.0 
4o,000 418 448 23.4 
50,000 400 429 21.9

The importance of allowing for the temperature rise caused by 
adiabatic compression ahead of the engine is illustrated by the sea-
level case for which the mass flow was, only 37.5 pounds per secoxd., 
the compression effect being neglected, as compared. with 46 -3 pounds 
per second shown In the table. 

Details of the pressure-drop calculations.- The required pres-
sure drop will be computed as the thop between stations 2 and r2 
plus the drop in the baffles. If equation (13) Is to be applied 
to an air-cooled cylinder on which the baffling covers only the 
rear half of the cylinder, account must be taken of the fact that 
approximately half of the heat is added to the cooling air ahead 
of the baffle at virtually constant pressure. Thus, the density of 
the air immediately ahead of the baffle at station 2a is obtained 
from the relation

H/2 
cgmT2 

The value of H, the heat added to the cooling air, was taken as 
the heat equivalent of 0.4 brake horsepower. Thus, equation (13) 
for the air-cooled engines becomes 

i.4 (	
Pr2S\	 2a (/A2'\2 

LCDf +
	 -

it 
\3 ,J 
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In which r2/P2 and 2a/r are obtained from figures 2 and 3, 
respectively, for the design values of Mr2 and Ar/A2. 

The ratio Pr2/Pr is obtained directly from figure 5 for the 
design values of Mr and C. The friction component of the 
engine drag CDf is assumed to result only from friction within 

the baffles and was obtained. from the basic engine data as follows: 

(1) The over-all test pressure drop	 was 78 lb/sq ft 
and p26./3 was 1.08. 

(2) Substituting these values in equation (14) gives 

78 = 6Pf1 )< (i + 1.08) + 2 x 1.07 x 51(1.08 - 1) + 1.07(51	 1) 

or

4 
f = 15.2 lb/sq . ft 

(3) (,,, 1
 '1friction	 q2	 1.07 - 

(4)By equation (8),

a 
CD= 2	 gr2 	 Pr3) \  

As an example, the results of the calculations for a typical 
flight speed and altitude are listed In the following table: 

[Altitude 35,000 ft; M0 = 0.601 

Station 
(See.

P 
(_\

P
( slug\

T
M _____ 

-. fig. L) sq ft) ..cu ft) sq ft 

0 497 o.000666 435 o.6o 125 
2 630 .000788 466 .0545 1-31 
2a 630 .000730 503 .0567 
r2 548 .000637 483 .46 79.5 
r 498 .000543 514 .518 3 1
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The pressure drop across the engine is 

=	 -	
= 132 lb/sq ft 

See figure 6 for pressure drops for other altitudes. 

In order to illustrate the large error involved in the neglect 
of the effects of the density decrease across the engine, the pres-
sure drop will be computed without regard for these effects. In 
this case, the usual assumption is 

= Constant with altitude 
q2 

or
0

""Jr x	 = Constant with altitude 
0sea level 

whence

("'altitude 
\2 

0sea level 

level kmsea ieveiJ altitude. 

= 96(-) 3.32
 ^ 

= 94 lb/sq ft 

as compared with the exact value, 132 lb/sq ft. (See fig. 6(b).) 

The approximate method (equation (l ii. )) for obtaining the pres-
sure drop across the engine without detailed calculation of the 
flow within the baffles was found to yield approximately the same 
results as the foregoing more exact analysis except when the 
velocity of sound was approached in the baffles. The approximate 
method gives no indication of the attainment of sonic velocity.
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APPENDIX B 

REDUCTION OF DATA FOR TESTS


SITE HEAT ADDITION 

Internal Drag 

No information on the subject of com puting; from 
wake-survey data, the drag due to heated internal flow at 
high speeds has been published. The method to be de-
scribed is applicable to the usual experimental ease 
where the rate of heating and the static and total pres-
sures at the outlet are measured.. The momentum relation. 
(equation (21)) is the basis of the calculations. When 
allowance is made for the nonuniformity of the flow, 
equation (21) becomes 

D	 p4v4(V0 - v5)A 

or

Cl) =	
P0V:2 (
	 - v5)dA 

It is convenient to write this relation in the form 

f (P4 ""' (	

_( 

112	 )1/2 y)112j 

dA	 (42) 

