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RADIATOR DESIGN AND INSTALLATION

By ., J. Brevoort and M. Leifer
SUMMARY

The fundamental prineciples of fluid flow, pressure
lossss, and heat transfer have been presented and analyzed
for the case of a smooth tube with fully developed turbdulent
flow. These equations apply to tubes with large length-
diameter ratios where the flow:is at a high Reynolds Number.
The error introduced by using these equations increases as
the magnitude of the tube length and the air-flow Reynolds
Number approaches the values encountered in modern radiator
designs, Accordingly, heat-transfer tests on radiator sec—
tions were made and the results are presented in nondimen-
sional form to facilitate their use and for comparison with
other heat-transfer data. In addition, pressure losses were
measured along smooth tubes of cirecular, square, and rectan-
gular cross section and the results were also correlated and
are presented in nondimensional form. ‘

The problem of a radiator design for a particular in-
stallation is solved, the experimental heat-transfer and
Pressure~loss data being used, on a basis of power chargeable
to the radiator for form drag, for propelling the weight,
and for forcing the air through the radiator.

The case of an installation within a wing or an engine
nacelle is considered, An illustration of radiator design
is carried through for an arbitrary set of conditions. Suf-
ficient detail is given to enable the reader to reproduce
the analysis for any given case. The effect upon the cool-
ing efficiency ig considered for a change in the following
design conditions:

(1) The pressure drop across the radiator.
(2) The pump efficiency of the duct.
(3) The free-area ratio of the radiator.

(4) The wing characteristics for the design condi-
tions. -

(5) fThe air constants.
(6) The change in density with altitude.

' (7?) The width of the water passageway.



Comparisons of the cooling efficiency possible with
tubes of various shapes lead to the conclusion that the
smooth hexagonally shaped tube is superior to the circular
tube and that finned tubes and ftubes shaped to produce
turbulence cause a decrease in cooling sfficiency.

The use of ethylene glycol instead of water for the
liquid makes it possible to increase the cooling efficienw
cy several times (depending upon the inlet-air tempera-
ture). The analysis of the length of passage on the
liquid side of the radiator shows it to be a secondary
consideration. The design prodlem for an installation in
a separate nacelle is solved. Several values are chosen
for the offective nacelle-drag coefficient to permit evalu-
ation of the nacelle-wing interference on the cooling effi-
ciency. A cooling-power comparison between liquid-cooled
and air-cooled engines is made and it is concluded that
the power to cool is not a determining factor in the selec-
tion of the type of engine., The recovery of mechanical
energy from the heat energy dissipated by the radiator in
the duct is shown to be possible. An approximate deter—
mination of the magnitide of the effect isg made. The de- -
sign of the radiator is not affected by consideratlons of
the energy recovery.

INTRODUCTION

With the wealth of information available in heat-
transfer processes, all the necessary information for the
design of aircraft radiators would appear to be at hand.
Such is practieally the case. In fact, there is so much
information on special cases that a designer setting out
to chooge a radiator is confused by a large variety of re-
ports, all. of which appear to have some bearing on the
problem.

The most misleading reports of this type are those
dealing with. the radiator mounted in the air stream. The
data in these reports were invaluadble when radiators were
mounted outside the airplane without benefit of cowling,
but the data apply only to a special case and cannot be
uged for a modern radiator installation in which the radi-
ator is located in a wing, a cowling, er an engine nacelle.

A radiator mounted in a free air stream acts more or
less like a flat plate, depending upon the resistance to
flow through the radiator tudbes., If the radistor has a



high resistance, most of the air €low approaching the radi-~
ator diverges and passes around the outside. In so doing,
the air breaks away at both the front and the rear faces

of the radiator, resulting in a large drag. If the radia-
tor is made with a low resistance to flow through the tubes,
most of the air approaching the radiator goes through the
radiator and the drag is greatly reduced.

When the radiator is mounted in the free air stream,
the power consumed by the radiator increases with the cube
of the velocity. With the radiator in a duct, however, it
is necessary to consider only the weight of the radiator
and the internal power consumed in it. The radiator locat-
ed in a duct can be made to dissipate a given amount of
heat by almost as low an expenditure of power for cooling
as desired. But the lower the power, the larger the radia-
tor. The most economical radiator size dopends upon the
wing loading of the particular airplane.

There appears to be a prevalent notion that, dy the
invention of some peculiar tube arrangement and shape,
large gaing in cooling performance con be attained. The
best situation that can be obtained is to have the fric-
tion loss that occurs in the radiator be true surface fric-
tion on the direct cooling surface. Pressure losses asso~
ciated with sharp contractions, expansions, and sharp bends
as well as surface friction over an indirect cooling gur-
face are all undesiradle., If the optimum condition is re-
alized, it appears to bo of little importance from consid-
erations of hoat dissipation whether the tubes are circu-
lar, square, rectangular, hexagonal, or any other conven-
ient shape. One shape may have an advantage over another
as rezards the ratio of weight required to the space re-
maining for the liquid flow. If the radiator meets the
requirements of direct cooling surface and pressure loss
connected only with the surface friction, howewver, the
chief consideration may be the case of manufacture, the
ease of repair, and the duradvility.

This report will review the fundamental principles of
heat transfer as they apply to the problem of radiators.
Original data on radiators will bve presented and & number
of special cases will be analyzed on the basis of the fun-
damental principles, the data, and similar data from other
sources.,



SYMBOLS

The following symbols are used in the report and are
listed alphabetically for ready reference.

frontal area of the housing.

total cooling surface upon which hy 1is based.
consténts.
specific heat at constant pressure.
specific heat at constant volume.
1ift coefficient of the wing.
drag coefficient of the wing.

drag coefficient of the radiator installation
with no cooling-air flow,.

hydraulic diameter of the tube.

drag.
radiator depth.

e . A&p D -
friction factor (E;*ZE |

free-area ratio, of open frontal area to the
total frontal area. '

‘the acceleration of gravity.

surface heat-transfer coefficient.

over-all heat-transfer coefficient from fluid
to fluid, '

heat—-transfer coefficient from air to tube wall,

neat-transfer coefficient from liguid to tube
wall. '

guantity of heat dlssipated per unit time.



required quantity of heat dissipation.
thermal conductivityf

constants. .

tube length,

mass flow of fluid per unit time.
Nusselt number.

power.

total power chargeable to the radiator.

power required to force the air through the
radiator. '

power required to support and propel’the welght
- of the radiator.

static pressure. S -

total pressure difference, usually acrosgs the
‘radiator.

drop in pressure due to skin friction.

Prandtl aumber.

dynamic pressure (g subscripts as

carries same
V, velocity).

guantity of air by volume passing through the radi-

ator per unit time.
Reynolds Number.

universal gas constént.
absolute temperature, °F.
air‘temperaturef
inlet-air temperature.

average liquid temperature.



My
Subscripts:

i,

change in air temperature.
change in liquid temperature.

mean temperature difference between coolant
and air.

alr velocity in the duet.

alr velocity in the tube.
air~gstream velocity.

specific vblume.

the work obitainadle from a cycle.
radiator width.

welght of the radiator.

length of tube to the section under consider-
ation. ‘ ‘

factor by which to multiply radiator weight
to aceount for the additional required
alrplane structure.

ratio of the specific heats of air.

density.

density at altitude h.

kinematic viscosity.

heat-transfer efficiency.

"pump efficiency of the duct with the radi-

ator installed,

coefficient of viscosity.

apply to the inside of the tube.



.0, apply to the outside of the tube.
C, apply to the free air,stream.

w, apply to the liguid siae of the radiator.

SINGLE TUBES

‘Analysis -

A radiator being corposed of a number of small tubes,
it is essential to0 have a clear understanding of the op= -
eration of the individual tube 'in a study of radiator
characteristics. This statement does not mean that single
tubes can be studled and the results applied without gqual-
ification to a radiator comprising an assembly of tubes.

liuch of the published data on single tubes has been
takken for a region of the tube well downstream from the -
tube entrance and, as a result, gives results that show
the frictional losses and the heat transfer for tubes in
which the boundary layer is in equilibrium. That is, -the
boundary layer is either in the laminar condition with .
parabolic velocity distridbution over the tube or is in the
completely developed turbulent condition. Now in a radi-
ator tube, if the Reynolds Number isg below some critical

distridution will go through a continuous evolution from
almost uniform at the entrance to parabolic across the
section considered, If the tube is less than 150 diametors
in length, the tube may be completely in the stabiliging
region. It will therefore have a thinner boundary layer
and, as a result, a greatcr friction and consequently a
greater heat-transfer coefficient. If the Reynolds Number
is above some critical value, the flow in the tube may be
turbulent. If the entrance is favorable for initiating
turbulence in the flow, the tube will have turbuleant flow
throughout its length and will have the friction and the
heat—~transfer coefficients associated with turbulent flow
and the particular Reynolds HNumber. If the entrance is
designed to give a smooth streamline flow, the flow will
evolve through a transition and become turdulent downe
stream. The higher the Reynolds Number, the nearer this
trangition point will be to the .tube entrance. Thus it is
seen that, even though the flow may be above the critical
Reynolds Number, the tube may be too short to give an op-




portunity for the stebilizing flow to break down. If the
entrance is such that turbulence 1g initiated, for a flow
above the critical Reynolds Number, the flow will remain
turbulent throughout. On the other hand, if the flow is
below the critical Reynolds Number, the turbulence set up
by an entrance will be damped out and laminar flow will
result.

It is now obvious that tests on single tubes have di-
rect application to the radiator problem only when the
tubes are tested under conditions reproducing those ex-
isting in a radiator, If the entrance to a tube assemdly
in & radiator is smoothly streamlined, then the heat-
trangfer coefficient decreases rapidly downstream from the
entrance as the boundary layer builds up. It is there-
fore necessary to study numerous combinations of lengths
and diameters to develop the complete picture of the phe-
nomena involved. If the entrance promotes turbulence,
however, the friction and the heat-transfer coefficients
will closely approximate the acceptod results for turbu-
lent flow in tubes.

The pressure loss, or friction, in tubes has Dbeen
studied by Stanton and others for both the laminar and the
turbulent regimes in the regions where the boundary layer
is developed. The relations that satisfy each condition
are civen by Glauert {(reference. 1) as follows:

8.

dp - v

~£ = =32 R™' p . for laminar flow (1)
aL D

dp 1 vg .

5 = =0.157 R"Z(D*%~ for turbulent flow (2)

Friction-Loss Tests and Correlation

The pressure losses were measured on éircular tubes
having diameters of 1/2, 1/4, 1/8, and 1/16 inch; a square
tube of 1/2 inch hydraulic diameter; and réctangular tubes
1/2 by 1/8 inch and 1/2 by 1/16 inch. The length of tube
was made appropriate to give o length-diameter ratio of
150 to 200 for each tube.

The pressures were measured by static tubes flush
with the inside of the tube, as seen in figure 1(a). The



tube surfaces were smooth, and a bell-shape entrance as-
sured streamline flow at the outset (fig. 1(b)). The
velocity was measurcd by a survey using a pitot tube mount-
ed on a micrometer. Typical surveys for the 1/2-inch-
diameter circular tube are shown in figure 2. It was

found that the cntrance wag sufficiontly close to a stream-—
line shape that the veolocity calculated from the first
static~tube recading and the atmospherie pressure agreod
within the experimental error with the average velocity
measured in the survey.

