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REPORT No. 61.

PART 1.

HEAD RESISTANCE OF RADIATOR CORES.'

By R. V. Kreinscamipt and S. R. PARsoNs.

RESUME.

The present report deals with the head resistance of a number of common types of radiator
cores at different speeds in free air, as measured in the wind tunnel at the Bureau of Standards.
This work was undertaken in connection with exhaustive tests conducted at the bureau to
determine the characteristics of various types of radiator cores, and in particular to develop

the best type of radiator for airplanes. :
Some 25 specimens of core were tested, including practically all the general types now is

use, except the flat plate type, and the following is a summary of the most important results
obtained:

1. The head resistance of various types of core varies greatly. The lowest is Candler
g-inch hexagonal tube (No. 78), 8 pounds per square foot at 90 miles per hour, while the highest
is the fin and tube type (No. 92), 22 pounds per square foot at 90 miles per hour.

2. The shape and size factors are insignificant for the range covered (8 by 8 inches to 1¢
by 16 inches and 12 by 24 inches), there being no perceptible variation in the resistance pex
square foot.

3. The effect of inclining the surface of the radiator to the air stream (yawing) is, in general,
to increase the resistance considerably for angles up to at least 30° to 45°. Cores of special
construction vary greatly in this characteristic.

4. The horsepower absorbed by the radiator in being lifted and pushed through the air is
high, being, at 100 miles per hour, roughly 5 per cent to 20 per cent or more of the total power
developed by the engine. It thus appears that a small gain in radiator performance may be
very appreciable at high speeds.

5. The importance of head resistance in determining the value of a radiator core depends
greatly on its position in the machine.

6. The work here presented may prove of value in determining the effect of the radiator on
the aerodynamical properties of the machine in which it is placed.

DESCRIPTION OF APPARATUS.

The wind tunnel in which this work was done is of octagonal section, 54 inches in inside
diameter. The entering air passes through a honeycomb of sheet-metal cells of about 3 inches
diameter and 1 foot depth, then through a straight section about 25 feet long, and out through
a conical diffuser, at the end of which is a four-blade propeller fan driven by a 75-horsepower
direct current motor, which draws air through the tunnel. The motor may be driven on either
120 or 240 volts, and further speed control is obtained by means of a field rheostat, giving ranges
of air speeds from 32 to 53 miles per hour on 120 volts and from 66 to about 90 miles per hour
on 240 volts. The air speed is measured by a Pitot tube, whose pressure is read on an inclined
water gauge. Both the Pitot tube and the gauge have been calibrated with some care, and
the measurements of air speed are good within 1 per cent.

1 This Report was confidentially circulated during the war as Bureau of Standards Aeronautic Power Plants Report No. 6.
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DESCRIPTION OF THE BALANCE.

The balance on which the head resistance was obtained is designed to measure both ver,
tical and horizontal forces, but since the present work is concerned only with the horizontal-
we shall describe only the parts used, i. e., the “drift arm.” The balance is mounted a little
below the floor of the tunnel and consists essentially of a bell crank suspended by thin flexible
steel strips, with one arm horizontal, on which weights may be hung below the tunnel, and
one vertical arm passing up through the tunnel floor, supporting the specimen. A second ver-
tical arm extends below the fulerum, carrying counterpoises for lowering the center of gravity;
a second short horizontal arm with an adjustable counterpoise provides for zero adjustment;
and an oil trap makes an air-tight joint at the floor of the tunnel. The vertical arm support-
ing the specimen is extensible and is fitted at the top with a detachable brass block, which is
screwed to a plate } inch or less in thickness soldered to the lower side of the radiator section.

It will be evident that the balance measures—on the horizontal arm—the moment of the
head resistance, but if the distances are known from the fulecrum to the center of pressure on
the radiator, and to the point of application of the weights on the horizontal arm, the actual
force is easily obtained. It is not convenient to measure these distances with accuracy, but
their ratio was determined by means of a calibration of the balance. This calibration was
made by applying known horizontal forces to the vertical arm and observing the balancing
forces on the horizontal arm, readings being taken with the vertical arm extended to three
different lengths.

