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1. A Brief Talk on the Sparseness and Density of Sight Graduations


Original book: printed page 1



Have you noticed? On rifles and submachine guns, the graduations on the arc-shaped rear sight are evenly spaced, whereas on machine guns, the graduations on the upright frame-type rear sight are engraved sparse at the top and dense at the bottom (Figure 1). Why is this? To explain it clearly, we must begin with the external ballistic performance of the projectile.


Figure 1: Frame-type sight graduation plate



As everyone knows, a projectile in flight, under the pull of Earth’s gravity, moves forward while at the same time falling. To ensure that the projectile can hit a target at medium or long range, the muzzle must be raised appropriately at the moment of firing — that is, the weapon must be given a corresponding elevation angle. But because the projectile is subject to air resistance as it flies through the air, it decelerates; the farther the range, the lower its speed, and the greater the curvature of its descending arc (Figure 2). Therefore, even when the change in range is the same (for example, an increase of 100 meters each time), the change in elevation angle is not the same. At short range the change in elevation angle is small; at long range it is large. For example, when the Type 53 heavy machine gun fires ordinary ammunition, the elevation angle at 100 meters is 8′ and at 200 meters is 9′. That is to say, going from 100 meters to 200 meters, the range increases by 100 meters, yet the elevation angle differs by only 1′. However, as the firing distance increases, the increment in elevation angle also keeps growing. When the Type 53 heavy machine gun fires at 800 meters, the elevation angle is 38′; at 900 meters it becomes 46′. From 800 meters to 900 meters the range likewise increases by 100 meters, but the elevation angle must increase by 8′. Only in this way can the distance the projectile drops during flight be compensated for, ensuring a hit on the target. The sight graduations we use are all engraved according to the height by which the rear sight notch rises above the tip of the front sight at different firing distances (Figure 3). And this height H by which the sight notch rises above the front sight tip is, in turn, obtained by multiplying the weapon’s sighting baseline length L (the distance from the notch to the tip of the front sight) by the tangent of the elevation angle α (H = L · tan α).


Figure 2: The curvature of the trajectory increases as the range increases




Figure 3: H = L · tan α



Since, within the range 0–90°, the value of the tangent function increases as the angle increases, then with the sighting baseline length unchanged, the height by which the notch rises above the front sight tip likewise increases as the elevation angle increases. Take the Type 53 heavy machine gun, whose sighting baseline length is 855 millimeters. When it fires ordinary ammunition, the heights of the sight graduations are as follows:


H₁₀₀ = L · tan α₁ = 855 × tan 8′ = 1.96 (mm)




H₂₀₀ = L · tan α₂ = 855 × tan 9′ = 2.22 (mm)



……


H₈₀₀ = L · tan α₈ = 855 × tan 38′ = 9.48 (mm)




H₉₀₀ = L · tan α₉ = 855 × tan 46′ = 11.50 (mm)



From 100 m to 200 m, the increment in sight graduation is:


H₂₀₀ − H₁₀₀ = 2.22 − 1.96 = 0.26 (mm)



whereas from 800 m to 900 m, the increment in sight graduation is:


H₉₀₀ − H₈₀₀ = 11.50 − 9.48 = 2.02 (mm)



Precisely because, for the same change in firing distance, the change in elevation angle at long range is greater than at short range, the phenomenon arises that the shorter the range, the denser the spacing of the sight graduations, and the longer the range, the sparser the spacing.

Since the firing distance determines the sparseness or density of the graduations, why, then, are the graduations on rifles and submachine guns engraved evenly and with equal spacing (Figure 4)? In fact, the structural principle of the arc-shaped rear sights used on rifles and submachine guns is the same as that of the upright frame-type rear sights used on machine guns. The difference is that on the sight base of a rifle or submachine gun there is an arc-shaped side rail, precisely calculated and carefully designed (Figure 5). The differing changes in elevation angle at different firing distances are supplied by this arc-shaped side rail on the sight base. Consequently, their sight graduations can be engraved with equal spacing, uniform from top to bottom.


Figure 4: Arc-shaped rear sight




Figure 5: Engraving the graduations of an arc-shaped rear sight



The sight graduations are the basis for giving the weapon the corresponding elevation angle at different firing distances. Therefore, their precision has a considerable influence on shooting results. In particular, for the upright frame-type sight, the graduations are engraved on the assumption that the upright frame is perpendicular to the axis of the bore. When the frame is not perpendicular to the bore axis, or the slider is loose, or the sight pivot is excessively worn, the height of the sight notch will change and thereby affect the weapon’s firing accuracy. Therefore, in use, special attention must be paid to the inspection and maintenance of the rear sight.




2. The Science of Shooting a Gun


Original book: printed page 5



Whether a new soldier or an old hand, everyone who walks onto the range hopes to shoot an ideal score. Yet the results of live firing vary: some are as hoped, others are a great disappointment. The cause is mostly unsteady handling of the weapon or problems with aiming.

Practice tells us that to achieve good shooting results, correct aiming is the key. Correct aiming means that, while the right eye looks through the notch and the front sight at the same time, the tip of the front sight is placed in the center of the notch and level with its upper edge, and the weapon is then pointed at the aiming point. If the front sight and notch are not properly aligned, firing accuracy suffers. The size of the effect can be found by mathematical calculation.

Figure 6 is a simple diagram of the principle of shooting.


Figure 6: Simple diagram of the principle of shooting



In the figure: MN — distance from the point of impact to the center of the target; OM — firing distance; ab — deviation of the front sight tip from the center of the notch; Oa — sighting baseline length.

As the figure shows, △ONM and △Oba are two similar right triangles. By the principle that corresponding sides of similar triangles are proportional, in △ONM and △Oba:


MN / ab = OM / Oa, so MN = (OM · ab) / Oa



For a semi-automatic rifle with a sighting baseline Oa = 480 mm, at a firing distance OM = 100 m, if the front sight tip is off by ab = 1 mm within the notch, the bullet’s deviation from the target center at 100 m is:


MN = (OM · ab) / Oa = (100 × 0.001) / 0.48 ≈ 0.21 (m) = 210 (mm)



From this formula we can see that the deviation MN is directly proportional to both the firing distance OM and the deviation ab of the front sight tip within the notch. From the same relationship we can also calculate that even if the deviation ab of the front sight tip in the notch stays the same, the bullet’s deviation from the target center grows to 420 mm at a firing distance of 200 m, and at 400 m it will be 840 mm off the target center. But the width of a human body is only about 500 mm, so the chance of hitting the target is very small. Under normal conditions, at a firing distance of 100 m one can hit ring 9 of a chest-ring target (point of impact about 90 mm from the center); then when the bullet flies to 200 m it will be 180 mm off center, equivalent to ring 7, and when it flies to 400 m it will be 360 mm off center. For a half-length target, if the scatter is vertical the shot may still hit, but if the scatter is lateral it misses the target. Therefore, only by keeping the front sight in the exact center of the notch (Figure 7) can one hit ring 10 at 100 m (point of impact less than 50 mm from center) and, at 400 m, keep the point of impact within about 200 mm of the center, ensuring every shot hits the target.


