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ABSTRACT

Tests were conducted to determine the feasibility of induction
heating of the 20-mm aircraft machine gun Type M-3. Comparisons
of the induction heater with a resistance heater indicate:

1. A 2000-watt induction heater will be needed at an ambient
temperature of -30° C if there is an air blast through the gun
barrel, and a 500-watt heater will be needed if the air blast is
eliminated,

2. A 650-watt resistance heater in the present position for
the T~2 heater should be sufficient at -30° C, provided the air
blast is eliminated.

3. For a given power input to the heater element, the in-
duction heater produced a more even heat distribution and a
greater temperature rise in the gun than the resistance heater,
except in the immediate vicinity of the resistance heater,

4. For either type of heater, it is essential that the air blast
through the gun barrel be eliminated, If this is not possible, at
least a muzzle cap should be used, and the pilot should delay firing
his test burst as long as operationally possible.

AUTHORIZATION

The work done on this project was authorized by Buler
letter to NRL, Aer-AR-25, Serial No. 62250, dated 26 August1946,
Subject TED Project No. NRL AR-2502, Electricity Induced Heat-
ing of Guns,
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Fig. 1 General View of Experimental Setup (Right Front View)

Fig. 2 General View of Experimental Setup (Right Rear View)




ELECTRICALLY INDUCED HEATING OF
20-MM AIRCRAFT MACHINE GUN

INTRODUCTION

1. The purposeof this test was to investigate the practicability of heating the standard
20-mm aircraft machine gun (M-3) by high-frequency alternating current, At the same
time, comparative tests were run using other types of heaters in order to determine
their relative efficiencies.

EXPERIMENTAL PROCEDURE

2. The machine gun was mounted and equipped to simulate operating conditions as
nearly as possible. The setup included hydraulic charging equipment, standard T-2 type
resistance heater, dummy shells, and a high-pressure blower to simulate the air blast
through the gun barrel under flight conditions.

3. Figures 1 and 2 give a general view of the setup used for preliminary tests at
room temperature. Figure 3 shows the instrumentation used, consisting of current-,
voltage-, power-, frequency-, and temperature-measuring instruments. Figure 4 shows
the high-pressure blower used to produce the air blast through the gun barrel. A
similar setup was made for the low-ambient temperature tests, with the gun, blower, and
air-input-metering drum placed inside the weather chamber, and all instruments and
controls placed outside the chamber.

4., The air input was determined by measuring the pressure difference across a
two-inch diameter orifice in the top of the orifice drum. Since the orifice had
been calibrated previously, this measurement, plus the barometric and temperature
conditions, was sufficient to permit calculating the pounds of air per hour through
the gun barrel.

5. Temperatures at varicus points in the gun were recorded by copper-constantan
thermocouples connected to a Brown recording potentiometer Model No. 153 X62 P12-
X-26. The positions of the thermocouples are listed in Table 1.

6. The a-c power was supplied by an 8-kw, 115-volt, single-phase, 800-cps aircraft
alternator, Type 1474X, manufactured by the Bendix Aviation Corporation. The field
of the alternator was separately excited from a 30-volt d-c supply. The electrical
circuit used for the induction heater is shown in Figure 5.



Fig. 3 General View of Experimental Setup (Rear View)

Fig. 4 General View of Experimental Setup (Front View)




Fig. 6 Close-up of Gun Showing Induction Coil
(Right Rear View)

Fig. 7.Close-up of Gun Showing Induction Coil
(Left Rear View)
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10. Tests of the central coil to determine the effect of frequency upon heating were
made at 600, 800, and 1000 cps using 650 watts of power for 30 minutes with the air
blast.

11. For comparison purposes, one test was made using 650 watts of 800-cps a-c power
for 30 minutes without the air blast.

12. One test, to determine the effect of ambient temperature, was run with the air
blast and 800 watts of 800-cps a-c power for comparison with a later identical test at
-40°C. (See Table 3).

13. Preliminary tests were also run on several proposed methods of heating the gun.
These tests consisted of: (1) passing large direct currents through the gun itself, (2)
using resistance heaters placed on the exterior surface of the gun, and (3) using the
present standard T-2 resistance heater installed on the gun. Except for the T-2 heater,
no data were recorded; however, the general observations will be discussed below,

14. The gun was then placed in a chamber where low ambient temperatures could be
maintained. With the gun and chamber initially stabilized at -40°C and using 800-cps
a-c power, tests were run with 800, 1200 and 1600 watts for 60 minutes each. Tempera-
ture readings of each thermocouple were taken at five-minute intervals (see Tables 4, 5
and 6). The maximum air blast available (approximately 380 pounds per hour), using the
air in the chamber, was forced through the gun barrel during these tests.

TABLE 3

EFFECT OF INDUCTION HEATER
(WITH AIR BLAST THROUGH GUN BARREL)

800 Watts - 800 Cycles/sec.
Ambient Tempersture = +19°C,

GUN_TEMPERATURE IN °C,
s HE R R R
t | Bolt |Bass | Recvy, | Recwr, | Barrel Chute Chute | Muzzle |
0 19,0 1 19,0 139,0 | 19,0 | 19,0 | 19,0 19,0 19.8 19,0
5 30,0 | 27,5 1250 | 25,5 | 30,5 | 40,0 2845 3640 3.5
10 35,0 1 33,0 127,68 | 29,0 [ 27,5 [ 52,0 34a0 40,0 3545
15 38,5 | 36,0 [30,0 | 32,0 | 41,0 | 58,0 37,0 41,5 365 | o
20 141.5 | 37,5 130,0 | 32,5 | 43,0 | 61,0 38.0 43,0 38,0 |
25 4400 | 39,5 130,0 | 33,0 | 45,0 | 64,0 38,5 44a0 38,0 |
30 4550 | 39,5 [30,0 | 33,0 | 47,0 | 66,0 38,5 a5 | 38,5 |
35 46,0 | 39,5 130,0 | 33,5 | 48,0 | 67,0 39,0 45,0 38,5 |
40 4655 | 39,5 [30,0 | 33.5 | 42,5 | 67,5 39,5 45,0 38,5 |
45 47,0 | 39,5 |30,0 | 34,0 | 49,0 | 67.5 3%.5 45,0 38,5 |
50 48,0 | 39,5 130.5 | 34,0 | 49,0 | 67.5 40,0 45,5 39.0
55 18,5 | 39,5 130,5 | 34,5 | 5040 | 68,0 | 400 4640 4040 |
60 49,0 | 39,5 30,5 3550 50,0 | 68,0 40,0 46,0 40,0




Rear of Bolt* -

Front of Bolt* -

Aluminum Base -

Inside Receiver* -

Rear of Receiver -

Rear of Barrel -

Upper Cartridge -
Chute

Lower Cartridge*
Chute

Air in Muzzle -
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TABLE 1
LOCATION OF THERMOCOUPLES

small hole was drilled in lower right-hand corner of rear
end of bolt and thermocouple was inserted from rear so
junction was approximately 1/2 inch from rear of boltblock
and 1/8 inch from side and bottom surfaces of bolt.

small vertical hole was drilled from top on right-hand side
of bolt near forward end of bolt, and thermocouple was in-
serted so junction was approximately opposite center of bolt
face on right-hand side, and 1/8 inch behind face.

under bolt head approximately in center of aluminum base
block on left-hand side of gun.

under bolt on inside of right-hand side of receiver and

.approximately centered under cartridge feed mechanism.

under bolt on outside extreme rear of lower left-hand side
of receiver block.

under nut at rear of gas cylinder guide.

held against inside of metal frame for cartridge feed
mechanism and approximately 2 inches above base.

on right-hand side between lower face of feed mechanism
throat block and upper surface of magazine slide, and in
approximate center of feed mechanism.

projecting downward at extreme forward end of barrel so
that junction was held in approximate center of gun bore,
and about 4 inches in front of end of barrel.