Figure 3 shows a sample curve of the pressure-drop
measurements on one of the tubes. The results for all the
tubes tested, plotted in nondimensional form, are shown
in figure 4; the abscissa is the Reynolds Number, the or-
dirate is the friction factor £, , and each curve is for
a constant length-diameter ratio, The data for all the
tubes fall on the curves with the exception of the aquare
and the rectangular tubes, which agree in the turdulent
region dbut deviate radically from the data for circular
tubes in the laminar region.

From equations (1) and (2), £, = 16/R for laminar
flow and . f, = 0.0785/R®*#% rfor turbulent flow. The

curves for fully developed laminar and turbulent flow are
also shown on figure 4. The test data should fall betweoen
the two curves for fully developed flow because the sta-
bilization and the transition regions are included.

The friction-factor data for the radiators tested are
shown in figure 5. Data from the single-tube tests at the
same L/D ratio as that for the smooth-tube radiators are
also plotted. The curves from radiator data should fall
higher than the curves from the single-tube data because
the radiator A&p includes the losses at the exit. Since
the transition occurs at the same Reynolds Number for both
tubes and radiators, the exit losses can be determined
from the differences between the friction factors for the.
single tubes and the radiators. Table I illustrates values
of the exit loss over a range of Réynolds Numbers. The av-
erage exit~loss value for the 1l/4~inch-diameter tube is
seén to bo’ 0.2 qy, in agreement with Hartshorn (reference

2)s The larger values found for the 1/8~inch-diameter
tube may be attributed to a lower free~area ratio, which
results in a greater oxpansion at the exit, and possidly
to the relatively greater soldering irregularities at en-
trance and exit.
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"TABLE I

EXIT LOSSES FOR THREE RADIATORS

Radiator Reynolds Number Exit loss/qt
’ 6,000 0.19
ay ‘ 15,000 .23
30,000 .305
6,000 _ 0.18
B 15,000 .15
25,000 .12
G 65,000 ) 0.33
’ 13,000 ' « 435
a .
See fig. B for explanation of the radiator designations.

A radiator was made up having tube exits falired grad-
uvally from a circular to a hexagonal form over a distance
of about 1 inch. Although this fairing appreciadly reduced
the exit loss for the single tube, no measuradble improve-
ment was found for the radiator.

Figure 4 may be used to obtain the variation of air
velocity in the tube with *tube length for any pressure
drop and tube diameter. The method is as follows: For
any choice of L and D, figure 4 gives the relationship
between f; = ApD/qtéL and Reynolds Number = p VtD/u. >
The conditions of temperature and pressure determine p
and p. The velocity Vi 1is calculated from any Reynolds
Number and gq4 follows. The corresponding value of £

gives Ap. Proceeding in this manner gives several sets
of valués of 7V, and AOp. Then Ty 1is plotted against
(0p + 0.2 gy)» The term 0.2 g 1is included to account
for pressure losses at the radiator exit. (See tabdle I.)
Such plots enabdle the dotermination of V. for any over-
all pressure drop (= Ap + 0.2 q4). Repeating the process
for other lengths or diameters will give the desired rela-
tionship between air velocity in the tube and tube length.
Figure 6 illustrates this relationship, using the values
for D arnd Ap (over-all) shown on the figure.
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The Reoynolds Wumber describes the nature of the bound-
ary layer. Inasmuch as both the friction loss of the fluid
and the heat transfer from wall to fluid depend upon the
nature of the boundary layer, both characteristics are
functions of the Reynolds Number. Reynolds reccognized
this common dependence on Reynolds Number and gtated the
depondcence in a principle known as Reynolds analogy. As a
result '

f, e, Vi p
h o= -t g i n (3)

Both the friction factor and the heat-~transfer cdef-
ficient dre larger with turbulent flow than with laminar
flow above the critical Reynolds Number and each is larger
with a thin than with a thick boundary layer. A more elab-
orate relation has been evolved as a result of the work of
Stanton, Prandtl, Taylor, and others that correlates the
data on heat transfer from pipes for various velocities and
fluidg; namely,

vo = B2 oo ()t (m)® (Djn ()

Equation (4) is the equatlon used by many workers in
this field to correlate experimental heat-~transfer data,
The constant c, and the exponents 1, m, and n vary
with a change in the type of -flow. For very 1ldng pipes,
(L/D)n can be assimilated into the constant and a new
constant ¢, wused. The exponent n 1in any case is small.
The term IL/D has a strong influence only in the entrance
region of the tube where the boundary layer is going
through changes The Prandtl number is nearly constant
when air is used as the fluid flowing through the tube.

It follows then that equation (4) for air flow and a cone
stant /D reducocs to

11 x v, pW
h =¢ k %* or ¢y 5;:%“;5“ (5)

Equations for Heat-Transfer and Cooling-Power Loss

The local heat-transfer coefficient and the friction
factor have been rcelated in the foregoing discussion.
There remains the problem of determining how much heat can
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be dissipated from a given tube as a function of wall tem-
perature, inlet-air temperature, Reynolds Number, and
length., Although the average local heat-transfer coeffi-
cient can be determined by means of the tube friction, the
tube length hag an important bearing on the actual heat
transfer by controlling the rise in the air temperature.
The heat~transfer efficiency Ty has been defined to de-

scrive the efficiency of heating up of the air as

It ig desirable to have a high heat~transfer efficiency in
order %o dissipate a maximum amount of heat for a given
mags flow of air.

The heat digsipated and the power for cooling per
unit open frontal area of tube can be determined as a

funetion of Ap, T, - %3,, L, D, and the physical con-

stants of the fluid. The ratio of these two quantities
Z2ives a relation from which it will be possgidle to deter—
mine the optimum dimensions.

The analysis will be madc for the case of fully de-
veloped turdbulent flow in & tube of constant wall tempor-
aturc. The tube considered is circular, dbut the equations
may be applied equally well tc¢ hexagonal or square tubes
by using the hydraulic diameter.

- The heat AH dissipated for a length dx of the
tube (fig. 7) is

8 = h (Ty - Tp) 7D dx o (8)
Also.

e
OE = p Ty op MR- am, (7)

m,
a ~ia -
FR—28 o ﬂt = 1 w g (8)
—la . @

1'I'his analysis for optimum tube dimensions takes no account
of the radiator weight or the profile drag, which will

-

ve considered later.
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where the heat-transfer efficlency ig now expressed as a
function ¢f the tube dimensions, the average heat-transfer
coefficient, and the mass flow through the tube.

For fully developed turbulent flow, Prandtl, quoted
in reference 3 (p. 173), gives

: 0.2 ‘\O.8
El = 61 Cp %3':5 (p Vt) (9)

where ¢; = 0.0269. From equations (7), (8), and (2), a
relation similar to that derived by Hartshorn (reference
2) is found:

'n‘I).2 : t
H=p Vg op=7— (B = Typ) |1~ e o (10)

where H is given in B.t.u./hr.

P, 1in 1b./cu.ft.

Ve, in ft./hr.

n, in B.t.u./hr./°F./sq.ft.

B, in 1b./hr. £t.

Temperatures are in degrees Fahrenheit and lengths are in‘
feet. Hartshorn also developed a wery useful family of
curves of H per unit frontal arca against pV at vari-

ous values of L/D.

From equation (2), the velocity is given as

APO.571 DO.714

v, = . (11)
t L . . L 4 .
Lo 571 cgo 571 ,0.143 p° 571 .

where ¢, = 0.157.

Eliminating Vg from equation (10), using equation
(11), and taking the units into account, the heat dissipa-
tion ver unit open frontal area is glven asg:
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0.429 0.571 0.714

5
= 0,841 x 10 cp p Ap D" (Ty = Tia)
wD? /4 0,0 571 p0e143 p0.571
¢y Ca0.1142 u0+2 p0.0285 71,1142
0.086 5 0.1142 _1.343
2.42 Dy D
x\ 1~ e P P (12)

where vV  is in ft.2/hr.

Ap, in 1b./sq.ft.

Fisure 8 shows the variation of the heat dissipated
with the length of the tube for a constant 4p for sev-
eral tube diameters. Figure 9 shows the variation of the
heat dissipated with the length of the tube for a tube
diameter of 1/48 foot for several values of Ap. It may
be noted from figure 8 that the peak heat dissipation per
square foot of open area occurs at about the same value of
L/D for the various diameters.

Hartshorn (referenﬁe 2) showed th%tathe peak efficien-
cy as a function of IL/D wvaried as D~ "°.

The basis for the choice of a radiator is its cooling
effieliency, defined as the ratio of the heat dissipated to
the power chargeable to the radiator.

The total power chargeable to the radiator is

:D QAP
bt 13

On the right side of this equation, the first term is the
power to overcome the form drag:; the second term igs the
power to support the weight; and the third term is the
power to force the alr through the radiator.

The pump efficiency is deflned in reference 4 for a
separate nacelle installation as

QAp
(D - D,) V,

np =
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The useful cooling work done per second is QAp and the

work expended for cooling is (D - Do) Vo. The quantity

D, is the drag of a-closed cowling with major dimensions
similar to those of the actual cowling, and (D - Do) is
the drag increment due to the cooling-air flow.

Similarly, the pump efficiency for a duct is defined
as the ratio of the useful cooling work done to the total
work expended in forcing the air through the radiator.
Thug for a wing duct,

Mp = .98 _

aD v,
where AD is the difference in drag between the Qriginal
wing and the wing with the duct-radiator combination. In

any installation, the entrance and the exit losses are in-
cluded in the pump efficiency.

The form-drag power is not entirely independent of
the cooling-air flow, and the choice of the pump efficien-~
¢y as an interference factor enables the breakdown of the
total power required into the subdivisgion stated. In an
installation where the cooling-air flow may decrease the
form drag, the pump efficiency may be more than 100 per-
cent. It is possible that, for such cases, the basic shape
without cooling~air flow may Dbe considerably improved and
such considerations may be worth investigating.

It is likely that the pump efficiency will vary with
the flight speed and the quantity of cooling-air flow.

For the radiator mounted in a separate nacelle, the
results presented in reference 4 give CDn and ﬂp: the

ailrplane design determines GDW and Oy,

For the radiator mounted inside an engine nacelle or
within a wing, the first term on the right side of equa-
tion (13) vanishes. This fact makes the installation with-
in a wing very attractive because, without the frontal-
area limitation, it is only necessary to seek a compromise
between the second and the third terms. The best compro-
mise results in an installation with a more favorable cool-
ing efficiency than is possible when a separate nacelle in-’
stallation is used,
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RADIATORS

Apparatus for Heat‘Trahsfer

The heat dissipation of several radiators was stud-
ied. Circular tubes were used for the following radia-
tors: : ‘

(1) Length, 9 inches; tube diameter, 0.250 inch.
(2) Length, 18 inches; tube diameter, 0.240 inch.
(3) Length, 5 inches; tube diameter, 0,125 inch.