Figure 7: The relationship between front sight and notch

(Left: correct relationship between front sight and notch. Right: correct sight picture. Below, effect of an incorrect front sight–notch relationship on hits: front sight to the right — impact to the right; front sight to the left — impact to the left; front sight high — impact high; front sight low — impact low.)



However, targets on the battlefield are not always directly in front of the shooter: some are on the left, some on the right; some are stationary, some are moving. This requires the shooter to adjust the aiming point flexibly and quickly in order to hit the target accurately.

When the target’s direction of movement is at 90° to the firing direction (Figure 8), the correction can be determined from the target’s speed.


Figure 8: Diagram of sight-notch correction



In the figure: x — notch correction; aM — firing distance; oa — sighting baseline length; v — target speed; s — aiming lead; t — time needed for the bullet to reach the target.

By the proportionality of corresponding sides of similar triangles:


x / s = oa / aM, and s = v · t




x = (oa · s) / aM = (oa · v · t) / aM



With this relationship we can find the lateral sight-notch correction for shooting at targets of different speeds at different firing distances. Suppose a target moves from right to left at 3 m/s, 300 m in front of our position, and we are firing a Type 56 light machine gun with a sighting baseline of 596 mm. From the firing table we look up t = 0.5 s, and substituting into the formula gives:


x = (v · t · oa) / aM = (3 × 0.5 × 0.596) / 300 = 0.003 (m) = 3 (mm)



In live firing, the aiming lead can also be expressed as a number of body widths ahead (Figure 9). Since one human body is about 0.5 m wide,

Lead in body widths = lead / body width = (v · t) / 0.5 = (3 × 0.5) / 0.5 = 3 (bodies)

That is, one simply moves the notch 3 mm to the left, or aims three body widths ahead to the left; when the bullet reaches 300 m, it just meets the target that has moved 1.5 m to the left, and so hits it exactly.

For ease of use, most textbooks also compile the lead corrections into a firing table. Table 1, for example, is the lead correction table for the Type 56 light machine gun firing at a moving target (3 m/s).


Figure 9: How to take a lead of about one body width



Table 1: Lead Correction Table












	Range (m)
	Lead at 45° to the line of fire — cross sight (graduations)
	— bodies
	Lead at 90° to the line of fire — cross sight (graduations)
	— bodies
	Bullet flight time to target (s)





	100
	1½
	1
	2
	1
	0.14



	200
	1½
	1½
	2½
	2
	0.31



	300
	2
	2
	2½
	3
	0.50



	400
	2
	3
	2½
	4½
	0.72



	500
	2
	4
	3
	6
	0.97



	600
	2½
	5
	3½
	7½
	1.26





Crosswind is another problem often met in live firing. When the notch graduation is at zero and one aims at a fixed target, if a crosswind blows from the left, the point of impact will deviate to the right of the target. If the notch is corrected appropriately to the left and one then aims at the target, the barrel will point to the left of the target. Under normal conditions the bullet would fly off to the left, but because the wind blows to the right, the two effects compromise and the bullet hits the target exactly (Figure 10). Specifically, the direction of the notch correction is opposite to the wind direction and the same as the direction of the target’s movement. When the target moves downwind, subtract the wind correction from the lead; when the target moves upwind, add the wind correction to the lead.


Figure 10: The effect of crosswind



If the direction of the target’s movement or the wind is not at 90° to the firing direction but oblique (Figure 11), then the notch correction must be found by taking the lateral (90°) correction obtained above and multiplying it by sin α, the sine of the angle α between the direction of target movement (or wind) and the firing direction. For example, for a target moving from right to left 300 m in front of our position at an angle of 30° to the firing direction, the notch correction should be:

x = (v · t · oa) / aM · sin α = (3 × 0.5 × 0.596) / 300 × sin 30° ≈ 0.0015 (m) = 1.5 (mm)


Figure 11: Target moving obliquely



As long as we understand the mathematical relationships involved and correctly master the essentials of operation, we can certainly achieve ideal shooting results.




3. To Hit a Target Several Hundred Meters Away, Is It Enough to Just Set the Sight to a Number?


Original book: printed page 11



To some people, when firing a rifle at a target several hundred meters away, setting the sight to a given number is beyond dispute. Even when firing at a target with a large angle of site (the line joining the center of the notch and the target is the line of site; the angle between the line of site and the horizontal plane of the gun is the angle of site), they still set the sight in the conventional way, and the result is that they seldom hit the target. Little do they know that in this case the sight setting should be correspondingly reduced as the angle of site increases.

When firing at two targets at the same distance but with different angles of site (Figure 12), their trajectories differ greatly. For example, targets A (甲) and B (乙) are both 400 m away, one with an angle of site of zero and the other with angle of site ε. If both are fired at with the sight set to 4, the ascending branches of the trajectories are I and II respectively (Figure 13). If we pick on each trajectory two points with equal chord lengths and compare them, we find that although the caliber, weight, and gravity W of the bullets are the same, the components of gravity along the tangent and normal directions of the trajectory differ with the angle of site. The component along the tangent is Wt′ > Wt, while along the normal it is Wn′ < Wn.


Figure 12: Firing at targets with different angles of site




Figure 13: Different angles of site give different trajectory curvature



At first glance, on the ascending branch of the trajectory the tangential component of the bullet’s weight points exactly opposite to the bullet’s direction of motion and so reduces its speed. But since the main cause of the bullet’s deceleration on the ascending branch is air resistance, and for the same type of ammunition with the same muzzle velocity the difference in air resistance is not obvious even when the angle of site changes somewhat, the tangential component of gravity is not the main factor affecting flight speed. On the contrary, the normal component of the bullet’s weight has a considerable effect on the bullet’s trajectory. This is because the larger the normal component, the farther the bullet is pulled vertically downward in the same length of time, and the more its trajectory curves relative to the line of sight; the smaller the normal component, the flatter the trajectory relative to the line of sight. The larger the angle of site, the smaller the normal component of weight; the smaller the angle of site, the larger the normal component. Therefore, when firing at a target whose slant range equals a given horizontal distance but whose angle of site ε is large, the trajectory is flatter, and if the same sight setting is used the bullet will inevitably overshoot the target and fly high. To ensure an accurate hit, the sight setting must be reduced appropriately, and the larger the angle of site, the more it must be reduced.

By how much should the sight be reduced to guarantee an accurate hit? We can find the answer in the trajectory equation.

Ballistics tells us that in the vacuum trajectory equation the expression for height is:


y = x · tan θ₀ − (1/2) · g · (1 / (v₀² · cos² θ₀)) · x²



where x is the horizontal distance, θ₀ the launch angle, and v₀ the muzzle velocity.

Assume the angle of site at firing is ε, the corresponding elevation angle is α, and the jump angle (the angle between the barrel axis fixed after aiming and the barrel axis as changed at the moment of firing) is 0. Then the launch angle is θ₀ = ε + α, and the slant range is Xε.