If the usual assimption is made that the total pressure 
at station 5 (where p 5 = p 0 ) is the same as the outlet 

total pressure, the various terms in this relatio'i may be 
evaluated as follows: From the isentropic relation,



(Ph/2 

\P5) 
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and. ) also, 

4 \ 

1 12 /h 
I

- p	
1/2 

\hoPo)

ki •+
112 

I'J'
in which the total and static 
1 + is the compressibility 
formula for 1 + r than that 
involves the total and static 
wake rather than the wake Mac 
as follows:

pressures are measured and 
factor. A more useful 
given in the list of symbols 
pressures as measured in the 
i number. This relation is 

- 

1 + r = 1 + 0.357 -------+ 0.051 --- 
p(l+r)	 p(l+) 

+ 0.0018	 h -
	

l	

3\\P) 

Similarly, since h 4 = h5, 

(q\)1t2 (h4 

-

"442 r
( 1 + n)01h12 —_P0\  

The only remaining term required for the evaluation of 
1/2 

equation (4k) is (p 5 /p 0 )	 . The wake density ratio 

P5/PO 
depends on . two factors:	 (1) the rate at which 

heat is added to the internal flow;and. (2) the amount of 
aerodynamic heating, which in turn is governed by the 
Mach number M 0 and by the internal loss. The term 

( p 5 /p 0 ) ' ' may be evaluated by writing the energy equa-

tion between stations 0 and 5. 
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9. +	 + J g c ..T 0 +	 - +	 + JgcT5 
P 0	 2	 m	 p5	 2 

If the relations p 5 = p 0 , T 0 = T r (P 5 /Q 0 ), p 0 = p0gRT0, 

and MO 
2	

p0V02 
= are substituted in this 

,po 

R 
c  = j ( y - 1)' 

equation, then

PO 
— =1 + 
P5 

whence,

1M H

2	 0	 q0 P5) cgmT0 

p5 112	 1 + 0.20 M 

PO	 1 + 0.20 MO2

-, 1/2 

(q5/q0) 

+	 H 
cgmT0 

	

1/2	 1/2 
These relations for	 (p 4 /p 5 )	 ,	 ( q 4 /q.0 )	 ,	 (q5/q0) 

and
(p5/p0)1m, 

when substituted into equation(42),de- 

termine the internal drag corresponding to the point in 
the wake at which the pressures are measured. Integration 
across the outlet opening gives the required value of the 
total drag coefficient due to the internal flow. 

External Drag 

The equations for the internal drag apply for the 
external drag with the following changes: 

-	 -J2 
(p\\1/2	

1 + 0.20 MO2(q5/q0) 
1)	

L	
1 + 0.20 M O2	 - 

(2) The integral (equation (42)) is evaluated between the 
surface of the model and the outer extremity of the wake.
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C-
	 - 1 
- p 0 FV 0 - F

1^4- 

^o 

0) 

	

- L	 )112(p\42(q4\J2

5 	 ;)	
) d.A
	

(43) 

These are the same quantities as already derived in con-
nection with the internal drag coefficient. 

Calculation of Heat-Cycle Efficiency 

The heat-cycle efficiency (equat'ioh (31 ) ) can be 
very conveniently computed from the difference between 
the drag coefficient for the cold condition and the drag 
coefficient for the heated. condition. From equations (33) 
and (34), 

C	
CT - (D.t -_22 _ . Fv O 7c' - CD'\ 

H -	 -	 JH € I	 JH	 C 

[	 (0D' + CD) 

	

JH 	
C 
D - CD) [1 -	 4C	

[ 

Inasmuch as the mass flow is less for the heated condition 
than for the cold condicion, the measured internal drag 
without heat is therefore greater than the desired value 
D T which would be measured if the mass flow did not change. 
For small variations in mass flow, however, it is possible 
to correct accurately the drag for the measured unheated 
condition to the hypothetical unheated condition. The re-
lation between the total-pressure loss for the desired un-
heated condition and for the measured unheated condition is



'
4h" 

(^Oc (ç)
I

 
= ^To c 

The outlet total pressure for the desired condition is, 
then, 

h4 = h0 - 0)
C1 0

With this value for h4 , the desired value of CD' is 

computed directly from equation (42). This value of 

permits computation of C H from equation (44). 