In addition, 'a radiator was built up of corrugated tubing
(fig. 10) with a length of 1,97 feet and a mean diameter
of 0,41 inch. ZF¥or thesgse four radiators, alr was passed
through the tubes and water was directed perpendicular to-
them. The average inlet and outlet temperatures of both
the air and the water were measured by means of thermo-
couples. The mass flow of air was obtained either by a
survey using a pitot tube and static tubeg in the duct
downstream from the radiator or, more commonly, by a ven-
turi connecting the air at room temperature and atmos-
vherie pressure with a large box, or expansion chamber,
ahead of the radiator duct. The mass flow of water was
obtained from a calibrated orifice in the water line,

The pressure drop across the radiator was measured by
pitot and static tubes connected to an alcohol manometber.
The apparatus for the heat-transfer investigation is shown
in figure 11, ‘ ‘

In the results herein presented, the actual average
value of the local heat-transfer coefficient from air to
tube wall hy 1is used. In order to obtain an accurate
value of thig coefficient, the water passages were made
short and the water velocity was kept kigh so that the
drop in temperature of the water 4T, was very small.
Several water speeds were used at each air speed, and the
over-all hecat-transfer coefficient hy was plotted against
ATW/ATa, as in figurec 12, whero each curve 1is for a con=-
stant mass flow of air. The curves werc eoxtrapolated to
AT,/AT, = 0. At this value, 1/hy = O, where hy is the
heat~transfer coefficient from liquid to tube wall. Since
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1.1

Ao b L
hy By Iy

then h, = hi. The value of Iy wa s computed in all

cases using the logarithmic mean temperature difference
from air to water.

Heat-Transfer Data

The formuls for the heat-transfer coefficient given
by McAdams (reference 3, pe. 173) is for completely devel-
oped turbulent flow. TFigure 13 shows the heat-transfer
data, plotted in nondimensional form, obtained from sever-
al typical radiators compared with the McAdams formula.
Except for the corrugated-tubde radiator, the radiators
tested showed a lower heat-transfer coefficient than indi-
cated by the formula for turbulent flow. The same general
formula can be used, however, for radiators at Reynolds
Numbers above 10,000 by changing the coefficient from
0.0269 to 0.,0247, Similarly, Hartshorn (reference 2) ana-
lyzed the data of Lorenz (reference 5) and found the coef-
ficlent equal to 0.,026. Care must be used in the follow-
ing sections to apply the data and the equations to regions
where they will be valid.

The heat-transfer coefficient was found to be lower
than that for turbulent flow given by McAdams and Harts-
horn (fig. 13), This difference was to be expected inas-
much as the friction loss was also less., (See fig. 4.)
The explanation lies in the entrance conditions for the
flow. At Reynolds Numbers in the usual operating range of
a radiator, an appreciable length of the tube is in the
stabilization region where the flow is neither laminar nor
turbulent., Thus the friction factor and the heat-transfer
coefficient should fall between the curves for established
lominar and turbulent flow.

The empirical equationg presented earlier based on 2
turbulent boundary layer will give both too high a heat
transfer and too high a power consumption to push the air
through the radiator, Almost the same optimum dimensions
will be found for the radiator regardless of whether these
equations or the present experimental results are used.
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INSTALLATION WITHIN A WING OR AN ENGINE NACELLE

The high cost of cooling commonly associated with
ligquid cooling was due almost entirely to the radiator in=
stallation. The radiator was located in the air stream
without benefit of cowling and with no means of control-
ling the cooling. The drag was large, owing to the large
frontal area, and the cooling power increased with the
cube of the air speed. If the radiator gave adequate
cooling in c¢limb, too muech cooling was available at cruis-
ing. Radiators have been made retractable and have been
mounted in the engine nacelle, in the wing, or in separate
nacelles. Each of these arrangements has lowered the
power required for cooling. The cost of cooling can be
reduced to a fraction of that required in present instal<
lations by a properly designed arrangement.

When the radiator is installed within a wing o6r an
engine nacelle, the power chargeable to the radiator is
composed of two parts: +the power actually uged in cooling
Pp, which is given by QAp/np; and the power used to

carry and propel the weight of the radiator and water PW#
which is given by ¢ (Cp /Cp) W, V,. The results of these
w

considerations will be presented on the basis of optimum
heat dissgipation with respect to the power dissipated for
various tube lengths and diameters.

For the following case, several variables will be
kept fixed 'in order to simplify the discussion. Later
these variables will be changed one by one to ascertain
their importance and effect. The design Ap 1is taken as
25.6 pounds per square foot; the entrance and exit losses
for each radiator are taken as 0.2 gg3 the pump effi-

ciency for the duct is taken as 100 percent; the ratio of
open to total frontal area f 1s taken as 0.,650;
€ (ODW/CL) = 0,1; the fluid.is water, T  ~ T3, = 70° F.3

the tube-wall thickness is 0.005 inch; and the density,
the specific heat, and the vigcosity of the alir are taken
at 73.5° F. ) :

The necessary data are obtained from figures 4 and 13.
Figure 4 is used to give the variation of tube velocity
with tube length for Ap = 25,6 1lb./sq.ft. and several
tube diameters, as previously explaincd. Then, by means
of equation (10) with V4 from figure 6 and the heat-
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transfer data from figure 13 (equivalent to putting ¢, =

0.0247 in equation {(10)), curves of 45§~Z against
‘ ™
length for the assumed conditions are plotted in figure 1l4.

Figure 14 differs from figure 8 in several respects.
The data for figure 8 were obtained from the empirical
equations for fully developed turdulent flow, whereas the
data for figure 14 are the results of measurements under
the actual flow conditions. In addition, the éxit loss is
included in the pressure losses used to odbtain figure 14,
but the exit loss was not considered for figure 8.

The Selection of Optimum Radiator Dimensions

The power expended for cooling is equal to QAp, or

D2/4) vy O
nd" /4

foot of open frontal area.

= Vg Ap foot~pounds per sguare

The design Ap, 25.6 pounds per square foot, together

with the veloecities from figure 6, gives the power for
cooling for any tube length and diameter.

The power expended in carrying and propelling the
weight of the complete radiator is a function of the flight
speed, the aerodynamic characteristics of the airplane,
and the type of radiator. That is, Py = ¢ (GDW/CL? ero:

€ (CDW/CL) = 0.1; and V, = 200 and 300 miles per hour

for the illustration. The remaining variable, W,, may
be approximately computed for round or hexagonal tubes as
a function of L/D, of length, and of the free-area ratio.
(See the appendix,) The method is found to check the
weights of the radiators used by Harris and Caygill (ref-
erence 6) within 2 or 3 pounds per square foot of frontal
area. This variation is about that encountered in manu-
facture.

If the heat dissipated is divided by the sum of the
powers expended for cooling and weight propulsion for a
particular tube diameter and length, figure 15 is obtained,

showing the variation of ———=— againgt length, for

three diameters and two air speeds.
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Figure 15 is the solution to the problem for the pre~
viously mentioned conditions. Tabdle II compares the op-
timuym values of these curves for an energy dissipation of
500 horsepower. It is now of interest to investigzate the
effect of variations in these conditions.

TABLE II
A COMPARISON OF THE OPTIMUM RADIATOR-DESIGN

.SOLUTIONS OF FIGURE 15

[Energy to be dissipated, 500 hp.; Ty ~ Tia = 70° F.;
Ap, 25.6 1b./sq.ft.; £, 0.650; ¢ (Cp,/C1r). 0.1]

g . Power used
=
7. D mD 74 ) Pp + PW Frontal
o . . (ep./sq.| g (hp./sq.ft.| area
(mepoho )| (£5.)](£5.)] = [ft. open|g—op= [\BPe/ 8210 ired
D Pnt+P open require
frontal AW P ( f£t.)
area) frontal SQelite
area)
200 1/96 |0.58 [55,7] 111.6 [11.92 41,9 6.89
1/48 {1.105|5%.0| 112.6 9.82 1 - 50.9 6.82
1/32 |1.50 [48.0| 107.6 8.31 60.2 7.14
300 1/96 !0.52 |50.0f 109.6 | 9.83| 50.9 7.01
1/48 | .90 |43,2] 107.86 7.96 62.8 7.14
1/32 {1.30 |41.6] 102.5 6468 74.8 7.50

The Choice of Ap

The Ap chosen for the design is fundamental in de-
termining the relative cooling efficiency of the radiator.
In any particular problem it will be necessary to deter-
mine bveforehand the value of the pressure drop to be used
in the radiator design. An upper limit is set Dy the
climbing speed of the airplane. The lower limit is deter-
mined by the amount of space available for the duct and
the radiator.
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The choice of the design Ap is made as follows: A
prarticular tube diameter is taken as fixed. Then, for
each 4Op considered, the tube velocity, the heat trans-
fer, the nower used for cooling, and the power used for
welght propulsion are calculated for a series of values of
L. The conditions assumed and the calculations are shown
in tabdble III. Table III is used to comstruct figure 16(a),
showing a plot of cooling efficiency. S against

PD+PW
length for the varlious values of Ap. The optimum length
and the cooling efficiency for each value of 4p from
this figure are used to construct table IV, which compares
the various values of Ap on the basis of the power and
the frontal area required to dissipate 500 horsepower.
Data for Op = 6.4 1lb./sq. ft. are taken from figures 6
and 14, Figure 18(b) is then drawn, the values from table
IV bveing used. From figure 16(b) it is evident that the
choice of Ap to result in an optimum cooling efficiency
will be determined by the space limitations of the wing or
the engine nacelle. Althousgh a fixed pump efficiency has
been used in these calculations, a decreased pump effi-
ciency will probably be associated with large velocity re-
ductions in the duct entrance section. 4 similar set of
curves will result for any other tube diameter since the
optimum values of figure 16(a) are primarily a function
of L/D. Hence, the Ap chosen from considerations of
one tube diameter will serve satigfactorily for the design
pressure drop.
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TABLE IV
A COMPARISON OF THE. OPTIMUM VALUES FROM FIGURE 16(a)

[Energy to be dissipated, 500 hp.; Ty ~-Tia = 70° F.s
£, 0.750; Mp, 100 percent; ¢ (Cp /C1), 0.1;
Vo, 300 m.pohe; D, 1/48 £t.1

: A Power Frontal area
bp L " B |  ® |required required
Py + Py | mD7/4 Fp + Py

(1v./sq.ft.) | (£%.)]  © (hp.)! (hp.) (sq. ft.)
6,4 0.36 | 10.70 .| "38.5| 46.7 1%.00
40.0 | 1.25 7.63 | 144.0] 65.5 4.63
64.0 1.74 6.25 | 187.5, 80.0 |  3.55
100.0 2.00 4.98 | 237.2| 100.5 2.81

It is apparent from table IV that the cooling effi-
ciency increases as the AO0p decreases. Thege cooling
efflciencies are, however, for radiators of varying
lengthsg. Accordingly, computations were made to ascer-
tain the variation of cooling efficiency for a given radi-
ator as the A4Ap changes over a wide range, For this pur-
pose, equations (6) and (8) were comdbined to give

H :
Z573 = € Vo op (Ty - Ti) |1 -
where H  is given in B.t.u./sec.

Vi, in fopes.

p, in slugs/cu. ft.

g, in ft./sec.?