Figure 14: Trajectory for firing with angle of site ε



From Figure 14:

y = Xε · sin ε x = Xε · cos ε

Substituting these into y = x · tan θ₀ − (1/2) · g · x² / (v₀² · cos² θ₀) gives

Xε · sin ε = Xε · cos ε · tan θ₀ − (1/2) · g · (Xε² · cos² ε) / (v₀² · cos² θ₀)

Since Xε ≠ 0, we can divide the whole expression by Xε, obtaining


sin ε = (cos ε · sin θ₀) / cos θ₀ − (1/2) · g · (Xε · cos² ε) / (v₀² · cos² θ₀)



Rearranging:

Xε = (2 v₀² · cos θ₀) / (g · cos² ε) · (sin θ₀ · cos ε − cos θ₀ · sin ε) = (2 v₀² · cos θ₀) / (g · cos² ε) · sin(θ₀ − ε) = (2 v₀² · cos(α + ε)) / (g · cos² ε) · sin α

When ε = 0, Xε = x and α₀ = α, so


x = (2 v₀² · cos α₀ · sin α₀) / g = (v₀² · sin 2α₀) / g



If the slant range equals the horizontal distance, Xε = x, then


(2 v₀² · cos(α + ε)) / (g · cos² ε) · sin α = (v₀² · sin 2α₀) / g



Rearranging:


2 cos(α + ε) · sin α = sin 2α₀ · cos² ε



where α₀ is the elevation angle corresponding to an angle of site of zero.

Left side = 2(cos α · cos ε − sin α · sin ε) · sin α = 2 cos α · sin α · cos ε − 2 sin² α · sin ε = sin 2α · cos ε − (1 − cos 2α) · sin ε = sin 2α · cos ε − sin ε + cos 2α · sin ε = sin(2α + ε) − sin ε

Therefore sin(2α + ε) = sin 2α₀ · cos² ε + sin ε

For infantry rifles and machine guns, the elevation angles α₀ and α are both very small, so their cosines are approximately 1. Then


sin(2α + ε) = sin 2α · cos ε + cos 2α · sin ε ≈ sin 2α · cos ε + sin ε




sin 2α = 2 sin α · cos α ≈ 2 sin α




sin 2α₀ ≈ 2 sin α₀



Thus sin(2α + ε) = sin 2α₀ · cos² ε + sin ε can be turned into


2 sin α · cos ε + sin ε = 2 sin α₀ · cos² ε + sin ε



which simplifies to


sin α = sin α₀ · cos ε




Figure 15: Trajectories for firing at targets with different angles of site



From Figure 15 it is not hard to see that as the angle of site increases (since cos(−ε) = cos ε, the formula applies equally when the angle of site is negative), cos ε decreases as ε grows, and cos ε ≤ 1. Hence α must be less than or equal to α₀, so when firing at a target with angle of site ε, the sight setting relative to the horizontal distance is always reduced. Practice has shown that this description of the bullet’s flight in a vacuum trajectory applies equally to air trajectories when the jump angle is zero and the angle of site is small.

Using our derived formula sin α = sin α₀ · cos ε, once the elevation angle α has been found, we can look up the relevant data in the firing table and determine the sight graduation to be set.

Suppose a semi-automatic rifle fires at a target with a slant range of 400 m and an angle of site ε of 60°. To set the sight graduation, we first look up in the firing table that at x = 400 m, α₀ = 19′. Then:

sin α = sin α₀ · cos ε = sin 19′ × cos 60° = 0.0055 × 0.5 = 0.0028

Looking this up in the trigonometric table gives α = 9′.

Looking up the firing table in reverse, when α₀ = 9′ the corresponding firing distance is 200 m. The sight graduation is thus determined: it should be set to 2.

Although mathematical calculation can give fairly precise values, on the battlefield there is often no time for it. So, in order to correct quickly for the angle of site, an approximate correction based on experience is mostly used. That is: when |ε| < 20°, generally no correction is made; when |ε| ≥ 20° and the range is within 400 m, for every 15° increase in the absolute value of the angle of site, reduce the sight by half a graduation; when |ε| ≥ 20° and the range is beyond 400 m, for every 15° increase in the absolute value of the angle of site, reduce the sight by one graduation. As long as we master these, there is no need to worry about the bullets missing the target.




4. The Distinctive Reduced-Image Sight


Original book: printed page 17



Anyone who has done anti-aircraft firing knows that the movements of an aerial target are far more complicated than those of a ground target. A ground target can only move in various directions on the ground, whereas an aerial target can not only move in the air in various directions, but its course speed, heading, range, angle of site and so on are all constantly changing. Therefore, the aiming devices of anti-aircraft weapons have many special requirements.

Generally speaking, for an anti-aircraft sight to accomplish the task of aiming at aircraft, it should have three mechanisms: one that gives the barrel the corresponding elevation angle according to the target’s range; one that gives the barrel a lead angle according to the target’s heading and speed; and one that continually corrects the elevation angle according to changes in the target’s angle of site (Figure 16).


Figure 16: Principle diagram of anti-aircraft aiming



In the figure: O — firing point; A₁ — present position of the target; D₁ (OA₁) — present slant range of the target; β — course angle of the target (the angle between the flight direction and the slant range); V — speed of the target; δ — lead angle.

However, in the sight of the 12.7 mm anti-aircraft machine gun that we use, there is neither a special range-setting mechanism nor a special angle-of-site correction mechanism — only a single mechanism that gives the lead angle. On the surface, this looks like an incomplete sight. In fact, it accomplishes the task of aiming at aircraft just the same. The reason is that, considering the 12.7 mm anti-aircraft machine gun is mainly used against low-altitude targets, when the aiming device was regulated it was given in advance an elevation angle equivalent to a firing range of 900 m (Figure 17), so that an angle equivalent to the elevation angle for the average range (α₀ = 33′) is formed between the line of sight and the axis of the barrel. In firing, therefore, there is no need to set or correct the elevation angle any more, and so the mechanisms for setting the range and correcting the angle of site are dispensed with.


Figure 17: Giving the average elevation angle



The simplified 12.7 mm anti-aircraft machine-gun sight consists mainly of a front sight, a rear sight, and a heading indicator (Figure 18). The front sight has several aiming holes of different radii. When firing, turn the aircraft model in the heading indicator until it matches the heading of the enemy aircraft, then aim at the target through the rear sight and one of the holes of the front sight. Once the line of sight is formed, the lead angle is given automatically.


Figure 18: Sight of the 12.7 mm anti-aircraft machine gun



Now, since the front sight has many holes, which one is the right one to choose?