PRELIMINARY INVESTIGATIONS.

A preliminary investigation, with a radiator first in one position and then inverted, showed
that we may assume the center of pressure on the section to be at its geometrical center. A
similar test showed the resistance of several cores to be the same whichever face was presented
to the wind. An exploration of the cross section of the tunnel with a second Pitot tube showed
that to within 6 or 8 inches of the wall the velocity distribution is uniform to about 1 per cent.
To test whether the conditions truly represent a velocity in free air, silk threads were attached
to a fine vertical wire strung about 6 inches in front of a large-sized specimen of high head
resistance (Spirex, 16 by 16 inches). The threads showed a considerable curvature of the
stream lines around and close to the section, but no appreciable curvature within 8 inches of the
tunnel wall. This condition was taken to indicate that the effect of the radiator was confined
well within the cross section of the tunnel.

METHOD OF TAKING OBSERVATIONS.

The method of taking readings is as follows: The radiator (bare core, without water boxes)
is mounted on the vertical arm of the balance and the distance measured from its center to a
fixed point on the arm. The distance from this point to the fulcrum was determined by the
calibration mentioned above. To determine the position of no yaw, a specimen was set at
various angles, the position of minimum head resistance assumed to represent zero yaw, and a
reference point marked on the tunnel wall by sighting across the front of the section. It was
found that the alignment could be obtained equally well by sighting through the tubes of the
radiator at the honeycomb at the tunnel entrance. For yawed runs, the angle of yaw was meas-
ured roughly by sighting across the front of the section at a scale mounted on the tunnel wall.
The air speed is quite sensitive to changes in voltage on the power line, and because of fluctua-
tions it was necessary for two observers to take simultaneous readings on the balance and the
Pitot tube gauge. There is, however, practically no lag between the two instruments, and very
satisfactory readings can be obtained. In most cases observations were made at nine different

speeds.
METHOD OF COMPUTATION.

The computation of results is simple. The head resistance is obtained by subtracting a
correction for the supporting arm, which was determined by a “blank” run without a radiator,
from the weights hung on the horizontal arm of the balance (including equivalent weight of the
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rider) and multiplying by the proper factor to give the force on the vertical arm. All results
are reduced to a frontal area of 1 square foot. Horsepower absorbed in sustaining the weight.

and pushing it through the air is given by the equation
w
7. P.=c(R+5%)V )

where H. P.=horsepower absorbed per sq. ft.

R =head resistance in 1b./sq. ft.;

w=weight of empty core, in lb./sq. ft.

V ={ree air speed, in mi./hr.

¢=a constant representing conversion factor=1/375.
For further computation, let

h=reading of Pitot tube gauge.

r=air density, in 1b./cu. ft.

subscripts “a’” and “s’’ denote actual and “standard’’ or reduced values, respec-

tively, and
I, K=constants.

The air speed is given by the equation

V=kykjr. )

In accordance with aerodynamic practice, and with the results of observations on pressure
drop through radiator sections in a closed tunnel, head resistance has been assumed to be pro-
portional to air density, and all results have been reduced to an assumed density of 0.0750
pounds per cubic foot (corresponding to a temperature of 65° F., pressure of 29.7 in. mercury,

and humidity of 40 per cent).
The correction for density may be made by the equation

R8=Ra<:—i>- @3)

It is less laborious, however, to apply the correction for density in the computation of air speed
in the following manner. Head resistance has been shown to he very nearly proportional to
the square of the air speed, as well as to the first power of the densify, and may be expressed

by the equation

I = T 4)
Resistance at “standard” air density will be
=K A (5)

which is the relation shown in the curves. The product (Kr,) may be regarded as a single
proportionality factor, and the same value of this factor would be obtained (and the same

curve plotted), if instead of multiplying &, by ;—s to obtain R,, the value R, should be substi-
a

stuted for R, in equation (5), and V* should be divided by :73 In other words, by substitution

from equation (3), equation (5) may be written

Ra<;i@> . ©)
which is identical with the equation ¢
Ro= Er, V<:~> @)
From equation (2), .
V2=7c?(% ®)

and

X))
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which is the square of the speed as it would have been computed if “standard” density had
been used Equation (9) shows that if the correction for density is to be made by dividing

72 by ———or multiplying by ——the desired result may be obtained by the mere substitution
of the “standard” density for ‘the actual value in equation (2), when computing the air speed.