The data for Vg and h for each value of Ap are ob-
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tained from figures 4 and 13, respectively. Figure 17

shows the cooling efficiency §5f%ﬁ55 plotted against 4p
for a standard-type radiator under the conditions given in
the figure. It is seen that the cooling efficiency reaches
a maximum at a 4p of 13.5 pounds per square foot for the
stated conditions, whereas the cooling efficiency for the
optimum desien at each Ap (fig. 16(b)) increased with
decreasing Op as long as the type of flow remained un=-
changed. o

The Variation in Pump Efficiency

Figure 18 shows the effect of reducing the pump effi-
ciency from 100 to 80 percent. In thig case, the power
expended for cooling, QAp/ﬂp, ig increased; the efficien-

cy of cooling is reduced; and the peak of the curve is
moved in the direction of longer tube lengths. Harris and
Recant (reference 7) present data on pump efficiency for
wing ducts. ‘

Variation of the Ratio of Open to Frontal Area, f

The heat dissipation per square foot of open frontal
area is, of course, unaffected. The variation of f . in-
troduces two important changes, both of which affect the
weight of the radiator. An increase in f .will decrease
the water capacity of the radiator and the frontal area
for any required quantity of heat dissipation. The maxi-
mum value of f <for a particular tube will be discussed
on the basis of a minimum desirable water-passage width.

Somewhat arbitrarily, the minimum water-passage width
is set at 0.028 inch in order %o assure open waterways and
a moderate expenditure of power for pumping. The thick-
ness of the tube metal is taken as 0.005 inch, The free-
area ratio for these conditions can now be calculated from
geometric considerations. (Sece table V.)
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TABLE V
THE EFFECT OF TUBE SHAPE AND SIZE UPON THE FREE-AREA RATIO

(Wa11 thickness, 0,005 in.; nminimum water-passage
width, 0,028 in. ]

Radiator Tube shape Insid?f%%%meter f;i;;?re?
A Round 1/96 0.465
B do. 1/48 .60
c do. 0 1/32 .65
:D »Héxagonal 1/96 .59
E ~ do. 1/48 .75
7 : do. | 1/32 . .83

The diameter for the hexagonal tube is the distance
across the flats, equal to the hydraulic diameter.

Figure 19 shows the variation of cooling efficlency
with length for these radiators. Table VI lists these
radiators at the peak values. The corrugated-tube radia-
tor is included for comparison. ’

On the basis of this analysis, the hexagonal tube is
shown to be superior to the round tube. Neither tube ap-
pears to have any advantage from a consideration of ease
of coanstruction.

The Effect of Variation in Cp_/Of

The power used to carry the weight of the radiator is
€ (CDW/CL) Wp Vo Thus a variation in GDW/CL will pro-
duce exactly the samec effect as o proportional variation

in V,. Figure 15 gives the plot of '—~—§~f~ against

length\for velocities of 200 and 300 miles per hour with
€ (ODW/CL) constant at 0.1. The same figure can be used

to show the variation of ¢ (CDW/CL) by keeping V, = 200
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miles per hour and giving ¢ (CDW/GL) the value of 0.1 for
the upper curve and of 0.,15 for the lower curve or, alter-—
nately, by keeping V, = 300 miles per hour and giving
¢ (Cp /€1) the value of 0.1 for the lower curve and of

w

0.067 for the upper curve. Inasmuch as the value of
€ (CDW/CL) is fixed by the particular airplane considered,

it will affect the design considerations only as it affects
the value of the tube length for the maximum cooling effi-
ciency. This fact is illustrated in figure 15, the curves
being interpreted as suggested.

The Effect of Changes in the Air Constants Due to Heating

The effect on the heat dissipated.- Consider equation
(10} in the following form:

E (o7y) (10)
R = T ep(Ty ~ Typ) |1~ 6

«~4:cl

The change in ¢ with temperature is negligible.

jY
Congider the effect of a chanve in the value of the vis-
cosity . A change in air temperaturs from 32° . to

122° F, will change W from 0,0172 to 0.0193, about 2 per-
cent in u®°®., Thus, dy taking an average value for M,
the change would be about 1 percent in the exponent. The
maximum value of H and the L/D for the maximum value
are not affected. For values of L/D ©below 35, however,
the heat dissipation increases by abdout 1 percent. For
values of L/D over 40, the effect is a fraction of 1
rercent and can be neglected.

In equation (10}, the density occurs only in the con-
bination pVy. Therefore, if the mass flow of air through

the radiator is kept constant, the variation in p due to
heating will not affect the heat trangfer because pTVy
will not change., This condition of constant mass air flow
will necessitate an increase in the pressure drop across
the radiator with a corresponding change in the power re-
guired for cooling,

The effect on the power for cooling.- For a heated
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radiator, the pressure drop across the radiator is equal
to the difference in total pressure (fig. 20):

Ap = p + % pri;? = (p, + 5 puy2)

2

i1

a _]; a _ll._ a2 - .
», ~p,~f (2 RV, -~ 5 P, Vl ) (neglecting end losses)

it

2
n, V. T, P
R A ey (14)
2

where the variation in p due to heating and pressure
change along the tube 1is considered. The pressure effect
being present for a cold radiator, it will not be included
in the corrections.

According to the momentum fheorem,

- 2 2
P, =B, = App (pava pl'V'l )

where Apy 1is the drop in pressure due to skin friction

- Ao 4 o 7.2 (E&EL - 1) (15)
Then ‘ 7 2
- 2 (a2 - i
bp —»Apf + %.Vl <T1 1) <1 2

+ an end loss 0.1 QBVég (16)

neglecting the pressure change along the tube. The change
in Ap wupon heating the radiator and keeping pV con=-
stant arises from the terms on the right-hand side of equa-
tion (16). The increased velocity of the air in the tube
will result in a larger pressure loss due to skin friction.
The second term on the right represents the increase in
pressure drop as a result of an addition of momentum to

the air in passing through the radiator. A small portion
of this added momentum is converted into total pressure,
reducing the momentum pressure drop by a factor f°/2.
Finally, the end loss slightly increases by reason of the
higher value of the exit velocity.

Lorenz (reference 5) finds that, for various values
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of Ty - Tj,, the value of A4p,/q, remains constant and
equal to that for the cold radiator. Then, since Apf/qt
is constant for the various radiator temperatures,

P

(Apf) (~ % oV 3) - %_ pl v18 S
heated ) mean pmean
using p V. =p ¥V, =p v . This relationship will
2 2 mean mean

give uhe increase in Apf for a given change in the den-

sity of the air with sufficient accuracy for design pur-
poses. Capon (reference 8) shows from theoretical consid-
erations that, for values of IL/D of about 40, the in-
crease in the skin-~friction term is about 0.3 the momentum
term. No data are available for longer tube lengths.

The magnitude of the effect may be computed for one
of the radiators tested: Congider a radiator with L =
5 inches, D = 1/8 inch, L/D = 40, f = 0.6. Take the
initial conditions at 73.5° F, w1th Vl = 130 feet per sec-
ond. Then

V= 130 f.p.s.| and.t;king ATy =279 F.,| T,=560° F. absolute
P, = 0,00231 using .plvl_pQVé Py =0.00220
v o= 1.67x10"* o V,=136.5 f.p.s.
T, = 5330 F. B | v, =1.84 x 10~*
absolute |

Then
q,= 19.5 1b./eq.ft," q, = 20.5 1b./sq.f%.
End loss, = 5.9 1b./sq.ft. End loss, = 4.1 1b./sq.f%.
Momentum change = plvl

<~_ - 1) (1 - m~) = 1.6 1b./sq.ft.
Ry = 8,110
&p

i

1 1.10 (vy fig. 4)
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Bpnr). = 21.5 1b./sq.ft. A =22,0 1b./sq.f%.
Prh / 4 ( pf)hea’ced / 4

Apl total=25,4 lb./sq.ft.(cold) A;% total=27.7 lb./sq.ft.
(heated)

The calculated change in pressure is 9.0 percent. The ob-
served increasc is about 6 percent,

The condition of constant mass air flow, assumed to
simplify the foregoing discussion, caused a change in the
&> required. From design considerations, the available
pressure drop is the independent variable. It is neces-
sary to start with this quantity to compute the mass air
flow and, finally, the power regqguired for cooling.

From equation (16), it follows that the increase in
ure caused by heating the radiator is ‘

o)
H
]

Ty £?
2 re— oy - mme— —‘-"——-‘—"""""—"
P, ¥y <T1 1) (1 1 2) + (Apf Tg T (17)

Figure 4 will provide the veloéity of the air in the
tube TV, for a given available A4p. Equation (17) will

then give the increase in the pressure drop after correct-
ing for the temperature rise expected. Figures similar

to 6, 14, and 15 are then constructed, using the reduced

Ap for a cold radiator. As previously explained, the mass
flow of air calculated for the cold radiator at the re-
duced Ap will remain as the mass air flow for the hot
radiator at the given Ap., In the calculation of the Py
or Vi Ap, the Ap used ig the actual pressure drop and -

v, + 7V
Ty = ~l~3~~5._ In the computation of the cooling efficien-

~

cy for figure 15, the power for cooling is added to the
power for carrying the weight of the radiator.

The Effect of a Change in Altitude upon the
Radiator Efficiency

Meredith (reference 9) in an analysis of the effect
of altitude on cooling efficiency found the density as a
function of the temperature. Thig function varies with
the coolant and the initial temperature difference. A4ny
solution of the problem ig based on the standard atmos—
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phore (reference 10), which itself is standard only under
rarely realized specified atmospheric conditions.

A general method of ascertaining the effect of alti-
tude upon the radiator performance for a supercharged en-
gine is needed., For the case of a constant duct-exit open-
ing, it is possidblec to evaluate the decrease in heat dig-
sipation under specific flight conditions for increasing
altitudes.

Equation (10) is usod in the following form:

‘ c.2 W
. ~0.Qogso(~ e I
—B o = 2.75%10% p Ve (Tu=Ty,) |1 - e RS
nd /4 “ o
wherse
o . . o -
——g-— is in B.t.u./hr./sq.ft. of open frontal aren.
nd" /4 :

p, in slugs/cu.ft.
vt, in fcvao.
W, in 1b%./hr. ft.

The problem reduces to obtaining the variation of W,
P, Ty = Tyys and Vi with altitude; eguation (10) is

then used for the heat dissipation. The value for the ailr
density at altitude may be corrected for the adiabatic
compression in the duct before the radiator. The conver-
sion of dynamie pressure to static pressure within the
duct increases the air density and the temperature of the
airs (The gquantitative increase in the temperature of the
alr is later discussed in the section entitled The Jet-
Propulsion Effect.) -

, For the particular airplane, it is necessary to know
the variation of velocity with altitude and the velocity
of the air in the tube for the design altitude and condi-
tions. TFor a constant duct~exit opening, Vt ig directly

proportional to - V,. Hence, the variation of Ty and
PV¢ with altitude may be computed. '

The quantity Ty ~ Ti3g varies with altitude and the
coolant used. By a combination of the foregoing data, the
heat dissipation may be obtained for any altitude, as
shown by the following example.
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The radiator is designed for sea-~level operation;
D = 1/48 foot, L/D =50, V4 = 150 f.p.s. It is desired
to determine the variation of heat dissipation with alti-
tude at a constant exit setting for level flight at maxi-
mum speed. The performance calculations give the varia-
tion of flight velocity 7V, with altitude, as shown in

figure 21, Next, the variation of Vy with altitude is
computed. In the computation of pVy at altitude, the

value of p for the free air stream is used. With water
as coolant and T, taken at 27% P, below the boiling tem-

verature at the particular altitude, Ty - T3, 1s easily
obtained. Similarly, with glycol as coolant, T, is taken

at 52° T, below the boiling point for a 97-perceat glycol
golution. The valueg for Tia are for the gstandard atmos-~

Pphere. The necessary calculations are shown in table VII.
The change in heat dissipation with altitude is plotted in
figure 22 for both the water and the glycol radiators.