From the general principle of anti-aircraft aiming: when the enemy aircraft’s course angle is β, the target’s forward movement is A₁A = V · t, and the lead angle is δ (Figure 19), then by the law of sines:


A₁A / sin δ = OA / sin β




sin δ = (AA₁ / OA) · sin β



Under normal circumstances the firing range of a 12.7 mm anti-aircraft machine gun is fairly short. The target’s forward movement is not large, so the target’s future slant range (OA = D) can be taken approximately as equal to its present slant range, i.e. OA = D ≈ D₁. Then:


sin δ ≈ (V · t / D₁) · sin β



Suppose the distance between the front-sight hole corresponding to the lead angle δ and the center hole is R, the sighting baseline of the anti-aircraft sight is L₀, aa₁ = R, and Oa = L₀. Triangle Oaa₁ can be regarded approximately as a right triangle, so


tan δ = aa₁ / Oa = R / L₀



Since the lead angle δ is generally small, we can take tan δ ≈ sin δ. Substituting:


(V · t / D₁) · sin β = R / L₀



which gives the formula for choosing the front-sight hole:


R = (V · t / D₁) · L₀ · sin β




Figure 19: The lead angle



Suppose an enemy aircraft flies over our position at a speed of 140 m/s, the measured slant range is D₁ = 1000 m, the enemy’s course angle is β = 90° (the target’s course is perpendicular to the direction of fire), and the weapon’s sighting baseline is L₀ = 0.34 m. To find the position of the front-sight hole, we first look up in the firing table that at a slant range of 1000 m the bullet’s flight time is t = 1.55 s. Then:

R = (V · t / D₁) · L₀ · sin β = (140 × 1.55 / 1000) × 0.34 × sin 90° = 0.074 (m) = 74 (mm)

Since the hole spacing of the anti-aircraft sight is 8 mm and there are ten holes in the ring, the radius of the tenth hole is 80 mm. Therefore, in firing one should choose the tenth hole for aiming.

But in actual combat the target’s course is not always perpendicular to the direction of fire (β = 90°). To be able to determine the course angle β for an aircraft heading in any direction, the 12.7 mm anti-aircraft machine gun usually estimates the size of the course angle by observing the length of the aircraft’s body.

As can be seen in Figure 19, when the enemy aircraft’s course angle is β, its actual length is A₁B₁, while the visible length is BB₁, and ∠B₁A₁B = ∠β. So in right triangle △A₁BB₁:

sin β = BB₁ / A₁B₁ = apparent length of aircraft / actual length of aircraft

The ratio of the apparent length of the aircraft to its actual length is exactly the sine of the course angle β. This ratio is called the target’s reduced image (foreshortening). But since the eye’s power of discrimination is limited, it is hard to judge when the course angle changes only slightly. For convenience of use, only a few specific reduced-image values are taken — 1/4, 2/4, 3/4 and 4/4 (Table 2) — and it is stipulated that:

Table 2: Reduced-Image Values




	Reduced image
	Course angle (degrees)
	Enemy aircraft view as seen





	0
	0 / 180
	(silhouettes seen head-on at 0° and tail-on at 180°)



	1/4
	15 / 165
	(silhouettes at 15° and 165°)



	2/4
	30 / 150
	(silhouettes at 30° and 150°)



	3/4
	50 / 130
	(silhouettes at 50° and 130°)



	4/4
	90
	(broadside silhouettes)





When the enemy aircraft is in a diving attack, the reduced-image value is zero.

With reduced-image values, the trouble of specifically measuring the course angle is saved when calculating the radius of the aiming hole, and the calculation is greatly simplified. Since the aiming-hole radius is R = (V · t / D₁) · L₀ · sin β, and L₀ is a constant, as long as we have the enemy aircraft’s speed, its slant range, and the reduced-image value, we can quickly determine the corresponding aiming hole. For example, when the enemy aircraft speed is V = 150 m/s, the range is D₁ = 1500 m, and the reduced image sin β is 2/4, looking up the firing table gives t = 2.74 s, so

R = (V · t / D₁) · L₀ · sin β = (150 × 2.74 / 1500) × 0.34 × (2/4) = 0.046 (m) = 46 (mm)

Because the diameter of the sixth hole is 6 × 8 = 48 (mm), the sixth hole should be chosen for aiming. [Translator’s note: the source says “diameter” here, though the earlier example treats the hole’s value as a radius — probably a slip in the original.]

Since actual situations are infinitely varied, and especially in a combat state there is often no time to calculate step by step, weapon designers, in order to catch enemy aircraft in time, have worked out in advance a firing table (Table 3) based on the three factors of course speed, slant range, and reduced image.

Table 3: Anti-Aircraft Firing Table













	Target speed (m/s)
	1800–1200 m, 1/4
	1800–1200 m, 2/4
	1200–600 m, 1/4
	1200–600 m, 2/4
	600–200 m, 1/4
	600–200 m, 2/4





	80
	2
	3
	1
	3
	1
	2



	80–130
	2
	5
	2
	3
	2
	3



	130–180
	3
	6
	2
	5
	2
	4



	180–200
	4
	7
	3
	6
	3
	5



	200–220
	4
	8
	3
	7
	3
	6



	220–240
	4
	3
	4
	8
	3
	7



	240–260
	5
	10
	4
	8
	4
	7





[Table 3 reproduced as printed; the entries are aiming-hole numbers. The “3” in the 220–240 row, 1800–1200 m, 2/4 column may be a misprint in the original, since neighboring values rise steadily.]

In actual combat, as long as one masters the method of using the firing table, one can quickly determine the aiming hole to use in firing and accurately send bullets at the enemy aircraft.




5. How Anti-Aircraft Guns Fire While on the Move


Original book: printed page 25



Anti-aircraft fire is mostly conducted from prepared positions. But sometimes, in order to cover a column on the march or to fend off harassment by enemy aircraft, guns must also open fire while in motion. Anti-aircraft gun units must therefore be able to fire on the move.

Anti-aircraft guns on the march are sometimes moved by rail and sometimes towed by trucks; sometimes the direction of movement is the same as the flight direction of the enemy aircraft, and sometimes it may be opposite. Therefore, the settings for firing on the move must be flexible and adapted to the situation. Take the 37 mm anti-aircraft gun transported by rail. When firing from a moving train, the speed set on the sight should be the target’s speed relative to the gun. That is, when the target’s direction of movement is opposite to the train’s, the relative speed is greater than the target’s speed; when the target’s direction of movement is the same as the train’s, the relative speed is less than the target’s speed. Firing experience has shown that, depending on whether the train and the target move in the same or opposite directions, the speed set on the sight should be the target’s speed increased or decreased by 3/4 of the train’s speed (Table 4).

Table 4: Speed Correction Table for 37 mm Anti-Aircraft Gun Firing




	Train speed (km/h)
	30
	40
	50
	60
	70





	Train speed (m/s)
	8.3
	11.1
	13.9
	16.7
	19.4



	Speed correction (m/s)
	6.2
	8.3
	10.4
	12.5
	14.6





Perhaps someone will ask: why is the speed correction 3/4 of the train’s speed? It is because when an enemy aircraft flies toward the train’s direction of advance (Figure 20):


Figure 20: Diagram of the projectile’s flight path



If the gun were stationary on the ground, the projectile would fly along Om to point M and meet the target. But since the gun moves together with the train, the projectile’s flight path and speed change as well. The projectile’s velocity V becomes the vector sum of the muzzle velocity V₀ and the train’s velocity u, that is,


V = V₀ + u



The projectile’s direction is thus deflected by an angle δ toward the train’s direction of advance, and it flies along On to point N, so that the burst falls behind along the target’s course by ΔS. Conversely, if the enemy aircraft comes along the same direction as the train’s advance, the burst will land ahead by ΔS. This trajectory error, produced by the relative motion between gun and target, is in principle the same as the trajectory error caused by an error in the target’s own speed. It can therefore be corrected using speed.