DESCRIPTION OF THE TABLES AND CURYVES.

The sections tested comprise a number of different types, whose characteristics are given
in Table 1. Two curves are included for each type of core, showing respectively the head
resistance in pounds per square foot frontal area, and the horsepower absorbed. The latter
includes, as indicated above, both that used in pushing the radiator through the air, and that
required with a lift-drift ratio of 5.4 to sustain the weight of the empty core, i. e., not including
the weight of water contained in the core. Extrapolations were made by means of logarithmic
plots, and the extrapolated parts of the curves are indicated by dotted lines. ;

In order to facilitate comparison between the types, Table 2 is given, showing head resist-
ance and horsepower at speeds of 30, 60, 90, and 120 miles per hour. It should be noted, how-
ever, that all values at 120 miles per hour and some at 90 miles per hour are given by extrapola-
tion, and that the values of “k” are only roughly approximate. The real results are shown by
the curves. To determine “k,” for the equation R =%k V?, the head resistance curve was plotted
logarithmically, and the best line with slope 2 drawn through the points. “k” was then de-
termined from the Y intercept of this line. The line that would best fit the points had a slope
somewhat less than 2, and the line drawn with the slope 2 represents an average position, in
most cases intersecting the correct line at about 70 miles per hour. All extrapolations were
made from the actual line, not with slope 2, and using a corresponding value of “k,” not that
shown in the table.

A few sections merit special comment. The curves of the Rome-Turney !4-inch square cell
(No. 81) are made up of three curves from three sizes of the section cut down twice, and the
Spirex (No. 80, 82) curves are made up from two different specimens, one 12 by 24 inches and the
other 16 by 16 inches; but in each case the discrepancies between the different curves were
within the limit of observational error. Two sections of the ‘“Staggard” core, one 6 by 6 inches,
and one 12 by 12 inches, showed a marked difference, but it appeared that the 6-inch section
was too small, and the correction for the supporting arm too large, to make its readings reliable.
It is accordingly omitted from this report. On sections 8 by 8 inches up to 16 by 16 inches or
larger, no results have been obtained that seem to conflict with the assumption that, within
the range of sizes used, the head resistance is strictly proportional to the area, and this assump-
tion has been used for all of these sections.

In the Livingston ‘‘electrolytic’” section, the water tubes are hollow flat plates with perfora-
tions, and the perforations have the effect of whistles. The core begins to whistle at a speed
of about 35 miles per hour, and five different tones were noted, which merge at 80 miles per
hour into an ear-splitting shriek. As might be expected, the head resistance curve is not of the
form R=FV" and the value of ‘%4’ given in Table 2 represents the curve only very roughly.

EFFECT OF YAWING.

A considerable number of the specimens were tested when turned at several angles to the
air stream. The results obtained on four specimens have been plotted against the angle of
the yaw @. e., angle between the perpendicular to the face of the radiator and the direction of
the wind stream), for various air speeds. The curves for Rome-Turney (No. 81) and Sparks
Withington 34-inch elliptical cell (No. 73) are given as indicating the normal behavior of a plain
cellular radiator. The head resistance increases rapidly with the angle up to at least 30°. The
other plots are for special types which show the variations in the form of the curves. The
Spirex is of special interest in that it shows almost no change in head resistance (per square
foot frontal area of core) with changing angles up to nearly 30°. These curves are of interest
in connection with the possibility of controlling the amount of cooling by yawing the radiator.
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APPLICATION OF THE RESULTS.