The decrease in heat dissipation with altitude is not so
serious above the rated altitude because, after that point,
the required amount of heat dissipation decreases.

With a constant exit setting, the decrease in heat
digssipation with increase in altitude is greater for a
glycol radiator than for a water radiator. The reason for
this difference is that the variation of air temperature
with altitude makes a larger percentage change in the tem-

rerature difference between air and coolant for the water
radiator than for the glycol radiator.

The Op required for a constant rate of heat dissi-
pation was calculated by means of equation (12) and is
shown in table VII. In addition, the required velocity
of the air in the tube, the power for cooling, and the
cooling efficiency for a constant rate of heat dissipa-
tion are shown. An examination of these columns will read-
ily show the importance of designing the radiator for con-
ditions approximating those to be encountered in opera-—
tion. For example, the power used for cooling will have
doubled at 20,000 feet for the glycol radiator even with
the assumption that the pump efficiency has remaincd con-

stant. The increase in Ap,./q, with altitude may cause

difficulty in dissipating the required amount of hcat af-
ter a certain altitude. Tadble VII is not intended to give
a comparison of the altitude performance characteristics
for water and glycol radiators. The same design was chosen
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for both coolants to facilitate computation of table VII,
and neither design is optimum for the conditions assumecd.

The preceding calculations neglected the corrections
to the inlet-air temperature and density for the adiabatic
compression in the duct-entrance section., Where only rel-
ative values for the heat dissipation at altitude are re-
guired, the use of the uncorrected values introduces very
little error. »

SHAPE OF THE INDIVIDUAL TUBRE

The tests on single tubes showed that square and rec-—
tangular tubes had the same frictional resistance in the
turbulent region as round tubes of the same hydraulic diam-
eter., It is safe to predict, then, that the heat dissipa-
tion for the square, hexagonal, or rectangular tubes will
also be the same as for the round tubes. Indeed, the heat-
transfer equations given for single tubes may be appliecd
to the noncircular tubes by using their hydraulic diameters.
The only differences that should appear with variously
shaped tubes should be in the heat transfer from liguid to
tube wall, the power required to force the liguid through
the radiator, the weight of the radiator filled, the ond
losses, and the free—~area ratio.

For example, radiators formed of hexagonal or rectan-
gular tubes, which have uniform liquid passages, will be
lighter on account of smaller liquid ‘capacity, will require
less frontal area, and may require more power to force the
liguid through the radiator, Of these effects, the ones
of greatest importance ~ liquid capacity and frontal area =
have been considered under the section Installation within
a Wing or an Engine Nacells. ' '

Some radiators have been built with irregularly shaped
air passages, such as the corrugated tubes shown in figure
10. Such shapes are used in an attempt to produce greater
mixing of the hot air near the tube wall with the central
core of air. Obviously, the desired result can be easily
accomplished in a variety of ways.

The variation of the heat-transfer coefficient with
Reynolds Number for the corrugated-tube radiator is shown
in figure 13. 1In order to apply the formulas and to com-~
pare this radiator with the other types tested, each tube
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is considered to have o square cross section with side a.
Then a = 0.410 inch and L = 23,7 inches. In addition,
figure 5 ghows the isothermal friction factor for this
radiator as a function of the Reynolds Number.

For a Op of 25.6 pounds per square fool, the heat
dissipation per unit open frontal area as a function of
length is given by figure 14. It is évident that, for
equal values of L/D or equal lengths, the corrugated-
tube radiator is definitely inferior in heat-dissipating
ability,

The low walue of the air velocity through the tube
reduces the Reynolds Number to such an extent that the ef-
fect of the higher value of the heat-transfer coefficient
for a zgiven Reynoldg Number is nullified and the heat
disgipation is reduced. Table VI compares the cooling ef-
ficiencies for a corrugated-tube radiator with several
circular- and hexagonal-tube radiators under the same con-
dltlons

CONDITIONS OF FLOW AROUND THE TUBES

In the material in the section Single Tubes, the
variables affecting friction loss and hesat transfer were
congidered for the inside of the tube. The phenomena ine-
volved for the outside of the tube must also be consid-
ered. The same fundamental principles rule in the trans-
fer of heat from the liguid to the outside of the tube
as from the tube to the fluid on the inside. The liguid
may flow perpendicular or varallel to the tubes.

The fact that the same phenomena of friction loss and
heat transfer exist for the outside of the tubes as for
the inside would appear to make conditions on the outside
ag much of a problem for study as conditions on the inside.
The over-all heat- transfer coefficient hyg  from liguid
to air is given by

R R 1 - (18)

If either h% or hL is small, the total thermal re-

sistance 1/hy 1is largely determined by that particular
term. In most liquid-to-air radiators, 1/ha is much
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larger than 1/hy and 1/h; ' can be neglected. It may
casily happen that, with low liguid velocities, hy will

bocome "small cnough so that the thermal resistance 1/h1
will be inmportant.

In the foregoing radiator design, h, 1is taken equal
to hy, and a method of computing the tube length and the

nunber of tubes for each particular case is given. In ad-
dition, a certain water-passage width is taken as optimum.
Thus, for the chosen tube diameter, the frontal area of

the radiator is fixed. Since no conditions have been pos~—
tulated concerning the arranzement of this required frontal
arca into any particular form, it follows that the width
and the depth (fig. 23(a)) may bve varied to fit a deosired
installation within the limitation that the product wd is
constant (fig. 23(b)). Considerations of the water flow
around the tubes, however, lead to the costadblishment of
eriterions for maximum permissible values for either w

or d.

The quantity of heat dissipated for a particular de-
sign is determined by the over-all heat-transfer coeffi-
cient oand the temperature difference between the two fluids.
In order to maintain a constant heat dissipation for in-
creasing values of w, it is necessary to maintain both

ht and TW constant. Purther consideration will show

that the constancy of hy mnecessitates the constancy of
AT,. For example, suppose hty constant as ATW decreases
with a greater radiator width. The decrease in ATW im-

plies a decrease in the gquantity of heat lost by the water,
whereas the increase in the average water temperature Ty

increases the water-air temperature difference and hence
the quantity of hoat dissipated (= hy 0Ty, 4,) also in-
creansges. The further assumption is herein made that the
volume of water flow is constant for the given design hecat-
transfer conditions.

No investigations have been reported on the variation
of the heat-transfer coefficient with Reynolds Numbver for
liguids flowing perpendicular %to tube banks of round or
hexagonal tubes at the low Reynolds Numbers found in radi-
ators. The present heat-transfer data, when round tubes
are used, indicate n Nusgelt aumber of about 65 at a
Reynolds Number of 880 based on the water wvelocity at the
minimum passage width and the tube diameter for the length
bparameter. The Nusselt number may then be roughly assumed
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to be directly pronortional to the Reynolds Number. Thus,
hy may be calculated for any valuwe of w. Since h, is
known from the design solution, 1t is vossible to estimate
the offcet uwpon hy and, accordingly, upon the hoat dis-

sipated for any increcase in w.

For long liquid passages or greater radiator depths,
hy Tbecomes increasingly greater than hy,. &s previously
explained, the increase in hy does not affect the over-
all heat-transfer coefficient. The only limitation to be

considered is the power expended in pumping the water
througzh the radiator.

TYPE OF LIQUID

The type of liquid enters the prodblem dy its effect
on the heat-transfeor coefficient, that is, through the
Nusselt, Prandtl, and Reynolds Humbers. From the rela-
tions shown carlier, the specific heat, the thermal con-
ductivity, the viscosity, and the density of the liquid
arc the most important variables. Brown and Barlow (ref-
erence 11) show that water gives about 6 to 8 percent bet-
toer heat transfer than glycol. Equal flow rates of water
and glycol were used and no correction was made for the
diminished air flow due to the higher temperatures at
which the radiator was operated. Since the diminished air
flow decreased h, by several percent and since higher
liguid~flow rates are possible with glycol at egqual pump
speeds (reference 12) it appears that the dimensions of
the radiator and the velocity of flow can be made more
suitable to the glycol and can reduce the & percent as much
as desired.

The heat-transfer coefficient hy from liquid to the
tube wall will vary in the same manner as h, from air to

tube wall., Thus
h'LD /CPM nos -
- \~—) (\"““‘“") (19)

where values of 1n = 0.3 and mn = 0.5 are taken for flow
below the critical Reynolds Number from McAdams (reference
3, ch. VIII). Various experimenters have found values of

n and m differing from 0.3 and 0,5 over a limited range.
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The average values chosen will serve sufficiently well for
the discussion. Then

0e3 0.5 |07
ch P

B
at 194° F,,
i o1 .
pglycol is about 1 pwater
Cyp is about 0.62 Cyp .
glycol water
kglycol is about 0.45 k  teop
“glycol is about equal to Hygiepe
Then
0.3 . 0.5 0.7
Eﬂéiéﬁn = ~l__\ wl~\ L) = 1.92
Belycol 0.62 1.1/ 0,45/
In the normal operation of a radiator, hy = 50 h,
when water is the liguid. Then
I S S S S
hy hy h, 50 h, h,

50

hy = 51 h,

Thus, if ht becomes several times as large, the effect on
hy, which is the determining factor, ig neglizgible., If

hy is only half as large, hy = 25/26 h,, and the differ-
ence is 2 percent in hy. Thus, by the use of glycol, the
over-all heat—transfer coefficient at the same volume of

liquid flow is 2 percent less than for water. The availa-
ble temperature difference Ty - Ti, with glycol is sev-

eral times that for water, depending on the inlet-air tem-
perature, so that the net result is several timeg the to-
tal heat transfer with the same air flow and liquid flow.
The cooling efficiency may be still further increased, for
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the total available duct space, being adequate for the wa-
ter radiator at a certain Ap, will now permit the gly-
col radiator to funection at a lower Ap with the desired
result. :

INSTALLATION IN A SEPARATE NACELLE

In the consideration of the installation of the radi-
ator in a separate nacelle, previous considerations of
power used for cooling and weight support apply. It is
only necessary to add the power lost owing %o propelling
the nacelle without any cooling air flow thro gh the na-
celle. It follows from equation (13) and the previous
discussion that, for a required amount of heat dissipation,

g, 7p® 0D, 4o Vo Hp mD®
_ Ep 1 ~rome
Py = (Pp + Py) 5= 5~ + 550  fE 4
- CD VJH 2
do Vo r 1D
= | Py + Prp 4 et = (21
L D w 550 £ JH 4 _ : )

Subseript O refers to the free air stream and Py
and Py refer to unit open frontal areca.

The Choice of A&p

The cooling efficiency improved with a decrease in the
pressure drop for a radiator mounted in a wing or an ecn-
gine noacelle, A radiator mountecd in a separate nacelle, -
however, has an optimum Ap, which is fully as important
ag the optimum radiator dimensions. For any particular
tube diameter and flight conditions, the comparison can be
worked out in exactly the same manner that was previously
followed in Installation within a Wing or an Engine Na-
celle. The value of GDn for the particular nacelle con-

sidered is used. For the present comparison, a well-~
designed cowling is assumed for which GDn is 0.12 (refer—

ence 4). The power expended in overcoming the form drag
per sguare foot of open frontal area for the conditiions in
table III with the air at standard density is, from equa-
tion (21), 29,5 horsepower. This value is combined with
the data of table III and figure 24 ig constructed showing
the variation of the cooling efficiency
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with length for several values of A4p. It appears that,
for any given installation, one value of Op will give a
maximun cooling efficiency.