* Considered to be the most critical points for gun operation.

> 4 -
INDUCTION D ¢ )E 30 VOLT
HEATER : DG SUPPLY
5 N 0 1 |
E Q‘Q e a1

Fig. 5 Circuit Diagram for Induction Heater Test
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7. Preliminary tests were conducted at room temperature to determine the best coil
arrangement for obtaining the maximum temperature rise at the most important locations
in the gun for a given power input of 800-cps alternating current. Coils equipped with taps
were placed around the rear portion of the receiver and the rear portion of the barrel so
that the axes of the coils coincided with the longitudinal axis of the gun. A third coil
was placed around the cartridge chute with the coil axis at right angles to the longitudinal
axis of the gun. These coils were connected inseries. Various combinations of the number
of turns used on each were selected by changing the tap connections. The coils were
always connected in such a manner that, for an assumed direction of current flow, the
magnetic fluxes produced by the forward and rear coils would be toward the center of the
gun, and those produced by the center coil would be upward. In all tests, the active power
(waihneter reading) was kept constant at 650 watts (regardless of current and voltage),
and the temperature rise at various points throughout the gun was determined after 30
minutes,

8. The maximum available air blast, approximately 380 pounds per hour, was used at
all times (see Table 2). It is understood that an airframe manufacturer determined the
air flow to be 450 pounds per hour at an airspeed of 550 miles per hour.

9. From these tests it was decided that a single elongated, flat, horizontal, central
coil of 40 turns located on the upper portion of the receiver gave optimum results, This
arrangement was therefore used in all subsequent tests. (See Figures 6 and 7).

TABLE 2

EFFECT OF LOCATION AND NUMBER OF TURNS
OF INDUCTION HEATING COIL ON GUN TEMPERATURE

Time - 30 minutes

Power - 650 matts

Amblent Temperature = +20°C.

A% Blast - Approximately 380 1bs. /hre

N0, ; cmwm.

: AMP, | VOITS | FREQ. | Rear | Front | Inside | Rear Rear Lower AMr
Rear |Uenter | Fwd. of of of of of | Certridge| in
Coil | Goil [Coil i |Bolt |Recwr, | Recvr, | Barpel | Chute
| g2 15 8,0 | 207 800 | 33,5 | 13,0 | 6,0 20 | 40,0 6,5 -ﬂ
g2 0 2 | 9,01 204 800 135,01 12,0 ) 2,0 | 35,5 | 43.5 3,0 18,0

0 15 .8 | 118 200 | 10,0 | 12,5 | 31,0 6,0 | 46,0 10,0 12,5
22 15 0 |i0,0] 173 800 | 50,5 ! 15,0 | 4,0 | 52,0 5,0 6.5 17,0
45 15 45 133,31 130 g00 138,51 17,5 | 8,0 | 22,5 | 43,0 9.5 17.0. ]
45 15 & 110,31 15 800 123,01 13,0 | 5,5 | 16,0 | 59,5 55

15 45 | 9,3 132 | soolugo)] 24,0 35,0 | 44,0 | 19,0 6,0 16,0 |
0 30 0 |21.2 80 | €00 125,01 19,0 | 18,5 36,5 | 24,0 | 12,5 19,5
0 L0 Qo |15.4 | 138 200 25,5 | 16,0 | 19,0 | 25,5 | 22,5 [ 19,5 20,0 |
0 40 o |37.3 | 122 600 123,5 | 14,5 | 18,0 | 21,0 | 19,5 20,0 | 18.5 |
o I 40 o |3sh | B} - 35,5 |.36,0 | 39,0 1 25.5 | 22,5 29,5 . 1. 20,0 |
0 40 o 1342 | 350 | 1000 133,01 23,0 | 26,5 | 30,0 20 27,0 24,0
0' 4D 0 115.4 | 138 | 200452,0 | 45,0 | 57,0 41,0 AlsOQ 58,0.

# Wo air blast through barrel.
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TABLE 4

EFFECT OF INDUCTION HEATER
(WITH AIR BLAST THROUGH GUN BARREL)

800 Watts - 800 Cycles/sec.
Agbient Temperature = -40°C

LABORATORY

Tear | Front | Alum, e e g aG'Upper Towsr | Air
Time (Mn.) | of of of of of |Cartridge | Certridge | in

Bolt |Bolt |Base |Recwr, |Recvr, |Barrel| Chute | Chute |Muggle
0 ~38,0 | =39.5 | =39,5 | =38.5 | ~39.5 |=39:5 =395 =400 |-
5 25,0 | =28,0 | =33,0 | 27,5 | =29,0 | =28,0 =26,0 =27,0 | -24,0 |
10 ~1605 | =24,0 | =30,0 1 =22,0 | =20,0 [-20,5 -20,5 =22,0 |-18,5
15 =12,51=21,5 | -28,0 | ~20,0 |=15,0 [ -35,5 -18.5 =19,5 [-17,0
20 - 9,51-20,0 | -27,0[-18,0 |=11,0 |=-13,0 -17.5 =18,0 |-16,0
25 = Tg5 | =19:0 | =26,0 | =17,0 [~ 8,5 |=10,0 =17.0 =17,0 | =15.0
30 = 65,5 | =18,5 1 =260 | =17,0 |- 7,5 | = 950 =16,5 =17.0 | -15,Q
35 - 6,01 =17,5[=25,5[=17.0 |~ 6,5 [= 8,0 =16,5 =16,5 | -15,0
40 = 5,0 1 =17,5 125,51 -1645 |= 5,5 [= 7.0 =1645 =16,5 | =14,5
45 = 5,0 | =17,5 | =25,5 | =16,5 [~ 5,5 |= 7.0 =16,5 =170 | -14.5
50 = 5,0 | =175 | =25,0 | =16,0 |= 5,0 |~ 645 =16,5 =17,0 | =14,5
55 = 5,01=17,5 1 -25,01-16,0 [= 5,0 |= 6,5 =16.5 =16.5 =14.5
60 = 5,01 =175 | =25,0 | 16,0 [= 5,0 |= 6,5 =165 =16.5 | -14.5