Assume the time for the projectile to fly from O to M when the gun is stationary is equal to the time to fly from O to N when the gun is moving. Then N can be regarded as the lead position computed with a target-speed error (Δv = vm − vm′).

In the formula, Δv is the target-speed error, and vm, vm′ are the target’s speeds.

Then we obtain:

BM = vm · t BN = vm′ · t ΔS = vm · t − vm′ · t = (vm − vm′) · t = Δv · t

where t is the projectile’s flight time.

Because △MNO and △mnO are approximately similar, the proportionality of corresponding sides gives


ΔS / D = u / V₀



Substituting ΔS = Δv · t:


Δv · t / D = u / V₀



Rearranging:


Δv = (D · u) / (t · V₀)



Since D/t is the projectile’s average speed vj,


Δv = vj · (u / V₀) = (vj / V₀) · u



The projectile’s average speed vj can be found from the firing distance and the corresponding flight time, and V₀ is known, so the ratio vj/V₀ can be found. Taking a medium firing distance D = 2000 m, we look up in the firing table a muzzle velocity V₀ = 840 m/s and a flight time t = 3.2 s. Then


vj = D / t = 2000 / 3.2 = 625 (m/s)




vj / V₀ = 625 / 840 ≈ 3/4



So, when firing during rail transport, the speed correction on the sight is generally taken as 3/4 of the train’s speed. That is:


Δv = (3/4) u



Incidentally, when firing at a moving target during rail transport, the aimer’s delayed perception and the effects of firing cause an aiming lag error. In the past, the trajectory deviation arising in this situation was also corrected by speed correction when firing during rail transport. Practice has shown that this error may be left uncorrected. The corresponding speed correction is generally only about 5% of the target’s speed. It exists not only when firing during rail transport but also when firing from a fixed position, and in ordinary anti-aircraft firing this error has already been corrected in the speed that is designated. For example, when firing at an enemy aircraft flying at 200 m/s, even if the commander gives the speed as 200, and the trajectory falls behind during firing, then on the next firing the commander gives the speed as 220 and the trajectory may come out normal. The 20 m/s correction already contains the correction for the trajectory deviation caused by aiming error, so no separate correction is needed.




6. The Origin of the Mil Formula


Original book: printed page 29



“Interval on top, one thousand below, distance and mil on the two sides; to find any one quantity, multiply or divide the two sides against the opposite one (Figure 21).” As soon as they read these lines, which roll off the tongue, many people know that this is how to use the mil formula. Expressed as a mathematical relationship, it is


H = (D · ε) / 1000




D = (1000 · H) / ε




ε = (1000 · H) / D




Figure 21: The mnemonic diagram for the mil formula



Figure 22 shows the relationship between an instrument’s angle of view and the target’s distance and height.


Figure 22: The relationship between an instrument’s angle of view and target distance and height



In the figure: D — distance from the target to the instrument; H — height or width (interval) of the target; ε — the angle subtended at the instrument by the two ends of the interval H.

The optical instruments we use — telescopes, aiming circles, battery commander’s scopes and so on — generally have mil graduations engraved on them (Figure 23). So everyone is no stranger to the mil and the mil formula. The reason military optical instruments use the mil as a unit of measurement is mainly that the angular units commonly used in natural science and engineering — degrees, minutes and seconds — are very inconvenient for artillerymen and in other military work. For example:

Arc length subtended by a central angle of 1° = 2πR / 360 = R / 57.3

Arc length subtended by a central angle of 1′ = 2πR / (360 × 60) = R / 3440

where R is the radius of the circle.


Figure 23: The reticle in a telescope



For battlefield measurement and calculation, which demand high precision under strict time limits, this is obviously too cumbersome. So, on the basis of long practice, people chose the central angle subtended by an arc of 1/6000 of the circumference as the basic unit of angle. Each unit is called a mil (some foreign countries divide the circle into 6200 or 6400 mils). It is written 0-01 (Figure 24). The conversion between mils and degrees, minutes and seconds is:

360° = 6000 mils 6° = 100 mils 1° = 16.07 mils 1′ = 0.28 mil 1″ = 0.046 mil

[Translator’s note: the source prints these values as shown; 6000/360 is actually 16.67 mils per degree, and 1″ should be about 0.0046 mil, so the “16.07” and “0.046” appear to be misprints in the original.]

Hence the conversion formula:


mils = degrees × 100/6




Figure 24: The mil



Because the mil is a small unit of measurement and gives high computational precision, it has become one of the commonly used units of measurement in the military. So how is the mil formula derived?

From the definition of the mil (Figure 25):


Figure 25: The arc length subtended by mils



Arc length subtended by one mil, AB = circumference / 6000 = 2πR / 6000

Arc length subtended by two mils, AC = 2 × AB = 2 × 2πR / 6000

Arc length subtended by three mils, AD = 3 × AB = 3 × 2πR / 6000

And so on: the larger the central angle, the longer the arc. From this we get

arc length = angle (number of mils) × 2πR / 6000 = angle (number of mils) × 6.2832R / 6000

Simplified: arc length = angle × 1.0472R / 1000 ≈ angle × R / 1000

When the angle is not large, the arc AB and the chord AB differ little (Figure 26). So the chord AB can be used approximately in place of the arc AB, and, taking the distance OB as the radius R, we obtain the relationship among interval, mil and distance:


Figure 26: Arc length and chord length for a small angle




interval = mil × distance / 1000



From this we can see that the mil formula we have derived is in essence an approximate formula for solving the relationship between the sides and angle of a triangle. That is, when any two of distance, interval and angle are known, the formula can be used to find the third.

Some examples.

Observing from our artillery position, an enemy aircraft with a wingspan of H = 33.5 m is approaching us head-on (Figure 27). Using the commander’s scope we measure the angle subtended by the wings as ε = 0.05 (that is, 0-05, or 5 mils). How far is the aircraft from our position, D?


D = 1000H / ε = (1000 × 33.5) / 5 = 6700 (m)



That is, the aircraft is 6700 m from our position.


Figure 27: Observing an aircraft with the artillery commander’s scope



When firing at an enemy paratrooper at a distance D = 2000 m (Figure 28), we observe through the commander’s scope that the burst point is to the left of the target by ε = 0-10 (10 mils). How far is the burst point from the target, H?


H = (D · ε) / 1000 = (2000 × 10) / 1000 = 20 (m)



That is, the burst point deviates from the target by 20 m.


Figure 28: Firing at an enemy paratrooper



In front of our position is a piece of cover whose height is measured as H = 50 m at a distance D = 2000 m (Figure 29). What is the angle of cover ε?


ε = 1000H / D = (1000 × 50) / 2000 = 0-25



That is, the angle of cover is 0-25.