The Choice of the Tube Dimensions

Figure 25 shows the variation of the cooling effi-
ciency H/Py with length for various tube sizes and shapes

for three values for CDn, two of which allow for the in-

terference effect between the wing and the nacelle.

Table VIII shows the values of L/D for the peak
cooling efficiencies from figure 25, Consideradble latitude
ig permissible owing to the flat peaks of the curves. Ob-
viously, since the interference effect is very favorable,
the samé L/D is nearly equally good for all the inter—
ferenco factors computed.

It may be noted that, when the interfercnce cffect is
moderate or ncgligible, there apnoars to be an optimum
diamcter as well as an optimum length.

For any required amount of hecat dissipation, the power
required for the radiator is obtained by dividing the re-
guircd heat dissipation by the cooling efficiency.
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TABLE VIII
RADIATOR LENGTHS REQUIRED FOR THE PEAXK COOLING EFFICIENCIES

[Ty = T3, = 70° F.; Ap, 25.6 1b./sq.ft.;
£, optimum for each tubc shape and size; ﬁp, 100 percent;
€e(Cp /Cy), 0.1 V,, 200 m.p.h.]
w

o] s
Installation
D In a In a separate nacelle
: duct
Radiator (£t.) L (ft.) L/D

{
| | )
| (f% ) L/D CDn O.QOCDn O.lSCDn CDn. O.QOCDn O-l5CDn

A 1/96 | 0.52 {49.9]0.60] 0.59 | 0.52 [57.6] 56.6 | 49.9
B 11/48 |1.04 149.9{1.25] 1.14 | 1.06 |60.,0| 54.7 | 50.9
C  11/32 |1.46 |46.711.75! 1.62 1.47 |B56.0] 51,8 | 47.0
D 1/96 | .56 153.8] 62! .60 .56 |59,5] 57.6 | 53.8

B 1/48 | 1.15 {55.2|1.30] 1.20 1.18 |62.4] 57.6 5646

F}1/32 |1.60 {51.2|1.96) 1,70 | 1.64 |62.8! 54.4 | 52.5

The actunl cooling cfficiencies presented in this re-
vort are somewhat misleading owing to the small value
(70° ¥.) assumed for Ty - T3j5. In actual practice, the
value of T, - T3y, will be two or three times the design
value, increasing the heat dissipation by the same factor.
Accordingly, the cooling efficiency will be two to three
times as large. A radiator desisned from the values in
this report giving a cooling efficiency of, say, 7 will
actually give a cooling efficiency of 14 to 213 that is,
for every horsepower of heat to be dissipated, 1/14 to
i1/21 horsepower will be required, or approximately 3.5 to
244 percent of the brake horsepower will be used for cool-
ing. The importance of a high~temperature coolant liquid
is evident, for the cooling eofficiency is directly propor-
tional to the initial temperaturc difference.
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The Cooling Efficiency for a Radiator in a Free Air Stream

The radiator chosen for the comparison is made up of
hexagonal tubes having a hydraulic diameter of 0.06 inch
and a length of 3.74 inches. The heat-transfer and drag
data are given by Parsons and Harper (reference 13) for
air speeds of 60 and 120 miles per hour. Extrapolation.
was made to a flight speed of 200 miles per hour. The
power used to transport the weight was calculated, as for
the ducted radiator. It is found that, at 200 miles per
hour, with Ty = T3 = 70° F. and ¢ (Cp /Cp) = 0.1, the

cooling efficiency is about 1.7. Since the same radiator
is designed to dissipate an equal or a greater amount of
heat in climb at a much lower speed, it is assumed that

the radiator is retractable so that this cooling efficiency
will hold. For a nonretractable radiator, the cooling ef-
ficiency would be much loss in addition to the overcooling
that would occur. This efficiency is about one-fourth that
found in o separate nacelle and becomes rapidly less as

the velocity of the airplane increases.

COOLING-~POWER COMPARISON OF LIQUID-COOLED

AND AIR-COOLED ENGINES

It would appear that the liquid—cooled engine has sev-
eral inherent advantages, The radiator can be made large,
thus allowing cooling at a small Ap and, since the power

is proportional to Ap3 8, this power may be reduced to
any desired value. It has been shown, however, that there
is a limitation imposed by the power to transport the radi-
ator., The liquid-cooled engine is often pictured as com-
pletely enclosed in the wing or the nacelle with no form
drag chargeable to the engine installation,

The air-cooled engine, on the other hand, 1s described
as located in a cowling with a large form drag. Now, if
the wing is large enoueh to house the liquid-cooled ensgine,
it is also large cnough to house the air-cooled enginec.

It has becen shown (rofercnce 14) that the interference ef-
fect Detween wing and nacelle ig faworable so that the ef-
fective drag of the nacelle in front of a wing is only 40
percent cof the nacelle drag alone. When it is considered
that, in these tests, the ratio of the nacelle diameter to
wing thickness was large and that the conductivity of the
engine was also large, it secms rcasonable to assume that



40

the interference on a modern engine with modern cowling
located in a wing of thickness comparable with the engine
diameter will be so favorable that the nacelle drag will
almost disappear. It is probable that the 40 percent
found in the tests of reference 14 will be reduced to the
order of 10 percent on a set-up of the nature assumed in
this paper. :

It was found in reference 4 that the drag of a na-
celle of 52-inch diameter at 100 miles per hour was 45
pounds without cooling~air flow and that a streamline
nose gave a drag of 32 pounds. It was further found that
the engine could be cooled with an additional drag of 20
poundsg at this speed., The cooling drag will remain the
samne regardless of wing thickness. If the interference
is favorable, as has been assumed, the form drag reduces
to 4.5 pounds so that the total drag at 100 miles per hour
is 24,5 pounds; that is, 5.3 horsepower for cooling and
1.2 horsepower for form drag.

With a2 well-designed cowling, the cooling power at
higher speeds will not increase and may possibly decrease.
At 300 miles per hour, there is still 5.3 horsepower for
cooling and 27 times as much power, or 32 horsepower, for
form drag. This form drag is independent of the engine
power and depends only on the engine diameter. The cool-
ing power is proportional to the eangine power., The valucs
cited are for a 550-~horsepower engine. Thus, a 2,000-
horsepower engine of the same dilameter at 100 miles por
hour takes 19.3 horsepower for cooling and 1.2 horsopower
for form drag and, at 300 miles per hour, it takes 19.3
horsepower for cooling and 32 horsepower for form drag.
This total makes the power required for the engine instal-
lation and cooling only 2.5 percent of the engine power.

The power to cool and to transport the cooling system
1s so small with either liquid- or air-cooled engines that
it can hardly be a determining factor in the selection of
one in preference to the other.

If the engines are mounted in nacelles in front of
comparatively thin wings, the liquid~cooled enginc may
have a strecamline nose, thus having a drag of 32 pounds
instcad of 45 pounds at 100 miles per hour. A scparate
nacelle or installation for the radiator, however, will be
required, which will add easily as much as this difference
in dras. )
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THE JET-PROPULSION EFFECT

The effect of heating an air stream after expansion
in a duct and then contracting the duct before expulsion
of the air is to convert some of the added heat energy.
into thrust. Both Meredith (reference 9) and Capon (ref-
erence 8) have made estimates of the thrust so derived.

Heither Meredith nor Capon considers the welght or
the form drag of the radiator. If the weight "and the form
drag are considered, the net effect is a reduction in the
power chargeable to the radiator.

In both of the foreg01ng cases and in the following
discussion, losses occurring at the duct entrance and exit
are not considered. The question of an efficient duct de-
sign is extremely important in the consideration of the
propulsive effect, for an inefficient duct will more than
offset any possible thrust to be so derived.

The path traversed by the air through the duct shown
in figure 26 is illustrated by the path ABCD on the pv
diagram in figure 27. The points A, B, C, and D corre-
spond to the positions marked on figure 28.

Path AB represents the adiabatic compression of the
air entering the duct. Path BC represents the heating
at constant pressure along the duct. Path OCD represents
the adiabatic expansion as the duct contracts after the
heating section. Finally, path DA, representing cooling
at constant pressure, is equivalent to expelling the heated
alr at atmospheric pressure and taking in other air at the
same pressure and atmospheric temperature.

When no heat is added, the air traverses the cycle
AB, BA, and no work is done. For the cycle ABCD, the
work done isg

R S ' umlwm _
V= Y o« 1 (Po¥q =217y ) + by (v, ~v, ) + v (p, v, p3v3)
+ polvy = v,)
LY . ) }
= § T (p,v, + PV, =~ P, 7y povs) | (22)



Y
wo= VB:“I (T, + Ty = 7y = Ty) (23)
The heat added per unit mass is
BH=cp (T, =T,) (24)

The efficiency of the conversion of hecat energy into me-
chanical energy is
w RY ‘ Ty = Tg

- 2 e s s e s s PP SRS .

E (Y - 1) o T, - T,/

which gives, using the adiabatic relation

Y-1
fo) - o _ s (25)
12} T, T
and the relation R = cP ~ Cq
Y1
w T, P Bl
L . —é) = |1 - <~9> (26)
N | D,

o result already given by Meredith (reference 9).

#ost of the mechanical energy is recoverable as thrust
enersy. The ratio of the thrust energy to the total mechan-
ical energy, per unit mass of air, 1is

T, (v, - V) 2T

1 2 2 .
5 (VT = To0) Vo + 7V,

For example, %ake Vo = 300 miles per hour and V, = 328

miles per hour; the useful thrust energy then represents
95.5 vpercent of the mechanical energy obtained.

In practice, the heat is added by a radiator that reo-
quires a certain pressure drop for the heat dissipation.
The assumption of constant pressure heating must be altered.
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Path 3BC (fig. 27) is replaced by some path BC!, with a
decrease in the area of the cycle indicating a reduced
conversion of heat into mechanical energy. In order to
ascertain the effect of radiator design upon the propul-
sive effect, the heat will still be considered added at
congtant pressure, this pressure being taken as the aver-
age over the radiator.

Then for Vo, = 300 miles per hour at sea level and
standard atmospheric conditions, p, = 2,116 pounds per
square foot and q, = 230.4 pounds per sguare foot. The
degign Ap is taken as 25.8 or 64 pounds per square foot.

The respective efficiencies are obtained, using equation
(28) with Y = 1.4:

\

‘ Y-1
/ 2o |
1 - A | = 2.8 and 2.6 percent of the
+ 4 heat dissipated converted
» a 5 N . s
0 0 into mechanical encrgy.