TABLE 5
EFFECT OF INDUCTION HEATER
(WITH AIR BLAST THROUGH GUN BARREL)
1200 Watts - 800 Cycles/sec.
Ambient Temperature = =40°C.
Rear | Front | Alum. MW%? oc.Upper Lower air
Time (Min,) | of of of of of | Cartridge | Cartridge | in

Bolt |Bolt |Base |Reovr, | Reovr, | Barrel L Huzzle |
0 =41,0 | =41,0 | =41,0 | ~£3,0 | =41,0 |=41,0 A ) =40,5 | =37.5
5 -23,0 | ~28,0 | -31,0 5 | =25,5 | -22,5 =22.0 =23,5 |=23,0
10 =11,0 | =23,0 | =27,0 | ~19,0 | -14,0 |=-12,0 =13.5 =16,0 _|-20,0
i5 = 440 1=20,0 |-25,0 1=16,0 |~ 6,5 |= 6,0 =11.0 =13,0 | =17.5
20 = 1,0 | =18.5 [=24,0 | =12,0 | = 1,5 |= &0 =10.5 =11,5 | =17,0
25 + 1,0 |=17,5[=23,0 |=13,0 1+ 1,0 |=Js5 = 9,0 =11,0 |=16,0 |
30 42,5 |=17,0 [=22,0 1-12,0 |+ 3.5 0,0 = 9,0 10,5 | =15.5
35 + 4,0 1=16,51-22,01=12.0 |+ 50 |+1,0 | = 8,0 =10,0 | -15.5
40 + 420 1=16,0 | -22,0 |=11,5 |+ 5,5 1+ 1.0 % = 8,0 [ =10,0 |-15,5
45 4 4,5 1=16,0 |-22,0 |=11,0 [+ 6,0 |+ 1,0 l =80 | -iop -3
50 4 4,5 | =16,0 |=27,0 1=11,0 |+ 7,0 [+ 2,0 = Ta5 =9.5 |-15.0
55 + 5,0 |=15,5 [ -20,0 |=11,0 |+ 7,0 |+ 2,0 - 7.0 =10,0 | =15,0
60 + 5,0 |=15,5 [-20,0 |=11,0 |+ 7,5 |+ 2,5 - 7.0 = 9,5 | =150
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TABLE 6

EFFECT OF INDUCTION HEATER
(WITH ATR BLAST THROUGH GUN BARREL)

1600 Watts = 800 Cycles/sec.
Ambient Temperature = =40°C,

GUN TGPPEBATURE 1N _°C,
Rear | Front |Alum. r Inside | Hear | Rear Upper Lower Air
Time (Mn.) | of _of of of of | Cartridge | Cartridge | in
Bolt | Bolt !Base, |Heewr, | Recwyr, | Barrel Chute Chute Myzzle |
0 =40,0 ! =£0,0 | =40,0 | -£0,0 | -40,0 | -£0,0 =40,0 =40,0 l-zo0
5 S15.5 | 27,5 | 27,5 [-19,5 | -20,0 |-15,5 | -15,0 -26,0 | -27,5
10 -3,0|-21,5-22.51-31,5 |-6,0 |~ 4,5 - 7,0 - 9.5 [-01,5
15 43,50 -18,0-20,0 |- 8,0 [+2,5 (43,0 | - 4,0 = 6,0 [-18.5
20 +%8,0| 16,5 -19,01 - 6,0 |+ 7.5 |+65 | - 30 =iyt (iLas
. 25 410,01 -15.0 | =18,0 1= 5.0 | #3305 {4u5 | 2,0 - 2,5 |-16,
30 4120 -1, ! 17,0 | = 4e0 | 410 | +30,0 - 1,0 - 2,0 |-15,5
35 +13.5_| =13,0 ;[_-16.0 = 4,0 | +16,0 _+11,0 0,0 = 1,5 | =140
40 =+1¢.sj 12,5 | =150 | = 3.5 | +17,0 | 432.5 4.5 =g.e llayge
L5 ..+15.5%—1g.0 =14,0 | = 3,0 | 417,5 | +13,5 S -11,0 |
50 +15,5° =12,0| -14,0 |~ 2,5 | 18,0 [ 41/,0 *igh = 1,0 | -1250
55 +15.5=[ —12,0 14,0 |- 2,0 |#18,5 | +14,0 + o5 0,0 |=13.0
60 415,5 | =12,0| =1£,0 | = 2,0 | +19,0 | +14,0 + 45 0.0 | =34,0

15. A similar test was run using 800 watts of 400-cps a-c power (see Table 7).

TABLE 7
EFFECT OF INDUCTION HEATER
(WITH AIR BLAST THROUGH GUN BARREL)

800 Watts = 400 Cyeles/sec.
Ambient Temperatura = =40°C.

GUN_TEMPERATURE, 1N °C,

Rear |Front |Alum. ] Inside | Rear | Rear Upper | Lower Alr

Time (Min.) | of of of of of | Cartridge | Cartridge | in
Bolt |FBolt |Base |Rec Recvr, | Barrel | Chute | Chute | Muzzle |

0 -40,0 | =39,0 W-&z.a -42,0 ~42,0 =50,0 | ~28,0
5 =32,5 | =34,0 | =430 | ~42,0 |-34,0 | -27,5 =32,0 =4, 5 | =260
10 =26,0 | =30,5 | =36,0 | =37,0 | =-27,0 quo.o =270 -41,5 | -23,5
15 =22,0 | =27,5 | =34,0 | =34,0 =m0 |-15.0 -23,0 -39,6 |-21.0
20 =18,5 | =25,5 | =31,0 | =31,5 |-18,0 |-12,0 =20,0 -37,0 | -19,0
25 ~16,0 1 -23,0 29,0 | =29,5 |-15.0 |- 8,5 | -18,0 -36.5 | -17,0
30 =14,5 | =22,5 -29,0 | -29,5 |-13,0 |- 7,0 =17,5 =36,5 | =16,0
35 S35 92,0 290|290 |-12.0 |- 5.5 -17,0 =26,5 l-lS.D
40 =130 [=21.5 -28,51-29,0 [-11,0 |- 50 | -17,0 =36e5 | =1h.5
45 ~12,5 | =21,5 | -28,5 | -29.0 |-11.0 |- 4,5 -17.0 -37,0 | -14,5
50 =12,5 | =22,0 | =28,5 | =29.0 | ~10.5 | = 4.0 -16,5 =645 | -14,5
25 =12,51-21,5  =28,5 1 ~29.0 |-10,5 |- 4,0 =16,5 -37,0 | -14,5
&0 -12,5 | -22,0|-28,5 | -29,0 |=10,5 |= 4,0 -16,5 =370 | -14,5
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16. Similar tests were made without the air blast using 400 and 800 watts of 800-cpe
a-c power (see Tables 8 and 9).