A high head resistance is not in itself a detriment to a radiator if properly placed in the
airplane. The effect of head resistance on the efficiency of a radiator'in various positions is
somewhat as follows: )

1. A radiator placed in the open air, as between the planes or beside the fusilage, must
be of low head resistance. The accompanying horsepower curves indicate the enormous con-
sumption of power by even the best of the radiators tested, at high air speeds. It can safely
be said that none of the radiators tested seem well suited for these locations if the airplane is
to make the speeds required at the present time. Another consideration is the probably
large volume.

2. A radiator placed in the nose of the machine is subject to very different limitations. In
this case the air has a relatively devious path to follow after passing through the core, and a
high head resistance in the radiator, if accompanied by a high rate of heat transfer for a small
flow of air, may not be a disadvantage. The real limit to this type of radiator is the frontal
area which may be occupied. As this is usually small, a compact type of core is of advantage.

3. In the case of a radiator placed in the wing it is even more true that head resistance is
of little detriment. With the small flow of air possible with a wing radiator, a high head resist-
ance may simply increase the lift somewhat, and if it is brought about by using small air cells
and turbulence vanes, it will mean a high rate of heat transfer at the comparatively low air
speeds available.

It is hoped to make tests on some flat plate water tube radiators in the near future. These
are practically the only type not well represented in the present report.

TABLE I.—Characteristics of radiator cores.

Weight of core, pounds per | Cooling
Den square foot of frontal area. surface,
(parallel fgg éxarer
No. Type of cell. t(} Illogv = s
oLal)s Water : foot of
inches. | Empty. | . tent. Filled. Al
area.
Candler Radiator Co., Detroit, Mich.:
76 | #-inch hexagonal, perforated, all verticals water tubes...... 33 LRSI M e e A b R S ol PSRt
77 | #-inch hexagonal, perforated, alternate verticals water tubes 33 EhS G R Sar e L e e e
78 | §-inch hexagonal, not perforafed, alternate verticals water
L 0y e e S ot 4 S 0677005 0 IR et ol e e I o R SR
The Harrison Manufacturing Co. (Inc.), Lockport, N. Y .:
72 | #-inch circular, plain o s & 8 15. 68 10.70 26.38 B
(o ) SRR dode o e 8 15.31 10.70 26.01 45.7
86 | 3-inch circular, with vanes. e U 8 19.2 9.9 29.1 72.0
Li(\:'mgston Radiator & 0., New York
ity: .
64 | Not cellular, “electrolytic”” perforated, flat tube.......... 9% 16.34 27.8
75 | Pinch SQUATe. «cevceoneccocccncmcercnnceas bR LR 5 15.55 50.1
MecCord Manufacturing Co., Detroit, Mich.:
90 | Ps~inch hexXagonal. .. ...coeeeoaeieeoiiirenieaaaiaanaennn 3 8.86 34.4
91 | J-inch square.............. 3 12.55 38.2
92 ot cellular, fin and tube 3% 7.59 40.0
The Mayo Radiator Co., New Haven, Conn.:
96 | 4-inch square & 43 16. 08 62.2
4 L i PSR e e ] [
37 s L /A SRR b R (S S
2 0 (oo B SR WS 2| PSR
4 £ RGN TR K e e
4% 12,68 |.cc-cosuisfenavataa]inotoae.
£ 2 22 : 3% C 0 BTN e R | e
FoMo e Ca MG e e DT SRR L MR 2% SR IR B T e
“Spirex,” The Modine Manufacturing Co., Racine,
Wis.: ‘
80 | Not cellular, spiral air path......oooeeeeiiimeninenenaians 3% 10.98 2.64 ‘ 13.62 42.8
B2t S s (0 e P e S s 3% 11.36 2.64 ‘ 14.00 42.8
The Sparks-Withington Co., Jackson, Mich.: &
73 | ginch elliptical. ..o ccceememmmnnnnecennernnieeenaaacacens 33 10.53 4.35 1 14.88 31.9
74 | 3-inch circular. .......... o = 3 L I [ Sy E Rl (S RER RS
Rome Turney Radiat
81 | 1-inch SQUATe. ... .coeeecencecencnnannan 33 11.46 3.03 14.49 42.6
«Staggard,” Western Mechanical Works, Los Angeles, |
Cal.:
79 | f-inch square, crimped and staggered. .................... 4 12.96 6.76 | 19.72 51.6
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Free Ar-Speed = mi [ hr
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HEAD RESISTANCE DUE TO RADIATORS.