It has been previously shown that, for -any installation,
there is a Ap which will permit cooling at a minimum
power expenditure. In the radiator design, the only fac-
tor that affects the energy recovery is this drop in pres-
sure across the radiator; the lower the pressure drop, the
greater the recovery. For the installation in a wing or
an engine nacelle, the lowest possible value of the A4p

- is used for design. Hence a further decrease in the Ap
to increase the encrgy recovery is impossible. TFor the
installation in a separate nacelle, the optimum AOp 1is
used for design. (See fig. 24.) Whereas a change in Ap
from 64 to 25.6 pounds per square foot will change the en-
ergy recoverecd from 26 to 28 horsepower for a 1,000~horse-
powor dissipation, the cooling efficiency docreases by 15
percent or about 12 to 15 horsepower for a good design. To
attemot o compromise would reduce the energy recovery to

a negligible amount with a real increase in the power ex-
penditure. The conclusion follows that a good radiator
design without consideration of the thrust will also be
the Dbesgt design when the thrust effect is taken into ac-
count.,

Ag pointed out by Meredith (reference 9), the adia-
batic compression of the air entering the duct causes a
rise in air temperature. The available temperature 4if-

ference Tw - Tia will be losgs than the wvalue using the
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atmospheric temperature by an amount depending on the air
specd. From equation (25), assuming the air brought to

rest,

=

i
Hl 3

gives the upver limit for the temperature rise. Meredith
glves the same result in the simple form

1.

v
o _ (_mph
AT(®C.) = (100
CONCLUSIONS

The design of a radiator is a funetion of the con-

ditions under which the radiator is to operate. Hence it
is necesgsary to know beforehand:

(a)
(v)

(e)

(g)

()

(1)

The quantity of heat to be dissipated.

The available space for an internal installation,
or

The drag coefficient of the nacelle when no cool-
ing air flow is permitted, in the case of an
external installation in a separate nacelle.

The Ap available in climb,

The %type of liquid, water or glycol, and the wvalue

of Ty = T3, expected.

The probable pump efficilency of the duct or the
nacelle installation,

The ratio of the 1ift and the drag coefficients
of the wing.

The total weight of the radiator and the addition-
al structure for any radiator dimensions.

The velocity of the airplane in level flight.
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Such information is both necessary and, when combined with
the heat-transfoer and the pressure~loss data of this re-
port,; is sufficiont for an optimum radiator design. Par-
ticular cages may add other qualifications, such as maxi-
mum possible radiator length, a maximum Ap- for design to
insure good cooling on the ground;. etc. Co

2. The effect of each of the following fécﬁors on
the cooling eff1c1ency and the radlator dimensgions was
considered. : :

(a) The pump efficiency:’ & decrease in the pump
-efficiency of the duct will proportionally increase
the power for. coollng and decrease the cooling effi-

, c1ency. :

(b) The freenarea ratlo' An increase in the
value of the free-area ratioc will decrease the radi-
ator welght and the total frontal area with a corre-
spondlng increase in the coolxng efflclencv.

(e) The ratio -s(CD /C: : The power uged to

trdnsport the radiator Welght is dlrectly proportlon—
~l'to the value of ¢ (Cp /¢)-

(d) The change in the air constants, Cp s By,

and p due to the neating up of the air: To main-
toin a fixed rate of heat dissipation reguires the
condition of. a constant mass flow of. air when the ra-
diator is heated. This requlrement in turn necessi-~
tates a larger Ap. than is requlred by the same air
flow for the isothermal flowe The de31gn soclution
dincludes this effect by Worklng out the. 1sotherwal
case at a reduced Ap. The calculation of the ex-—
pected increase in Ap caused by heating the radia-
tor is presented. R

(e) The change in the heat:dissipation with al-
titude: For a supercharged engine in which the max-
~imum required heat dissipation is at the rated height,
an increase in the air flow through the duct is re-
quired if the radiator is designed for ground-level
conditions. The radiator must be designed with a
view to the rated altitude at which it is to operate
because the vproportion of the available Ap required
for cooling increases with altitude.



(f) The width of the water passage: It is de-
sirable'to use the smallest possidle water—-passage
wvidth, conditioned upon the power used to pump the
liguid throusgh the radiator and the necessity of
keeping the water passages open, 'in order to reduce
the radiator weight and to increase the free-area
r&tio.

A& variation in any of.the foregoing factors increas-
ing or decrecasing any part of the power chargeable to the
radiator will cause a change in the optimum radiator di-
mensions tending to bring the various opposing power con-
siderations into balance again., TFor example, supvose the
pump efficiency decreases. . Then- PD increases and the

optimum radiator design for the new conditions will have a
longer length. The ve1031ty for any given Ap will De
lcss and the value of PD will De decreasod,

'3. The fundamental data presented on heat transfer
and pressure losses for smooth-tube radiators were odb-
tained for the flow conditions that actually exist in the
tube section containing the entrance. A comparison with
the established results for fully developed turbdbulent
flow showed that the heat transfer at a particular Ap is
about the same for both cases with a larger power expen-—
diture required to force the air through the radiator for
the u.c*b'u.a,l flow.

4. An eff1c1ent radiator installaticn w1th1n a duct
or nacelle where the gquantity of flow is controllable is
superior to any installation where the radiator is exposed
to the air stream, whether the radiator is retractable or
shuttered. Relative cooling efficieancies for the instal-
lations under similar assumed conditions were as follows:

Installation "Bgl@331§
cooling ‘efficiency
Retractable radiator 1.7
Separaté nacelle 5.2 ... No wing-nacelle in-
' L : terference
‘Separate nacelle " 8.0 ... 40 percent Cp,,

-Internal duct : 9.8
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5. In the design of a radiator for an installation
within a wing duct or an engine nacelle, it was found that
a higher cooling efficiency is possible with a decrease
in the Ap across the radiator. Hente, the first step in
such a design is to select a value for the Ap that will
require ‘a radiator filling all the available frontal area
in the duct space. This Ap will be the optimum and min-
imum for the particular case. o '

6, The optimum design Ap for an installation with-
in a separate nacelle is the result of a compromise be-
tween the powers used for cooling, weight propulsion, and
form drag. This ‘case approaches the design prodblem for a
duct as the effective draz coefficient of the nacelle de-
creases and the power used to overcome thé form drag be-
comes of decreasing importance. On the other hand, as the
form~drag power increases in relative magnitude, the fron-
tal area must be ‘decreased, requiring a ‘larger Ap and o
longer radiator, thus increasging 'the power for cooling and
the weight propulsion. The best design is in the region
wvhore the opposing considerations arec of equal importance.

7. The L/D values for the solutions of a radiator-
design problem, different tube diamcters being used, fall
very mnear each other, Hence, the length available for the
radiator is a secondary factor since a reduction in the '
rodiator design length merely calls for the use of a small-
er tube diameter. . In many cases, one tube diameter will
give a slightly higher cooling efficiency than is possible
with any other diameter; this solution will be theoretic-
wlly the most desirable, although perhaps not practlcable
owing to the length necessary.'

8. A comparison was made between the circular tubve
and the hexagonal tube. It was found that:

(a) The weight of the radiator requirad for a
necessary heat dlssipatlon is lower for a hexagonal
tube because the water content of the radiator is
less for equal minimum water-passage widths.

(b) The free-area ratio is much higher for a
hexagonal tube. Since both shapes have equal heat
dissipating ability per square foot of open frontal
area, the necessary frontal area will be less for a
hexagonal tube. This fact may be used to advantage
in the light of conclusions (5) and (68).
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9. The higher temperature differences availahle be-
tween liguid and air, when glycol is substituted for wa-
ter as the coolant, increase the total heat transfer sev-
eral times, depending on the inlet-air temperaturec. The
decrease in the over-all heat-transfer coefficient when
glycol is substituted for water is shown to Dbe several
percent. The net result is an increase in heat dissipa-
tion per unit frontal area of the radiator. The conse-—
quent space saving for any required amount of heat dissi-
‘pation may be used to decrease the power required to over-
come the form drag and the Power uwseéd in propelling the
weight or, alternately, the radiator size may be kept un-~
changed and the cooling accomplished at a lower Ap with
a saving in the power for cooling. In the design process,
the balance betweon the various powers is automatically
taken into account by the selection of the optimum design.

10. A comparison of the cooling efficiencies for the
air-cooled and the liquid-cooled engines was made. It was
shown that the power used for cooling and weilght propul-
sion is of comparable magnitude for both cases and is too
small in elther case to be used as a determining factor in
‘the selection of omne engine over the other.

11. It was found that, at high .speeds, 2 mechanical-
energy recovery is possible from the heat dissipated Dby
the raodiator in the duct. In the ideal frictionless case,
most of this mechanical energy is usefully converted into
thrust cnergy. Good radiator design and energy rocovery
are compatible for an installation within a wing. - For the
installation in a separate nacelle, the detrimental effect
of changing the design to increase the thrust effect is
relatively too great to permit any compromise.

Langley Memorial Aeronautical Labofatory,
National Advigory Commititee for Aeronautics,
Langley Field, Va., December 20, 1938.
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A ENDIX

THE CALCULATION OF RADIATOR WEIGETS

The weight of a radiator may ve divided into the
welght of the tubes, the water within the radiator, the
hoaders (filled), and the eoldcr usoﬂ to ‘Join the tubes at
cach end. ' . o .

1. The tube material is taken to be copper of spe-—
cific weight 555 pounds per cubic foot and the tube-wall
thickness is 0,005 inch. Then the weight of the tubes per
unit open frontal area =

0.005 DL,
X =3
12 nD%/4

b

1

555 x

(round tubes)

g

555 x 02005 24/ 3DL (noxagonal tubes)

127 ‘rxji‘pgﬁ” .:}«,T 3 r/y;xﬁ.
5 : M

i}

)

0.926 x % pound " (either shape)

2. The weight of the water in the radiator is equal
to the density of the water multiplied by the volume re-
maining after the volume of the tubes and metal is deduct-~
ed from the total volume. If f is the frée—-area ratio,
then 1/f represents the total frontdl area per uait open
frontal area., Thus, the weight of the water per sguare
foot of open area I

§

= 62,4 L |Z - 1 - — (round tubes)
< f D" /4 :
= 62.4 L (% - 1 ~.Q§%g§ " {round or hexagonal tubes)
{ ’ , .

%2, The data of references 6 and 15 were analyzed %o
give the relationship betweon the woight of the heanders
filled and the tube length. Figure 28 ghows the data and
the curve used to obtain casing weights for the present
report. The radiators of Harris and Caygill (reference 6)
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had a frontal area of 1 square foot. Then, per square
foot of open frontal area, the casing weight from figure
28 is multiplied dy M}_/f on the agsumption that the
casing size increases with the square root of the frontal
area. 4 small error is introduced when the total weight
per square foot of open frontal area is used to compute
weights for radiators of increasing frontal areas, because
the casing weight is now multiplied by the ratio of the
frontal areas instead of by the square root of this ratio.