Equation (44) my be used to evaluate C,, either 

for the wake—survey values of 0D and OD I or for the 

force—test values of these drag coefficients. 

63 
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TABLE I.- STREAMLINE-BODY OLDINATES IN INCHES 

Streamline nose 1	 Center	 section Streamline tail 

x R x R I	 x R 

0 0 0 6.78 0 6.49 
.73 1.29 l.5 6.80 3.0 6.25 

1.46 1.95 4.5 6.80 6.0 5.92 
2.92 2.93 10.5 6.80 9.0 5.52 
4.37 3.64 13.5 6.80 12.0 5.06 
5.83 4.21 15.5 6.73 15.0 4.52 
8.75 5.03 18.5 6.71 18.0 3.94 

11.66 5.64 21.5 6.58 21.0 3.35 
14.58 6.10 23.0 6.49 24.0 2.75 
17.49 6.44 27.0 2.14 
20.41 6.67 30.0 1.53 
23,00 6.78 33.0 .92 

37.5 0 

TABLE II.- DUCTED-BODY ORDINATES IN INCHES 

Diffuser IDucted.	 Oiy nose ordinate Tail A 3 

x R x
l	

R x R R B. 

0 2,34 0 2.34 0 6.49 6.11.9 6.49 
.10 2.21 .025 2.141. 3.00 6.25 6.25 6.25 
.25 2.21 .05 2.50 6.00 5.92 5.91 5.9 
.50 2.21 .10 2-59 9.00 5.47 5.42 5.37 
.75 2.22 .25 2.75 12.00 4.g9 11..O 1h71 

1.00 2.23 .50 2.9 15.00 4.214. 4L09 3.96 
1.75 2.2 .75 3.16 19.00 3.57 3 . 37 3.19 
7.75 2.69 1.00 3.33 21.00 2.95 2.70 2.11.6 

114.75 3.17 1.75 3.73 24.O0 2.42 2.17 1.9 
16.75 3.311. 2.75 4.15 2.00 2.07 1.2 1..11. 
1,75 3.59 3.75 4.49 2.75 1.95 1-7051 1-365 
20.75 3.9 4,75 4.79 
22.75 14,53 6.75 5.29 Outlet

V 

25.00 5.59 9•75 5.71 d.iam. 3.92 3.36 2.6 
10.75 
12.75 
14-75

V

6.011. 
6.30 N

ose radius:' Outlet 
0.10 area 11.07 7.99 14.614 

l.75 6.76 
19.50 6.7



H= 0 

Experi-
mental 

• 0.301

• .298

• 296


• .294

.292

• 289

• 236 

Equation 
-. (23) 

0.299 
• 299 
• 298 
.294 
• 290 
• 286 
.282

H	 90 Btu/sec 

Equation	 Experi-
(23)	 1 mental 

0.218 0.228 
.225 .232 
.233 .235 
.236 .237 
.238 .	 .239 

M 

0.263 
.347 
.403 
.473 
545


• 615

• .689

TABLE III


COMPARISON OF EXPERIMENTAL AND THEORETICAL


VALUES OF TOTAL-PPEURE LOSS 


[Tail B, baffle plate] 

Total-pressure loss, 	 h/q0 
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TABLE IV


COMPARISON OF EXPERIMENTAL AND THEORETICAL


VALUES OF MASS-FLOW RATIO 


[Tail 3, baffle plate] 

1	 Mass-flow ratio,	 v4/p0V0 

H = 0 7 	 90 Btu/see 
Equation EquationExperi- Equation Equation Experi-

(27) (26)	 ..mental (27) (26) mental 

0,263 0.767 • 0776 0.772 -----

.347 .767 .	 .786 .791 

.403 .767 .790 .786 0.621 0.675 0.672 

.473 ------ • .639 •	 .696 .694 

.545.
•

.657 .719 .718 
.615 . 668 .734	 • .736 
.689 .767 .828 .81 9 .676 .751 .756
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