TaBLe II.—Comparison of head resistance of radiator cores.
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REPORT No. 61.

PART II.

PRELIMINARY REPORT ON RESISTANCE DUE TO NOSE RADIATOR.!

By R. V. KLEINSCHMIDT.

RESUME.

Wind-tunnel tests on a model fuselage show the following qualitative results:

(1) At any given plane speed the total resistance of a fuselage with a flat nose radiator is
increased by increasing the air flow through the radiator either by opening exit vents for the
air or by decreasing the resistance of the radiator to passage of air. This shows that a nose
radiator, in contradistinction to an unobstructed radiator, should be of compact construction
with high heat transfer for low air flows through the core, therefore requiring a core of high
resistance.

(2) With varying plane speeds the relative efficiencies of unobstructed and nose radiators
do not change.

(3) With all three widely differing types of core tried, the combined resistance of the
fuselage and an unobstructed radiator of given cooling capacity was from 10 or 50 per cent
less than that of the fuselage with a nose radiator of the same core construction and equiva-
lent cooling capacity.

(4) From other experiments performed at the Bureau of Standards it is clear that there is
more chance for improvement in types of core for unobstructed positions than in types of

cores for the nose position.

RESISTANCE DUE TO NOSE RADIATOR.

The present report considers the effect of placing a radiator in the nose of a fuselage as
compared with the effect of placing a radiator of the same core construction, having an equiva-
lent cooling capacity, in an unobstructed position and streamlining the nose of the fuselage.
The results of these tests indicate less difference than would be shown by comparing results
with radiators specially selected for each of the positions in which they were placed.

The results are qualitative only, but they are so striking as to indicate that the nose of
the fuselage is not a desirable location for a radiator from the point of view of head resistance.

A model fuselage 60 inches long, 10 inches wide, and 13 inches high was constructed with
a removable streamline nose which, when removed, allowed an 8-inch square section of radiator
core to be placed in the nose. (See figures 7 and 8.) Two holes on each side of the fuselage,
each about 1} by 6} inches, were cut about a foot back from the nose and fitted with adjustable
sliding doors. By adjusting these vents the amount of air passing through the nose was varied.

The model was mounted in a 54-inch wind tunnel and the head resistance measured under

the following conditions: > 2
(1) Streamline nose on model. (No change in resistance was observed whether vents

were open or closed.)
(2) Streamline nose removed, but nose radiator covered with a sheet of paper so that there

was no air flow through the core.

1 This Report was confidentially circulated during the war as Bureau of Standards Aeronautic Power Plants Report No. 24.
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(3), (4), and (5) Nose radiator in place with varying amounts of air flow controlled by
opening the vents. Seven or eight different air speeds were tried in each case, the maximum
being about 70 miles per hour.

The results of these runs are given in plot 1 against free-air speed. They show (1) that
the streamline nose decreases the resistance of the fuselage by 50 per cent, and (2) that the
total resistance of the fuselage increases rapidly when air is allowed to enter the radiator, so
that a compact type of core is desirable for this position.

Plot 2 illustrates these conclusions more clearly, since there the resistance of the fuselage
at 60 miles per hour free-air speed is plotted against the mass flow of air through the radiator.
There is also plotted the total resistance of the fuselage with a streamline nose together with an
unobstructed radiator of the same core construction and of such size as to have a cooling
capacity equivalent to that of the nose radiator at any given mass flow. Plots 3, 4, 5, and 6 give
the same data for two other cores, 3 and 4 being for a core of very low head resistance and 5 and
6 for a core of very high head resistance, which would be a very good type for a nose radiator
and a very bad type for an unobstructed position. There are types of core considerably better
for unobstructed positions than those included in this test, while the core represented in plots
5 and 6 is probably one of the best for the nose position.