Figure 29: Measuring the height of cover



The heights or widths of some common battlefield targets are usually known or can be roughly estimated. For example, a medium-sized man is about 1.7 m tall; a horse is about 2 m long; a mounted man is about 2.3 m tall; a telegraph pole is about 6 m high; a light tank is about 2 m high; a large truck is about 6 m long; and so on. As long as we then measure the vertical or horizontal angle the target subtends at the instrument, a little calculation gives the approximate distance from the target to the instrument.




7. A Short Discussion of the Oval Hole in the Bayonet


Original book: printed page 36



The bayonets of rifles and carbines both have a not very noticeable oval hole (Figure 30). Although it does not look conspicuous, its function is not to be underestimated.


Figure 30: The bayonet



As everyone knows, the bayonet and the firing mechanism are mounted below or to the right of the barrel. Therefore the center of gravity of the weapon generally lies off the axis of the bore (Figure 31). When firing live ammunition, under the action of the powder gases, the weapon experiences a rotational couple moment because the line of action of the force does not pass through the center of gravity, and this makes the weapon deflect. The angle of deflection is determined by the couple moment and the rotational inertia. If the bayonet had no oval hole, then whether it was folded or extended, the recoil force on the weapon and the distance from the center of gravity to the bore axis at the instant of firing would be almost unchanged, so the couple moment would hardly change either. But because the weapon’s rotational inertia differs when the bayonet is folded and when it is extended, different deflection angles result. From physics we know that the rotational inertia of a rod-shaped body is proportional to the square of the radius of rotation. When firing with the bayonet extended, the overall length of the gun is greater, so the rotational inertia is large (it is hard to make rotate) and the weapon’s deflection angle is small (for example φ₁); conversely, when firing with the bayonet folded, the rotational inertia decreases as the overall length shortens, so the weapon’s deflection angle increases (for example φ₂). Consequently, the firing results with the bayonet folded and extended differ. Take the carbine: because its bayonet is mounted on the right, the weapon’s center of gravity lies to the right of the bore axis. When firing, under the action of the powder gases and owing to the couple moment, the muzzle jumps to the left, causing the point of impact to shift left. Under normal circumstances, a leftward shift of the point of impact can be corrected by adjusting the front sight. But because the deflection angle differs between firing with the bayonet extended and folded, adjusting the front sight cannot correct the deviation of the point of impact: if one corrects for the extended bayonet, firing with it folded is inaccurate; likewise, if one corrects for the folded bayonet, firing with it extended is inaccurate. Experiments show that for a carbine whose bayonet has no oval hole, at a firing distance of 100 m, the point of impact when firing with the bayonet folded is 300–350 mm further left than when firing with it extended. This thus affects firing accuracy and effect.


Figure 31: Force diagram of a rifle when firing



After the bayonet is given an oval hole, the effect of the increased deflection angle caused by the reduced rotational inertia when folded can be eliminated, improving firing accuracy. Figure 31 is the force diagram of a rifle when firing. Since the resultant external torque on a rotating rigid body equals the product of its rotational inertia and its angular acceleration,


F · e = I · β = I · ω / t




F · e · t = I · ω



Because F · t = m · v and ω = φ / t,


F · t · e = m · v · e = I · ω = I · φ / t




so m · v · e · t = I · φ



Taking v as the average value, v · t = L, and then


m · e · L = I · φ




φ = (m · e · L) / I



where: φ — the deflection angle produced when the rifle fires; m — the mass of the bullet; e — the offset of the weapon’s center of gravity from the bore axis; L — the length of the bore; I — the rotational inertia of the weapon (for a rod-shaped body, the mass multiplied by the square of the radius of rotation); ω — the angular velocity of the weapon in rotation; β — the angular acceleration of the weapon in rotation; t — the time during which the powder gases act on the weapon; v — the muzzle velocity of the bullet.

Clearly, when the bullet mass and bore length are fixed, the size of the weapon’s deflection angle is directly proportional to the distance e of the weapon’s center of gravity from the bore axis and inversely proportional to the weapon’s rotational inertia I. When the bayonet has an oval hole (Figure 32),


Figure 32: The working principle of the oval hole in the bayonet



then when firing in the folded state, as the weapon recoils rapidly, it also drives the bayonet pivot and the bayonet tube back with it. But because the bayonet pivot sits at the front end of the oval hole, the bayonet does not recoil together with the weapon; under the action of inertia it remains almost in its original position. At that instant the bayonet is in effect momentarily separated from the weapon, equivalent to a reduction in the weight of the weapon’s moving parts, and the distance from the weapon’s center of gravity to the bore axis is correspondingly reduced. As a result, the couple moment and the deflection angle it causes are both reduced, which cancels the effect of the increased deflection angle caused by the reduced rotational inertia when the bayonet is folded, and so achieves the effect that firing accuracy is the same with the bayonet folded as with it extended.




8. The Annoying Recoil of Guns


Original book: printed page 40



Everyone who has fired a rifle has had this experience: at the instant of firing, as the bullet flies far and high, the shoulder against which the butt rests also receives a violent blow. This blow is caused by the gun’s recoil. Recoil not only easily causes fatigue in the shooter but also greatly reduces firing accuracy. Therefore, in designing weapons, the recoil energy acting on the shooter’s shoulder is required not to exceed 15.7–19.6 joules.

A weapon’s recoil is the result of action and reaction during firing. In live firing, after the bullet leaves the muzzle, the powder gases in the bore, while jetting outward, also exert an oppositely directed force on the barrel, and so recoil arises (Figure 33). The principle is the same as that by which a “double-kick” firecracker rises into the air and a rocket is launched. The only difference is that in one case the force points upward, driving the “double-kick” and the rocket upward, while in the other the force points backward, driving the weapon back.


Figure 33: Force diagram of a weapon when fired



The magnitude of the recoil can be found from the law of conservation of momentum. Physics tells us that the momentum of an object equals the product of its mass and its velocity; when several objects interact, the momentum of each may change, but the sum of the momenta of the objects taking part remains unchanged. Therefore the change in the weapon’s recoil momentum equals the change in the bullet’s momentum. That is:


M · U = m · V



where: M — the mass of the weapon; U — the recoil velocity of the weapon; m — the mass of the bullet; V — the velocity of the bullet.

The weapon’s recoil velocity is therefore


U = (m · V) / M



Since the mass of the weapon is much greater than that of the bullet, the recoil velocity of the weapon is far lower than the bullet’s muzzle velocity.

It should be pointed out that this is an approximate formula, because it takes into account neither the change in momentum of the burning propellant grains nor the aftereffect of the gases when the weapon fires, and so carries a certain error. Therefore the propellant charge w is usually added to the bullet’s mass as an equivalent mass and multiplied by the aftereffect coefficient β to establish the basic formula for computing the weapon’s recoil velocity. That is:


U = ((m + β · w) / M) · V



Generally β = 1275 / V.

With these, we can calculate the weapon’s recoil velocity and the recoil energy of its moving parts from the mass of the bullet, the muzzle velocity, the charge, and the mass of the weapon itself.