TABLE 8

EFFECT OF INDUCTION HEATER
(NO AIR BLAST THROUGH GUN SARREL)

400 Wutts - 200 Cyoles/ses.
Ambient Temperature = -40°C.

gl ) T = e h-;armbc.nm S u:‘]|
Time (Mn.) | of of of | of of |Cartridge w.dprm |
0 =£40,0 | =40,0 | =£0,0| =40,0 ]-.w.o =400 | -g0.0 =40,0 | 40,0
5 =31,5 1 -35,01-38,01 =33,5 | =34,0 | -31.0 =32,0 =32,0 |«
10 =250 | 20,8 | =35,0 . =275 | -29.0 | 26,0 =28,0 =25,0 | =38,0 |
15 21705 | =245 | 32,5 | 21,0 | -23,5 | -20,5 =245 -17,5 | =38, |
20 =13,0 | =21,0 | =31,0 | =17,0 | -20,0 15_-1.3.5 =22.0 =13,0 | =37,5
24 = 9.0 | =18,0 | =29,5 | =13,5 | =17,0 | =16,0 =20,3 =10,0 | -37,0
30 = 5,0 | =25 | =28,5 | =11.5 | =TA,5 ‘-:u.s =15,5 = %5 1=37,0 |
35 = 245 =115 ~27,5 =100 1 =32,0 =3,0 | =18,0 = 6,0 | =37,0 |
40 050 | = 9,5 | <29,0 1 = 90 | =31,0 | -32,5 =18,0 = 45| =37,0
45 $2,01~7,51-27,001-7,5 |~ 9.0 =100 | -1£,0 =30 |-37,0
50 240|-s0lo6si -6 |-g0 logs | 7.5 =20 |-36.5 |
55 45,536 -26,00=%65 |=60 |=%5 | =170 ~ 1.5 l=260
) + 7.0 | =2,51-260| =420 | =50 | =65 [ -17,0 = 45 =350
TABLE 9

EFFECT OF INDUCTION HEATER
(NO AIR BLAST THROUGH GUN BARREL)

80O Tatts - 800 Cycles/sec.
Ardient Tempersture = =409,

e T P G ccElrper Tower | Air
Time (Min.) | of of of of of |Cartridge | Cartridge | in
Eolt |Polt [Base |Recvr,| Fecwr, Daryel | Ohyte | Chute - Iusgle
1 =39,5 | =41,0| =20,5 | ~40,0 | ~£0,5 | ~40,5 =41,0 =41,0 | =40,0
5 -26,01-33,51-35,0 | -27,0 | 29,0 | -26.0 =26,0 25,0 | =19,0
10 = 9,0 | 24,0 | =29,5 | =14,0 | -18,0 | 15,0 =16,0 = 2,0 | =320 |
15 42,01 -24,0!-27,01-5,0 | 31,0 |- 2.0 ~11,0 $ 220 {=3725 |
20 +o.sl-gelonoley s |95 [ o300 = 7.0 40,0 | -37,0
25 ' $17,5 |4 1,51 -24,0 |+ 8,0 | +2,0 |+ 3,0 -~ _5.1 16,0 | =37,0 .i
30 1423,5 + 8,61 22,5, 432,85 | + 7,0 |4 7.0 = 3,0 sl el
35 iw.s.s 445 | 22,0 a3 Laaos leas | -2 23,0 37,0 |
40 1+73,00+18,0|-20.5+410,0 [+10,0 | 4130 | = .5 | 4960 |-37,0 |
45 +37,0 | 422,51 -319,0 | 422,0 | 37,0 | 415,0 = S i | +é3,.9__l;j_'z_ﬂ__1|
50 20,5 | 425,5 | 18,5 | 423,0 | 419,5 | +16,0 + 1.0 30,0 | =37,0 |
55 +42,5 | & | 2,5 | 25,0 | 92,5 | +18,0 +2.0 43,5 | =37.0 ]
LIl 50 55,5 | +31,0 | ~18,0 | #26,5 | 423,5 | 19,5 +2.5 +33.0 =370 |
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17. Using the standard T-2 resistance heater operating on d-c power, tests similar to
those above were ruu for 200 and 400 watts with the maximum air blast (see Tables 10
and 11).

TABLE 10

EFFECT OF RESISTANCE HEATER (TYPE T-2)
(WITH AIR BLAST THROUGH GUN BARREL)

200 Watts - Direct Current
Anbient Temperature = -40°9C,

GUll TEMPERATURE IN °C,
Rear |Front | Alum. | Reer Hear Upper Lower Ar
Time (¥in.) | of of of of | Cartridge | Cartridge | in
Bolt |Bolt |Bage | Recvr, | Barrel| Chute Chute | Mugzle |
o] =1p0 | =43,0 | =42,6 | =42,0 | ~42,5 =42 ,0 =42,0 =38,0 |
5 ~138,8 | 34,8 | =41,8 | =40.1 | -41,0 -38,8 =40,0 | -28,0
10 =34,5 | =30,0 | «38,8 | =37,1 | -38,0 ~35.0 =37,0 | -23,5
15 =312 [+=28,2 | =368 =34,6 | =35,0 =331 =36,0 | -21,2
20 ~29,1 | 26,5  -35.0 ] =32,3 | =33,0 =31,5 =35.5 | -19.1
25 =28,0 | =26,0 | =35,0 | =31,0 | -32,2 =31,0 =35,7 =18,8
30 =27,2 | =26,0 | =35,0| -30,6 | -32,0 =30,0 =35,2 | -18,7
35 o6l 20l 30,0 | 21,0 | =29,9 =35,0 | -18,1
40 =264k | =25,0 | =34,5 | =29,5 | =30,5 -23,8 =35,2 | =18,0
45 ~26,0 | =25,0 ~°4.2T-29.1 ~30,2 29,6 -35,1 |-18,0
50 -26,0 | =25,0 | =34,5 | 29,0 | =30,0 -29,6 —35,2 |-17,9
55 ~26,0 | =25,0 | =34,2 | =29,0 | =30,0 -29,8 =35,1 | =17,8
60 =25,8 | =25,0 | =34,2 | -29,0 | -30,0 -29,7 =35,0 | =17,7
TABLE 11

EFFECT OF RESISTANCE HEATER (TYPE T-2)
(WITH AIR BLAST THROUGH GUN BEARREL)