CONCLUSIONS.

Based on the results of these wind-tunnel experiments on a model fuselage it is concluded

that:
(1) The resistance of a fuselage with streamline nose is increased more by removing the
streamline nose and substituting a radiator than it is by adding an equivalent unobstructed

radiator and retaining the streamline nose.
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(2) Between good radiators for each position the increase of resistance due to the nose
radiator is roughly double that due to the unobstructed radiator.

(3) Above a very low mass flow the nose radiator becomes relatively worse and worse,
as the mass flow is increased. by opening the vents at a constant free-air speed. This fact is
of great importance, since the space available for a nose radiator is so limited that the highest
possible mass flows are used in practice.

(4) It is found that the relative efficiency of the nose radiator and the unobstructed
radiator does not change appreciably with free-air speed for a given setting of the vents.
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PART III.

EFFECT OF STREAMLINED CASING FOR FREE-AIR RADIATORS.

By S. R. Parsons.

RESUME.

This report on preliminary tests of a radiator inclosed in a streamlined casing shows that
head resistance can be decreased by as much as 50 per cent, but the accompanying decrease
in mass flow of air, and consequently in heat transfer, nullifies the advantage gained, with a
possible exception in the case of very high speeds.

DESCRIPTION OF RADIATOR AND CASING.

The radiator used was a 12-inch square section of core, composed of one-fourth inch square
cells, and 3% inches deep. The casing, which was made of galvanized iron, is illustrated in
figure 1. It is streamlined in one dimension only; the top and bottom pieces being flat rectangu-
lar sheets, and the side pieces curved. The curves used are not of the common streamline
form, but are arcs of circles, because of the fact that the air flows on both sides of the sheet.

EFFECT OF CASING ON PROPERTIES OF THE RADIATOR.

The casing causes a very considerable reduction in both the head resistance and the mass
flow of air through the core. As the side pieces are brought nearer together and the area of
the mouth reduced, the head resistance first decreases to a minimum, and then increases. The
lowest head resistance found was about 50 per cent of that of the uncased core, with a mouth
area equal to one-half of the frontal area of the core. For the only section on which reliable
measurements of mass flow have yet been made,

mass flow through streamlined core _ area of mouth
mass flow through unstreamlined core area of radiator face

A decrease in mass flow of air causes a decrease in heat transfer, and the advantage of the
reduction in head resistance is outweighed by the disadvantages of the decrease in heat transfer
and the additional weight of the casing. Plot 2 shows the figure of merit resulting from open-
ings of the casing 9 inches, 6 inches, and 3 inches wide. To show the effect of weight, the figure
of merit has been computed for a casing of galvanized iron, and also for one of aluminum. At
high speeds the effect of weight is small in comparison with that of head resistance, and the
curves are not far below the curve for the unstreamlined core, but they will not reach it at
speeds below 100 m. p. h., and probably not at higher speeds. If there is to be any gain in
figure of merit, at the lower speeds, the proportional decrease in head resistance must be decidedly
greater than the proportional decrease in mass flow of air. Since, however, the decrease in
heat transfer at high speeds is somewhat less for a given decrease in mass flow than at low speeds,
it may be that for a speed of 150 m. p. h. there will be an advantage. The data at present
available do not warrant extrapolation to such a speed.

POSSIBLE ADVANTAGE FOR MASKING.

It seems that if there is to be any considerable advantage in using the streamlined casing
it will be in its adaptability for masking a part of the core. It would be a simple problem in
construction to streamline the water boxes in the vertical dimension and the core in the hori-
zontal, and to place inside of the casing for the water boxes, the mechanism for opening and

closing the mouth of the casing for the core. =
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