4, The weilght of ‘solder per square foot of open. fron~
tal area is taken as 1.5 pounds.
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TABLE III

THE CALCULATIONS REQUIRED FOR A CHOICE OF Ap
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[Hexagonal tube; computations based on unit open frontal area; Ty -~ Tjg = T0°F.; £, O,750;
1/48 £t.; Ta, T3.5°F.]

mp, 100 percent; c(CDw/CL), 0,1; V,, 300 m.p.h.; D,

Ciw = Ap=2%5.6 1b./sq.ft.Ap=U0 1b./sq. £t. IAp=64 1b./sq.ft. (Ap=100 1b./sq.ft.
WV E H : S H P v [ H
L g ot °‘Vt moo B0 | Yy o | | Ve [ | D i ey
|
(£t. (1v.) i (hp.) :(f-p-sv(hp.);(hp.) £.p.e. (ap.)i(hp.) j(£.p.s.j(hp) (hp.){f.p.s.) (hp.) ;i bp.)
0.75(36| 63.4 | 5.07 ;lug.Y 102.1:6.92 {1&7.0123.9 13.60} 240.0 {153.3 127.9{304.0 186.5 {55.3
1,00 4g | 84.0 i 6.72 ?129.0 412.016.00 {164.0 138.0 11.93 ‘ 210.5 {170.0 ph.51266.0 208.0248.4
1.25160 {LO4.4 ; &.34 %113.2 115.515.26 1145,0 144.0 [10.55 | 187.5 i180.0 £1.8}239.0 221.5§u3.5
{ ]
1.50{72{125.4 |10.04 3102.3 117.9:4.76 |131.0 a47.01 9.52} 170.0 |185.0{19.8]218.3231.0 39'Z
2.00}96 {167.0 {13.35 &7.9 119.0{%.09 [112.5 149.0} 8.18 146.0 1188.3 (17.0{188.5 {237.2 |34.3
TABLE VI

OPTIMUM COOLING EFFICIENCIES FOR VARIOU3 RADIATCRS
Ditnergv to be dissipated, 250 hp.; tube-wall thickness, 0,005 in.; minimum water-passage width,

0.028 in.; Ty =~ Tyg = T70°F.; ap, 25.6 1lb./sq. ft.; 'np,. 100 percent; ‘(CDW/GL)’ 0.1; Y, 200-m.p.h.:|

t dissi-
g:ieddpgﬁiﬂ_ﬁequired ®Weight of|Power re-|Power re- |Total Cooling
. £t. of open frontal| complete }quired quired forjpover efficiency
Radlator L L/D {frontal srea| 8area radiator |for cool-|welght Py [reguired|(neglecting
ing Pp t frontal area)
ct.) {np.) {8q.Tt.) b. hp. H
(1b.) (hp.) (hp.) (hp.) m
A 0.52 | 50.0{ 110.0 b, &g 215 12.25 11.50 23.75 10.50
B 1.04 1 50.0f 111.5 3.7 251 13.15 13.40 26.55 9.lko
¢ 1.48 47.41 107.0 3.60 295 1k.4o0 15.75 30.15 &.33
D .56153.8 1il.2 3.81 190 11.70 10.15 21.85 11.45
E 1.17 56.2] 11%.0 2.92 215 12.05 11.45 23.50 10.70
F 1.65} 52.4} 110.5 2.73 240 13.20 12,80 26.00 9.61
Corrugated '
f = 0.8 | 1.30] 38.0 72.7 4,19 291 4.7 15.5 30.2 g.28

aNeglectmg decreage in casing weight as the total radlator size increases.
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Water
reg\!;ired A H
Altitude o ; e Ty Ty (withﬂfixed (witﬁpfixed °°ﬁ§§§nt qpr "t " FE
. exit setting) |exit setting)| 4yagipatson| ° | recuired
(£t.) ](1b./sq.ft.) {{1b./hr.ft.) <ft.3sec. (°F.) | (B.t.u./br.) [(1b./sq.ft.) | (1b./8q.f%.) (f.p.s.) f(hpe)
a. 0 120 0.043 0.357 126 {6.10 x 10° 2.0 2.0 0.350 150 11,5} 20.9
b. 5,000 116 JOl2 .326 135 | 6.02 40.6 §1.7 23591 161 12.2} 19.7
¢. 10,000 111 LOUL .29 143 { 5,83 38.8 2.5 .383 175 13.5] 17.8
d. 15,000 105 . 0395 .264 152 | 5.59 36.8 43,9 7l 192 15.31 15,7
e, 20,000 97 .0385 .234 160 { 5.31 3k.0 hh, g A63f 212 17.3{ 13.9
£ 25,000 &9 L0375 .206 169 | 5.02 21,2 46.1 .518 234 19.61 12.3
g 30,000 &0 .037 .179 178 | 4.67 28.0 47.8 .598| 262 22.8{ 10.5
h 35,000 et .036 .153 186 { 4,25 24,8 51.1 .720 297 27.61 8.7
1 40,000 58 .036 .123 178 | 3.36 20.3 66.9 1.15 383 46.6) 5,2
— Glyco';_ B
&Py
Ty T1a R b et ol b | v, Pl &
| ) e | S e g
' disgipation
TABLE VII (°r.) |(B.t.u./br.) | (1b./sq.25.) | (1b./6q.£5.) ' (f.p.8.) | (np.
THE EFFECT OF ALTITUDE UPON RADIATOR PERFORMANCE ca. ien 11.2 x 10° 46.5 46,5 0.388] 150 12,71 4.7
b. Ezu; 10.85 bk, g 47.7 1) 16k 14,2} 31,0
[Heat diseipation and Pp &re in hp./sq. ft. of open < | 251 10.2 k.8 51.6 k65| 18k 17.3| 25.4
d. | 258 9.50 4o.5 56.3 536} 208 21.3} 20.6
e. i 265 8.78 37.4 60.8 .627] 22 26.7] 16.5
frontal ares; m,, 100 percent, assumed for all values f. ‘ 272 8.08 3.3 65.9 .Tho| 267 32.0} 13.8
g- ' 2719 7.34% 30.9 7.9 .8991 306 ko.o} 11.0
h. ' 286 6.54 27.4% 80.4 1.13 | 354 51.8] 8.5
of the exit setting; D, 1/48 ft.; L/D, 50] 1. | 276 5.20 22.4 104 1.79 | bsh 8.9{ 5.1

peT@ o me 80T D
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FIGURE LEGENDS

(a) Static-~tube conunection.
(v) Sample tube.
Figure 1.~ Tube for friction-—loss study.

Figure 2.,- Velocity distributions for the 1/2-inch-diameter
circular tube.

Figure 3,~ Pressure drop along a smooth tube with a stream-
line entrance,

Figufe 4, Summary of friction~loss data for single tubes.

Radiators Single tubes
Length Tube
Curve diameter| L/D | Curve ;| L/D
(in.) (in.) .
A 18 0.240 75 D 75
B 9 .250 36 E 36
¢ b 125 40 F 40
G 23,7 410 Corru-
gated
tube

Figure 5.~ Isothermal friction déta for several radiators
and comparison with single-tube data.

D Ap
c
BEVE (£4.) [ (1b./sq. ft.)
A |1/32 25,6
B l|1/48 25.6
¢ 11/96 25.6
D |1/48 6.4

Figure 6,~ Air velocity in the tube against length for sev-

eral diameters. End losses included; Ta’ 73.5° F,

Figure 7,~ Analysis of single tubes.
Figure 8., Heat transfer against length for several tube

diameters. Ty = T3, = 70° F.; fully developed turbu-
lent flow; Ap, 25.6 1lb./sg. ft.



Figure 9.~ Heat transfer against length

of Ap. T

w

Figure 10,~ Throe-tube scction from the

radiator.

water pump.
bypass.
valve.

I T T Y

duct wall,
radiator.

L I I )

pitot tude,

mozgwmmHMmeuoww

static tudbe,

statie tube,
baffle plate.

expangsion tank.,
orifice for measgsuring water flow.
water manometer.
venturi for measuring air flow.

thermocouple installation. ‘
alcohol manometer.

expangion box.

copper-coil secondary shorted.

alcohol manometer.

D, 1/48

for
ft.

installations for nine thermocouples.
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several values

corrugated~tube

Flgure 11,- Apparatus for heat- transfer investigation,

Figure 12+~ Illustration of extrapolation to find h,

from

hf for one of the radiators.

Radiator Diameter

Curve!  length |Tube shape; (in.)

(in- )

A 23,7 Corrugated 0.410

B 5 Round . 125

¢ 18 do. .240

D 9 do. . 250
E Recommended for fully devel-
oped turbulent flow by " ,
‘McAdams (reference 3, P. 173)

Figure 13%.- Correlation of the heat-transfer data.
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o D ‘ Ap :
Curvel 21,y l(1b./sq.ft.)
A 1/32 25.6
B 1/48 25,6
C 1/96 | . 25,6
D 1/48 | 6.4
G Corru— 25,8
gated
tube

Figure 14.- Heat transfer against length for several tube
diameters. T, - T3, = 70° F.; end losses included; air

constants taken at 73.5° F.

Figure 15.~ Cooling efficiency a@ainst léngth. Ty = Tia
70° F.; 4Ap, 25.6 1b./sg.ft.s £, 0.6503 M, 100 percent;
e(Cp /Cp), 0.1; T;, 200 m.p.he; Vp, 300 m.p.h.

(2) Cooling efficiency against lengfh for several values
of Ap. Ty =~ T3, = 70° F.3 £, 0.7503 W,, 100 per-

cent; €(GDW/CL)4 0.13 V,, 300 m.p.h.; D, 1/48- f£t.

(b) The choice of the design Ap. Data from table IV.
Figure 16.- The choice of .-Ap for a duct installation,

Figure 17.- The 8hange in cooling efficiency with Ap.

Te = Tigq = 70° F.; £, 0.750; T,, 100 percent; ¢ (CDW/CL),
0.1; V_, 300 m.p.h.; D, 1/48 £t.; L, 0.75 ft.; Ty,
72.5° F. < : R

Figure 18.- Cooling efficiency against length for two pump
efficiencies. Ty = Tip = 70° F.; Ap, 25.6 1b./sq.ft.;

f, 0.650; e»(ch/cL), 0.1; V,, 200 m.p.h.; D, 1/48 ft.

Figure 19.- Cooling efficiency against length for various
radiators with optimum free-area ratios. A, B, etc.,
as in table V; Ty - T3, = 70° F.; Ap,; 25.6 1b./sq.ft.;
Np. 100 percent; e(CDW/CL), 0.13 V5,200 m.v.h.

-
$
-
9

Figure 20.~ The fluid conditions for a radiator in a duct.

Figure 21l.~ The effect of altitude on the flow through the
radiator. Fixed duct-exit opening; supercharged engine.
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Figure 22, Illustration of the change in heat dissipa-
tion with altitude for a fixed exit opening.

(a) The cross-flow radiator.
(p) Possible frontal shapes for a given value of wd.
Figure 23,.,~ The length of the path on the liquid side.

Figure 24.—~ Effect of Ap on the cooling efficlency for

an installation in a separate nacelle. Ty = T3, = 70°F.;
f; 0.760; T,, 100 percent; ¢ (cDW/cL), 0.1; Vv, , 300

m.p.h.; D, 1/48 ft.; Cp , 0.12.

(a) Cjn, 0.12; no interference.
(v) Cp,» 0.048; wing interference.
(e) Cp,» 0.018; wing interference.

Figure 25.~ Cooling efficiency against length for an in-
stallation in a separate nacelle. A, B, etc., as in
table V; Ty = Ty, = 70° F.3 Ap, 25.6 1b./sq.ft.; T,
optimum for each tube shape and size; ﬂp, 100 percent;
¢ (Cp_/Cr), 0.1 V,, 200 m.p.h.

Figure 26.~ Frictionless duct, heating at constant pres-
sure.

Figure 27 .~ The pressure-volume cycle for the flow through
a duckh. :

Figure 28.~ The analysis of the data on radiator weights
from references 6 and 15,
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#.A.C.A, Figs. 1lb, 10

Pigaure 10, Three-tube section from the
corrugated-tube radiator.

(») Sample tube.

Figure 1.~ Tube for friction-loss study.
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Figs. 27,28
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