400 Watts - Direct Current
Anbient Temperaturs = =40°C.

GUN TEMPERATURE IN_°C,

Rear | Fronmt | Alwm. | Rear Rear Upper Lower Air

Time (Mir.) | of of of of | Cariridge | Cexrtridge | in
Bolt |Bolt |Base |Recwp, |Barrel| OChute | Chute | Muggle

o 40,0 | =38,5 | 47,0 | =42,0 | =42,0 =41,0 ~41,0 |=28,0
5 | =37,0]=31,5 | -43,0]=39,0 |=39,5 ~37a5 =38,0 | -26,0 |
10 =325 | 27,5 | =39,0 | =36,0 | =36,5 | =34.5 =34e5 | =23,0
15 =29,0 | =24,0 | =36,0 | -33,0 |=33.5 =32,5 -31,5 |-20,0
20 =25,5 | =22,0 | =34,0 | ~30,5 | =310 ~30,5 -30,0 | -18,0
25 ~24,0 | =21,5 | =39,5 | =29,0 | =29,5 =29,5 =29,0 |-17,5
30 =23,0 | =21,0 | -33,0 | =27,0 | -28.5 =28,5 28,5 | -16,5
35 22,6 | =21,0 | =33,0 | 27,0 |-28,0 =28.5 =28,5 | -=16.0
40 =215 | =210 | =33,0 | =26,5 | -27,0 -28,0 =28,0 | =16,0
45 21,5 | -p0,0] =32,0|-26,0 |-26,5 -27.5 27,0 | -15,5
50 ~21,0 | =19,5| =31,5 | -25,0 | =26,0 =250 27,0 |-15.0
55 -21,0 | =19,5 | =31,0 | -25,0 |-25.0 =26,5 26,5 | =1ha5
60 ~20,5 | =19,5| =31,0 | =25,0 | -25,0 =26,5 =26,0 | =14,0
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18. A test was made of the T-2 resistance heater with 400 watts d-c input and no air
blast (see Table 12).

19. With the gun and chamber stabilized at 0°C and using 800-cps a-c power, tests
were run using 500, 650, 800, and 1200 watts, and readings of gun temperatures were
taken every five minutes while the chamber temperature was decreased .at the rate of
1°C per minute (see Tables 13 through 16). The maximum air blast through the gun
barrel was used continuously during these tests.

TABLE 12

EFFECT OF RESISTANCE HEATER (TYPE T-2)
(NO AIR BLAST THROUGH GUN BARREL)

400 Watts - Direct Current
Antient Temperature = =-A0°C,

Rear | Front | Alum, Raarﬁ Hear mtl::;r Lower Air

Time (Min.)| of of of of | Cartridge | Cartridge | in
Bolt |Bolt |FPese |Recer, Barrel)| OChute | Ohute | Migzle
o =41,5 | =40,0| 40,0 =40,0 | -43.0 | 40,0 =40,0 | -40,0 |
5 =40,5 | =27,5 | =39,0 | =40,0 | =41,0 =400 =38,0 =39.5
10 -38,00-9.0(-36,0|-39.5 | -3g,5 | 38,5 =340 |-38,5
15 =34,0 1+ 5,0} -33,00-38,5 | 34,0 | -36.5 =29,0 |-38,5 |
20 =29,5 | 17,0 | =30,5 | =37,0 | =30,0 =340 =245 =38.5 |
25 =25,5 | #25,0 | =28,5 | =35,0 | =27,0 =32.0 =20,5 | =38,5

30 =22,0 | #31,5 | =26,5 | =33,0 | =24,5 =300 =16,5 | =38,5
35 -18.0l+37,5! 2551330 |-22.0 | -28.5 <1t |35 |
_40 =15 | 441,0 | -22.0 | -29.0 | -19.5 | -27.0 32,8 |oams |
A5 =110 § +45.0 | =23.0 | =27,0 | =17,5 =25.5 =11.0 =38,5 |
50 =T7a5 | HB,5 | 22,0 | =25,5 | =16,0 =25.0 = 9.5 =38.5 |
55 = 5,0 [ 451,0 | =21,5 | =23,5 | =15,0 =23.5 = 8.5 =38.5 |
60 -3.0l+53,0l-20,5-230 |-34,0 | 22,0 -80 |-m5 |

TABLE 13

EFFECT OF INDUCTION HEATER, UNDER A VARIABLE AMBIENT TEMPERATURE
(WITH AIR BLAST THROUGH GUN BARREL)
500 fatts - 800 Cycles/sec,
Ambient Temperatire and Gun Initially Stabilized at 0°C,
Arbient Temperature Dropped Uniformly at Rate of 1°C. per min,

Rear | Front | Alum. hﬁ%% |=’G-lll:;puar Lower Air
Time (Min.) | of of of of of | Cartridge | Cartridge | in
Bolt |Bolt |Bage | Recvr, |Recwy, Barrel| Chute | Chute | Muzzle
0 0 0 1) 0 0 0 0 0 0
5 l+gslegoleg0l+6,8 [+60 [460] 270 +6,0 1+13,0 1
0 4130+ 8,01+ 3,0+ 8,0 14300 |+ 9,0 + 8,0 + Ts5 +14,0
15 #15,5|+ 6,5|+ 5|+ 6,0 |+12,0 | +11,0 + 6,0 + 6.0 | 4145
20 415,01+ 4,0 1= 7,0!+ 3,0 [#12,5 [+410,5 43,0 + 3,5 1412,5
25 413,01+ 1,0|- 6,5 0,0 [+41,0 [+9,0 - 1,0 0,0 |+ 9,0
30 410,01 - 3,0|-10,5!= 4,0 |+8,5 [+ 50 - 5.5 =40 1+ 5.0
35 + 6,5~ 7,5|~15,0[~ 8,0 |+60 [+3.0 = 9,5 - 8,0 |+ 1,5
0  |l+2.5l-1201-39,01-13.0 |+2,0 |~-13.0 =15 =13,0 |- 3.5
A5 = 2,5|-16,01-24,01-17.5 |- 2,0 |~ 6,5 -18.9 =17,0 |- 8,0
50 = 7,0|-20,0|=27,01-21,5 [- 6,0 |=10,5 -22,0 =21,0 |-12,0
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TABLE 14

EFFECT OF INDUCTION HEATER, UNDER A VARIABLE AMBIENT TEMPERATURE
(WITH AIR BLAST THROUGH GUN BARREL)

650 iWatts - 800 Oycles/sec.
Anbient Tempersture and Gun Initially Stabilized at 0°C.

Ambient Temperature Dropped Uniformly at Hate of 1°C. per min.

GUN_TEMFERATURE IN °C,
Rear | Front | Alum, | Inside | Rear | Rear | Upper Lower FES
Time (Min,) | of of of of of | Cartridge |Cartridge | in
Bolt : Bolt iBase |Recwr, | Recvr, | Barpel Chute Chute 131_1_3_&_4
o C 8] 4] g 0] n 8] 0 o] |
5 |40 +80i+40+80 l+7,3 |+85 | #9100 | +85 |412,0
10 17,0 11,0 [+ 5,0 | +11,6 | +14,2 | +14,0 +13,5 412,0 | #17,0 |
15 . +20.0 r + 0,0 1+ 1.8 1 410,0 17,0 +16,0 g +10,5 +10;0 | +15,0 |
20 1410,6 1+ 6,01- 201467 [+1956 {4150 | +6.0 £7,0 |412,5
25 +18,0 : + 2,5 = 4,0 |+ 4,0 | 416,5 | 413,0 i + 2,5 + 2.9 + 9,0 I
30 +15,0 1= 2,0 |-8,0] 0,0 |#1£,0 |+9,0 = 2,0 = a8 + 540
35 *10,5 k= 6a5 | =13,0 - = 4G | #11,0 |+ 6,0 = 7,0 = 5.0 x a9
40 + 6,01 -10,81=17,51~ 9,5 |+ 7,0 '+2,0 =11,3 =10.C = 40
L5 * 1.5 15,0 | =22,0 | =140 1+ 3,0 |= 1,0 =16,0 =1he5 = 840
50 - 2,5|=19,0|-26,0 (=180 |- .8 |- 5,0 =20,0 =12:0 =11,5
TABLE 15

EFFECT OF INDUCTION HEATER, UNDER A VARIABLE AMBIENT TEMPERATURE
(WITH AIR BLAST THROUGH GUN BARREL)

400 Watts = 800 Cycles/sec.
Ambient Temperature and Gun Initially Stabilized at 0°C.

Arbient Temperaturs Dropped Uniformly at Rate of 1°C. per min.