For example, a rifle or carbine firing the Type 1953 7.62 mm ordinary cartridge: bullet mass m = 0.0096 kg, propellant charge w = 0.00325 kg, weapon mass M = 3.9 kg, bullet muzzle velocity V = 820 m/s, β = 1275 / V = 1275 / 820 ≈ 1.55. Then


U = ((0.0096 + 1.55 × 0.00325) / 3.9) × 820 = 3.1 (m/s)



By the kinetic energy formula, the weapon’s maximum recoil energy is


E = ½ · M · U² = (3.9 × 3.1²) / 2 = 18.7 (J)



When the weapon recoils, the shooter’s shoulder holds back the weapon’s rearward movement, and the bracing and supporting forces restrict its downward movement (Figure 34). But since there is no restraint above the weapon, muzzle jump also occurs at the instant of firing. Recoil and jump generally have no effect on the accuracy of single-shot weapons, because by the time recoil and jump are greatest, the bullet has already left the muzzle. But for automatic weapons, the change in the original aiming position often reduces firing accuracy. To ensure the accuracy of automatic weapons, muzzle devices such as anti-jump devices or shock reducers are usually fitted at the muzzle. With a muzzle device on an automatic weapon, the recoil kinetic energy can be reduced by 30–40%, and the weapon’s recoil and jump are reduced accordingly.


Figure 34: Recoil and jump of a gun after firing






9. Why the Caliber of Rifles Has to Be Reduced


Original book: printed page 43



Since the 1960s, a craze for small calibers has arisen in the world of firearms. Designers in many countries have successively proposed schemes to reduce the rifle caliber from 7.62 mm. In 1963 the US Army was first to issue the M16 5.56 mm automatic rifle; in 1974 the Soviet Army put the 5.45 mm AK-74 assault rifle into service and used it when invading Afghanistan; in 1980 the North Atlantic Treaty Organization decided to adopt 5.56 mm as the standard caliber for rifles and light machine guns, and selected the Belgian SS109 5.56 mm cartridge as the standard round for rifles and light machine guns. Up to now, small-caliber rifles of different structures and calibers developed around the world have numbered more than a hundred. It seems that this small-caliber craze is still growing rather than fading. Western military experts even assert that equipping troops with small-caliber rifles is the general trend. So why should the caliber of rifles and light machine guns be reduced? And what will the wounding effect be after the reduction?

As everyone knows, guns and ammunition, like other weapons, are always improved according to the needs of war and develop along with science. Each change in the caliber of rifle cartridges marks an improvement in the technical performance of ammunition and, to a certain extent, reflects reform and progress in weapons technology and infantry tactics.

Long before the First World War, the rifle was the infantry’s main weapon. Since machine guns had not yet matured, the fire missions at the various stages of combat and at different distances historically fell to the rifle. It was therefore required to be powerful and long-ranged. The shooter’s combat distance was to be over 1000 m.

After the outbreak of the First World War, light and heavy machine guns came to the fore, and the combat tasks originally borne by the rifle — hitting distant massed living targets, suppressing the enemy’s forward positions, and interdicting the enemy’s rear facilities with fire — were taken over by machine guns. By the late Second World War, because of the widespread use of powerful, long-range heavy weapons, the maximum combat distance for rifles generally accepted by nations had shrunk to 400 m. This tells us that with the mass use of long-range killing weapons, the combat distance of modern infantry, and especially the combat-function distance of the rifle, is shortening. Infantry engagement distances are no longer over 1000 m but 300–400 m, or even 100–200 m. And war experience shows that close combat is won entirely by morale and superior firepower. To increase the sustainability of fire, more ammunition must be carried, and so the requirement arose that ammunition must be miniaturized.

How can this goal be achieved? There are two recognized approaches. One is to keep the 7.62 mm caliber and reduce the bullet’s weight or the propellant charge. But since the caliber is unchanged, after the bullet is made lighter its shape becomes thick and short and its flight characteristics deteriorate; if the charge is reduced, the muzzle velocity falls, the curvature of the trajectory increases, and accuracy worsens with it. The other approach is to reduce the caliber, reduce the bullet weight and charge, improve the bullet shape, and raise the muzzle velocity. Research in wound ballistics shows that a bullet’s wounding effect on flesh depends mainly on its speed when it strikes the target and on the degree to which it tumbles and deforms in the tissue; quantitatively, the bullet’s wounding kinetic energy E is proportional to the bullet’s mass m and to the square of its speed v when hitting the target, that is, E = ½ · m · v². From this it can be seen that reducing the caliber, reducing the bullet’s weight, and raising the muzzle velocity is an ideal path that can reduce the weight of both weapon and ammunition without lowering the wounding effect. This is because a high-speed bullet (above 700 m/s; small-caliber bullets can reach over 900 m/s) is accompanied by a strong pressure wave (6.86 MPa). This pressure wave can not only damage human muscle to varying degrees but can even shatter bones near the impact that were not directly hit. Some foreign experts also believe that after a high-speed lead-core bullet strikes the body, the metal jacket is often stopped by bone and ceases moving, while the lead core deforms and expands violently, forming an explosive-type wound like that of a dumdum bullet. For example, in shots into the buttocks of live pigs at 10–100 m, the tissue killed along the wound channel averaged 108 g for the 5.56 mm small-caliber bullet, more than 80% above the 60 g average for the 7.62 mm bullet. Also, because small-caliber bullets have good flat-trajectory performance, small-caliber rifles and light machine guns are much more effective against targets with depth than large-caliber weapons of the same class. For example, the Belgian SS109 5.56 mm bullet can pierce the American steel helmet at 1200 m (most NATO countries define the maximum distance at which a bullet can penetrate the American M1A1 steel helmet and its liner as the bullet’s effective range; this helmet is 1.31 mm thick, with a tensile strength of 1.67 GPa). Therefore, after the caliber is reduced, provided that suitable technical measures are adopted, the wounding effect should be sufficient, and even no lower than the level of the current 7.62 mm cartridge.

In addition, after the caliber is reduced, one can carry 1/3 more ammunition, reduce the weight of the weapon and the recoil when firing, improve mobility and firing accuracy, save large amounts of raw materials, and lower production costs. If each round saves 1 gram of metal, 100 million rounds can save about 100 tons; if each round saves about 1 fen, 100 million rounds can save about 1 million yuan. The American 5.56 mm cartridge, compared with the 7.62 mm cartridge, saves on average per 100 million rounds about 500 tons each of copper and lead, and 144 tons of propellant. From this it can be seen that reducing the caliber of rifle and light machine gun ammunition has many advantages, whether viewed from the standpoint of tactical needs and wounding effect or from the economic significance for wartime logistical supply and peacetime production.

Of course, small-caliber cartridges also have their shortcomings: for instance, a maximum chamber pressure of up to 353 MPa shortens barrel life and causes extraction difficulties; and because the bullet is lighter, when it meets interference from wind, sand, rain, snow, brush, or fields of tall crops, it is affected more than a heavier bullet. But weighing the pros and cons, the shortcomings are, after all, secondary. This is because the weapon’s best wounding effect is given full play, which is what people hope for and what matters most.