G TELFERATURE IN °C,
Rear | Front | Alum, | Inside | Hear Rear Upper Lower Air
Time (M&n,) | of of of of of | Cartridge | Cartridge| in
Bolt | Bolt | Base | Recvr, | nescvr, ! Barpel | Ohyte Chute | Muzale

o | =L 0 (4] #] o] 0 Q } 8]

5 +1o.o[ + 76|+ 5,8+ 9,8 | +7,0 |+8.5 +11,0 +8,8 14112
10 18,01 11,5 | + 6,6 415,0 | #15,0 | +15,0 | +15,2 +13.0 | '416,0
15 +22,6] +11,0| + £,5] +13,6 {420,0 | +18,0 | +13,5 42,5 [ +15.0
20 423,80+ 8,51+ ,5]410,0 !+.'il.0 +18,5 4 8,5 + 9,0 !+12.o
25 2350+ 43l -3.5]46,0 |s108 |93m,0 | s43 | 48 l+80
30 #17,5] 0,0 = 8,01+2,0 r+:L?.o 13,6 0,0 0,0 |+ 4o
35 1%l = hes | 12,5 - 2.5 Laihs | 4100 | = 4,2 =3 0,0
40 + 9,41 -8.61-16,5/-6.2 |411.0 |4 6,0 - 8.5 = 8,0 = 42
L5 # 5.3 =130 =20,5| =10,8 [+ 7.6 [+2,2 ~12,8 1,8 | -9,0
50 +2.0|-17,01-23,91 24,5 |+ 2,0 |=20 | -17.0 =16,5 | -13,0




NAVAL

RESEARCH

TABLE 16
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EFFECT OF INDUCTION HEATER, UNDER A VARIABLE AMBIENT TEMPERATURE
(WITH AIR BLAST TEROUGH GUN BARREL)

1200 vatts - 800 Cycles/sec.

Ambient Temperature and Gun Initially Stabilized at 0°C.

Ambient Temperatire Dropped Uniformly at Rate of 1°C. per min.

Rear | Pront| &l c.Ih:bpc:‘r' Lower Ajr
Time (Min,) | of of Cartridge | Cartridge | in
Bolt | Bolt | Bege | Chute Chute | Muzzle
o] Q Q 0 Q Q i8] o] 0 g
5 +17,0 | #10.5 | + 8,0 | 15,5 | +14,0 | 416,5 +17,5 +16,0 4164
10 +27.0 | +13,0] + 8,5 | 19,5 | +24,0 | +24,0 +21.5 420,80 +17:0
15 +31,0{ +13,01 + 7,0 | #18.5 | +22,0 | +38.0 +20,5 +20,0 +15.0
20 +32,0 | +11,5 | + 4,0 | 4165 | +31,0 | +28,3 +17.0 +17:0 +12,5
25 431,01+ 8,5+ 1,00 414,0 | 4310 | 426,0 +1L,0 +14,0 + 9,0
30 429,0 [+ 5.0 = 3,0 | 410,5 | 30,5 | +23,5 +10,0 +10,5 |+ 5,5
35 #25,0 | + 1,01 = 6,01+ 5,5 | 27,5 | +21,0 1 5,0 + 6,0 [+ 31,0
A0 421,51 = 2,0/ =10,0 1+ 3,0 | 423,5 | +18.0 + 1,0 * 1.5 = 3,0
45 +18,0 | = 7,0 =14.0 | = 3,0 | #20,5 | +14,5 = 2,5 = 1a5 = 6,0
50 14,5 =11,0] =17,0 1 = 6,5 | 417.0 | +12.0 = 7.0 = 6,0 = 2.0

13

20. A test similar to those above was made for 800 watts of 800-cps a-c power, using
a chamber rate of temperature drop of 3°C per minute (see Table 17;.

TABLE 17

EFFECT OF INDUCTION HEATER, UNDER A VARIABLE AMBIENT TEMPERATURE
(WITH AIR BLAST THROUGH GUN BARREL)

200 Matts = 800 Cycles/sec,

Ambient Temperature and Gun Initially Stabilized st 0°C.

Ambient Tempermture Dropped Uniformly at Rate of 3°C, per min,

I GOl TSIPLA TURE TN 90,
Rear | Fromt | Alum. ! Ir=ide | Rear | Rear Upper Lower Air
Time (Mn,) | of of off of of Cartridge | Cartrides | in
Bolt | Eolt | Baze 11g.cvr. Recwr, | Barrel te Chute Muzzle
0 4] o] o e o (o] 8] 0 ]
3 + P51+ 3,5 # Qnii + 5,0 4+ 4.0 | F5.9 + 6.0 + 2.6 |+ 8,0
6 $12.0| + 4o5 1+ 1.0+ 5,5 |+ 6,5 |+ 75 | 475 + 4.5 | 4100
H ]
9 +15,0 #2350 - 2.0+ 6,0 |+9,0 [#10,0 | + 5.0 4200 | i8S
1
s 415,01 = 2,01~ 8.0+ 4,0 |410,0 |+9.0  +1.0 sogers e
i 1
} 15 +13;5 ) = 5.0 | =12,0 00 |+ 9,0 [+ 7,0 = 4,0 = 545 o
|V 18 4115 | = Fe5 | =16.0 | = 420 1+ 745 |+ 535 = &,0 = 8.5 = 3.0
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EXPERIMENTAL OBSERVATIONS

21. The observations of tests of various coil arrangements are given in Table 2. These
figures show that the heat generated in the gun can be shifted to any desired location by
suitable design and placement of the coils. The final selection of coil size and arrange-
ment (40-turn central coil on upper portion of receiver) was based both on the results
obtained, which indicated a fairly even distribution of heat throughout the gun, and also
on the practicability and simplicity of installing such a coil where it would not interfere
with gun operation and would be adaptable to either right- or left-hand ammunition feed.
Such a coil could be rigidly clamped to the receiver, and should extend from a point just
forward of the rear plate (in order not to interfere with its removal) to a point just for-
ward of the feed mechanism. The sides of the coil should be placed below the upper
surface of the receiver--above the hydraulic charger and under the link discharge chute
on one side, and below the feed mechanism operating arm on the other side. Such a coil
could be made adaptable to either right- or left-hand feed by shifting it slightly to the
right or left on the gun, or by rotating the coil 180° in the horizontal plane.

22. No attempt was made to design an actual coil because wire size, number of turns,
and exact location on the gun will depend largely upon the current, voltage and frequency
rating of the power supply, the means employed for the correction of power factor, and
the regulation of frequency or voltage. The coil used in these tests was wound with 40
turns of No. 12 AWG enamel-covered copper wire, taped together in order to be self-
supporting. It is shown on the gun in the proper location in Figures 6 and 7. In anattempt
to reduce the IR loss in the coil itself, a similar coil was wound using No. 9 wire, but its
size and weight were deemed excessive for the additional heating of the gun obtained, and
it was discarded.

23. It was noted that frequency did have some effect on the heating of the gun, even
though the active power input to the working coil was maintained constant (as shown in
Table 2 and by a comparison of Tables 4 and 7). This may have been caused by the vari-
ation of the current-voltage relationship at different frequencies. Since the higher fre-
quencies require lower currents and hence produce less I°R loss in the coil itself, a
larger percentage of the total power input is absorbed by the gun at the higher frequencies.
The additional energy may, therefore account for the additional heating of the gun.

24. In the test of direct heating of the gun by passing large direct currents through the
gun, no data were recorded, but 200 amperes was conducted from a terminal at the rear
of the receiver to one at the forward mounting bracket on the trunnion block (the aluminum
base block was not insulated electrically from the gun) and a voltage drop of approxi-
mately 2 volts was registered between terminals, indicating a power input of approxi-
mately 400 watts. The only noticeable heating effect was produced in the immediate
vicinity of the terminals, and the heating effect on the critical portions of the gun was
negligible. Consequently, this type of heating was not investigated further.

25. Two standard commercial 250~watt strip heaters (one on each side of the receiver)
externally to the gun, produced high temperature rises in the immediate vicinity of the
strip heater, but had very little effect at even a relatively short distance from the heater.
Furthermore, considerable radiation from the exterior surface of the heater indicated the
necessity of either limiting or reflecting this radiation in order to secure maximum
efficiency, or of placing this type of heater internally so that the total radiation would be
effective in heating the gun, Since better means of heating the gun was available, no
further investigation of the external resistance heater was conducted.
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26. Tests using the T-2 heater indicated excellent design as to physical location in the
gun to produce a maximum heating effect in the portions of the gun where it was most
desired, but the total heating produced by it was grossly inadequate. The T-2 heater is
rated at 200 watts, but gince these tests were conducted at an ambient temperature of
-40°C, 400 watts was used without destruction of the heater. A larger heater placed in
the same location might offer a practical solution; however, the space provided is ex-
tremely critical, and it is not known whether a heater of adequate rating could be put in
this limited space‘

27. The observations made at -40° C ambient temperature for the induction heater are
given in Tables 4 through 9 and Figures 8 through 14, which are largely self-explanatory.
Comparable tests have been plotted on the same sheet to facilitate direct comparison,
and the same scales have been used in plotting all curves in this report. It is obvious
from these curves that the heating effect is not the same in all portions of the gun,
particularly when an air blast exists through the gun barrel. For example, as can be
seen from Figure 8, the front of the bolt, which is directly in the air stream, has a re-
latively small increase in temperature rise even for a large increase in power input.
Comparison of the curves of Figures 8 through 14 for each gun position with and without
the air blast shows that the air blast has a tremendous effect upon the cooling of the gun.
These tests were all conducted, however, with a dry gun. Should the gun have a coating of
ice, such a coating would act as a thermal insulator, and since the induction method
of heating applies the heat internally to the metal, the temperature rise at the
surface might be larger than if the metal were not shielded by the ice. The ice
might, therefore, crack loose by melting at the surface of the metal under the im-
pact of the bolt, without actually melting entirely. It is obvious from these curves
that the air blast through the gun barrel must be eliminated if the gun heater rating
is to be kept within reasonable bounds.

28. In order to secure the quantity of air desired through the gun barrel, it was
necessary to compress the air at the muzzle to maintain a difference of pressure
between the muzzle and the breech. This air was necessarily heated by the com-
pression so that the temperature of the air in the barrel was above ambient tempera-
ture; it thus contributed slightly to the heating of the gun barrel. As the air passed
through the barrel, it expanded again and cooled. It is understood that this pheno-
menon has also been noticed under flight conditions.

29. The data given in Tables 10, 11 and 12, showing the heating effect of the T-2 type
resistance heater, have been plotted on Figures 15 through 20. The effect produced
varies widely throughout the gun, depending upon the physical proximity to the heater.
The cooling effect of the air blast is clearly shown, particularly at the front of the bolt
(Figure 186).

30. Figures 21 through 26, show that for a given power input, the induction-type
heater, with one exception, causes a larger temperature rise than the resistance
type. In addition, it reacts faster, since it does not rely entirely upon thermal
conduction in the metal to distribute the applied heat, as does the resistance type.
These curves were plotied from the data in Tables & and 12, both of which were
obtained using 400 watts without the air blast. At each point that temperatures were
recorded, except the front of the bolt (which is in close proximity to the T-2
heater), the induction heater produced a greater temperature rise in the gun for
the same power input, and showed a more even distribution of heat throughout the
working portions of the gun.
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Fig. 8 Induction Heater, Ambient Temperature -40°C.
(Rear of Bolt)

Fig, 9 Induction Heater, Ambient Temperature -40°C.
(Front of Bolt)
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Fig. 10 Induction Heater, Ambient Temperature -40°C,

(Inside Receiver)
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Fig. 11 Induction Heater, Ambient Temperature -40°C.
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Fig. 12 Induction Heater, Ambient Temperature -40°C,

(Rear of Barrel)

Fig. 13 Induction Heater, Ambient Temperature -40°C.
(Upper Cartridge Chute)
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Fig. 14 Induction Heater, Ambient Temperature -40°C.
(Lower Cartridge Chute)

Fig. 15 Resistance Heater, (Type T-2) Ambient
Temperature -40°C (Rear of Bolt)
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Fig, 16 Resistance Heater, (Type T-2) Ambient Fig. 17 Resistance Heater, (Type T-2) Ambient
Temperature -40°C (Front of Bolt) Temperature -40°C  (Rear of Receiver)
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Fig. 18 Resistance Heater, (Type T-2) Ambient

Temperature -40°C

(Rear of Barrel)

Fig. 19 Resistance Heater, (Type T-2) Ambient
Temperature -40°C (Upper Cartridge Chute)
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Fig. 20 Resistance Heater, (Type T-2) Ambient
Temperature -40°C (Lower Cartridge Chute)
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Fig. 21 Comparison of Induction and Resistance
Heater (Type T-2) Ambient Temperature -40°C,
No air blast through gun barrel, 400 watts. (Rear of Bolt)
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Fig. 22 Comparison of Induction and Resistance
Heater (Type T-2) Ambient Temperature -40°C,
No air blast through gun barrel, 400 watts. (Front of Bolt)

Fig. 23 Comparison of Induction and Resistance
Heater (Type-T-2) Ambient Temperature -40°C,
No air blast through gun barrel, 400 watts.

(Rear of Revr.)

TVAVN

Hoyvasay

AYOLVIOEVT

€2



L
....E ]
$
£
8t
£
L igh]
'
<8
i
B
| ._ .......
| i
|
1

Fig. 24 Comparison of Induction and Resistance
Heater (Type T-2) Ambient Temperature -40°C,
No air blast through gun barrel, 400 watts. (Rear of Barrel)

Fig. 25 Comparison of Induction and Resistance

Heater (Type T-2) Ambient Temperature -40°C,

No air blast through gun barrel, 400 watts.
(Upper Cartridge Chute)
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31. The above data were obtained at an ambient temperature of -40° C and the curves
have been plotted accordingly. Comparison of the test for 800 watts, 800 cycles per
second and air blast at room temperature (Table 3), with the test at -40° C ambient
(Tablé 4) shows that the temperature rise in both cases was approximately the same.
Accordingly, for all practical purposes, the same data can be used with only slight errors
for any ambient temperature within the range encountered by aircraft; consequently, the
same curves can be used by merely translating the temperature axis.

32. The tests conducted with a drop in chamber temperature at a rate of 1°C per min-
ute were undertaken to simulate approximately the conditions which might be encountered
by a plane taking off from a carrier deck (at 0°C) and climbing through a moderate
temperature gradient, with gun heaters turned on continuously. It can be seen from
Figures 27 through 33 (plotted from data in Tables 13 through 17) that the gun would be
warmed above 0°C for a time, depending upon the rate of ambient temperature change
and upon heater input. This time interval, if sufficiently long, might enable the pilot to
melt any ice that may have been formed, and to dry the gun by evaporation. Under these
conditions the gun would remain operative regardless of low ambient temperatures,
since it is ice and not low temperatures that renders the gun inoperative, and very little
moisture is normally present in the air at very low temperatures. Should the pilot fly
through atmospheric conditions conducive to icing, however, the ice might re-form on
the gun (as well as on all exposed parts of the plane). All these tests were conducted
under conditions of maximum air blast (approximately 380 pounds per hour).

33. The de-icing effect would be heightened by the elimination of the air blast through
the barrel, or by use of a cap over the gun barrel, provided the pilot delayed the firing
of his test burst after taking off, since the interval during which the gun temperature is
above freezing would be lengthened. For comparative purposes, one test was included
for a chamber-temperature drop of 3°C per minute, under which conditions neither the
maximum gun temperature nor the length of time that the gun remained above 0°C was
as great as that obtained by a lesser rate of temperature change.

RESULTS

34. From the standpoint of simplicity, practicability, and efficiency, the best
arrangement is an elongated, horizontal coil placed on the upper portion of the re-
ceiver and extending from just forward of the rear buffer to a point just forward
of the feed mechanism.

35. Induction heating produces a larger temperature rise than resistance heating
(except in the immediate vicinity of the resistance heater) for a given power input to
the heating element. The heat is more evenly and rapidly distributed when a proper
coil design is used.

36. At an ambient temperature of -30°C and with an air blast through the gun barrel,
at least 2000 watts will be required by the induction heater under continucus operation
to insure gun operation under all reasonable conditions.

37. With the air blast through the gun barrel eliminated and an ambient temperature
of -30°C, at least 500 watts will be required by the induction heater under continuous
operation (see paragraph 47, below) to insure gun operation under all reasonable condi-
tions. (See Figures 8 to 14).
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Induction Heater, Maximum air blast through gun barrel,
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38. A resistance heater located in the same position as the present T-2 heater should
have a minimum rating of 650 watts (assuming elimination of the air blast through the
gun barrel) for continuous operation at an ambient temperature of -30° C (see paragraph
47, below), to insure that the gun will function properly under all reasonable conditions
(see Figures 15 to 20).

39, The heating effect of a coil increases slightly with frequency even though the active
power input to the coil remains constant. However, the operating frequency effects the
design of the coil, since for a given power input, the current decreases and the voltage
increases with increasing frequency. Consequently, wire size and number of turns in the
coil should be selected for the particular frequency to be used to insure optimum results.

40. The practical application of the induction heater to present aircraft depends upon
the provision of a suitable power supply. Induction heaters present a highly inductive
load, and some means must be employed to correct the power factor if the generator
size is to be kept at a minimum. Also, a reasonable regulation of power input to the
heater under the wide variation of generator speed encountered in an aircraft will almost
certainly require some form of frequency regulation, or at least voltage regulation of
the generator. It was found that for a fixed induction coil and series condenser in an
unregulated system, a moderate change in frequency produced a large change in active
power input to the induction coil because of resonance phenomena. In a voltage regulated
system using a fixed induction coil and series condenser, the voltage regulation would
produce a partial compensation for the change in reactance of the circuit due to the
change in frequency, and thus maintain the active power input to the induction coil more
nearly constant.

41. The gun temperature rise for a given coil and power input is approximately the
same, regardless of ambient temperature within the range of temperatures normally
encountered in nature.

RECOMMENDATIONS

42, The air blast through the gun barrel should be eliminated.

43. If the air blast through the gun barrel is not eliminated, a muzzle cap should be
used and the pilot should delay firing his test burst for as long as is operationally
possible, when operating under low ambient temperature conditions.

44, If operationally practical, the machine guns should be heated prior to take-off.

45, If asuitable a-c power supply canbe provided (at least 400 cycles per second, and

preferably 800 cycles per second, or higher), induction heating employing a coil of
the type described above should be used in preference to other types of electrical
heaters.

46. If the present 24-volt d-c power system in aircraft must be used, then the T-2
heater should be redesigned for an input of at least 650 watts (assuming elimination of
the air blast). In order to fit the heater in the available space, it probably will be
necessary to design the heater for low ambient temperatures with a thermostatically
controlled switch, strategically located, for protection of the heater at higher
ambient temperatures.
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47, Regardless of whether induction or resistance heaters are used, consideration
should be given to the installation of a thermostatically controlled heater switch,
strategically located on the gun, to remove the heater load from the generator at higher
ambient temperatures, making the use of a smaller generator possible since the rating
for a given generator depends upon ambient temperature. The use of a smaller generator
would be feasible, since the critical need for gun heaters occurs at low ambient tempera-
tures, which is also the condition under which the generator and associated equipment
may be safely overloaded. Because of space limitations and the protection required by
the heater element, the use of a thermostatically controlled switch is probably more
important with the resistance heater than it would be with the induction heater.

48. This final report concludes the project as of the date of this report.
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