10. The Gyroscope Principle and Spiral Rifling


Original book: printed page 46



In childhood, almost everyone played with a spinning top. Strangely, this cone-shaped object is steadier the faster it spins, and the moment it stops spinning it immediately falls over. Children treat it only as an amusing toy. But if we look carefully, we will find that the spin of a projectile is the same as the motion of a top.

A top has a certain weight. When it is stood upright on level ground, gravity q₁ and the force q at the point of support form a couple (Figure 35), so it will topple with the slightest tilt. But if it is made to spin at high speed, although it is also acted on by the couple formed by q₁ and q, it not only does not topple but also moves in a cone around the vertical axis (Figure 36).


Figure 35: The couple acting on a top




Figure 36: The “spin” and “revolution” of a top



What is the reason for this? It turns out that when a top spins, it not only rotates about its own axis but also moves in a cone around a vertical axis. That is to say, the top “spins” about its own axis while “revolving” about the vertical axis. How fast the top spins about its own axis determines the size of its wobble angle. The slower it spins, the larger the wobble angle and the worse the stability; the faster it spins, the smaller the wobble angle and the better the stability (Figure 37). This is much the same as the principle of riding a bicycle. The difference is that one is straight-line motion and the other is curved, conical motion. The phenomenon that a top spinning at high speed, under the gravity couple, does not topple along the direction of the couple but moves in a cone around the vertical axis through the point of support is the gyroscope principle.


Figure 37: The wobble angle and stability of a top



So what is the relationship between the gyroscope principle and rifling? Everyone has had this experience: when throwing a hand grenade, if you do not throw it properly, after it leaves the hand it wobbles and sways, or even turns somersaults. This not only affects accuracy but greatly shortens the throwing distance. The same is true of projectiles fired from guns and cannons. Early guns and cannons had no rifling, so their range was short and their accuracy poor. Only after rifling appeared in the seventeenth century did range and accuracy improve markedly.

A projectile spins under the action of the rifling, and this is the same in principle as the motion of a top spinning at high speed. The projectile’s axis corresponds to the top’s axis; the tangent to the trajectory corresponds to the vertical axis; the projectile’s nutation angle in flight corresponds to the top’s wobble angle; the projectile’s center of mass corresponds to the top’s point of support; and the overturning moment exerted by the air on the projectile corresponds to the moment of the top’s gravity couple (Figure 38). As the projectile moves in the bore, the rifling forces it to spin at high speed, and under the overturning couple, besides spinning, it also moves in a cone about the tangent to the trajectory, centered on its center of mass (called precession in ballistics), so that the projectile’s axis always keeps a very small wobble angle with the trajectory tangent (called the nutation angle in ballistics) and the projectile does not tumble, thus ensuring stable flight.


Figure 38: Diagram of projectile motion



If the rifling is worn, the projectile does not get the spin it should, and if the muzzle velocity has also dropped, the stability of the projectile’s flight will be affected. In addition, spalling of the rifling, nicks in the rifling, and dents on the projectile’s surface can also make the projectile lose stability in flight. If the projectile’s flight is unstable, the dispersion of the shots increases, and sideways bullet holes and oval bullet holes may even occur, seriously affecting the performance of the weapon.

Most of the guns and cannons we use now are rifled weapons. If we split the barrel in two along its centerline and take one of the rifling grooves and unroll it, the helix becomes a straight line (Figure 39). The angle α between this line and the barrel axis is called the twist angle; the distance L advanced by the rifling in one turn about the barrel axis is called the twist pitch; and the ratio u of the pitch L to the caliber d is called the twist rate (缠度), u = L/d. The twist angle can be obtained from tan α = πd / (u · d) = π / u. It can be seen that the larger the twist angle, the smaller the twist rate, and the greater the spin produced when the projectile moves forward in the bore at the same speed. This is therefore more favorable for improving the weapon’s accuracy and long-range performance. For example, rifles and ammunition equipped by NATO with a twist pitch of 178 mm can penetrate the American steel helmet (1.31 mm thick, tensile strength 1.67 GPa) at 1300 m, and penetrate NATO’s standard test steel plate at 600 m. Whereas when a rifle and ammunition of the same caliber with a twist pitch of 305 mm are fired, the distance at which they penetrate the American steel helmet is about 825 m, and the distance at which they penetrate NATO standard armor plate is only 416 m. Evidently, the twist rate of the rifling has a very great influence on the firing effect.


Figure 39: Twist angle, twist pitch and twist rate of a rifled weapon



However, there is a limit to how far the twist rate can be reduced or increased. Too large or too small a value will both be detrimental to the firing effect. From the requirement of keeping the projectile stable in flight and improving accuracy, the twist rate should be a little smaller; but from the requirement of increasing the projectile’s lethality against living targets, the twist rate should be a little larger. This is because, with a large twist rate, the projectile can quickly lose stability after entering the flesh, thereby enlarging the wounded area. Also, with a large twist rate the rifling bears less force, which is beneficial for the life of the barrel. To take both aspects into account, the twist rate of the rifling must usually be neither too large nor too small.

In addition, changes in the rifling’s twist angle have a direct effect on the weapon’s performance and firing effect. By twist angle, rifling is divided into uniform-twist rifling, progressive-twist rifling, and mixed rifling (Figure 40). Uniform-twist rifling has a constant twist angle and is easy to machine, but because the chamber pressure rises fast in the initial section and the pressure there is high, and the projectile suddenly accelerates into spin, the force between the driving band or projectile surface and the rifling is greatest there, and the burning and wear on the barrel are the most severe. In progressive-twist rifling the twist angle gradually increases from the initial section toward the muzzle, so the twist rate and twist angle vary from point to point. It can reduce the severe wear between the projectile and the rifling and improve the sealing of the projectile surface or driving band against the gas in the bore. But because the twist angle is greatest at the muzzle, wear at the muzzle increases correspondingly, affecting the dispersion accuracy of the projectiles. In order to keep the strengths and avoid the weaknesses, mixed rifling later appeared, combining the advantages of uniform-twist and progressive-twist rifling. Mixed rifling can not only reduce wear at the start of the rifling and at the muzzle, extending the life of the muzzle end of the barrel, but can also improve the weapon’s firing accuracy. It is therefore widely used on weapons with high muzzle velocity and high rate of fire.


Figure 40: Various kinds of rifling (left to right: uniform-twist, progressive-twist, mixed; the mixed type shows a progressive section and a uniform section)



To bring out the weapon’s maximum effectiveness, nations in recent years have also made many attempts and improvements in the structure and form of rifling. Among them are barrels with a free-travel section, in which the part most severely eroded is not cut with rifling, in order to improve the resistance of the rifling’s initial section to erosion by powder gas; barrels in which the initial section of the bore is rifled so that the projectile gains a certain rotation while the section near the muzzle is machined smooth — rifled–smoothbore mixed barrels; and progressively tightening rifling with varying cross-section. With the continuing development of new theories, new processes and new technologies, still more varieties in the structure and form of rifling will appear.




11. Why a Breechblock Can Self-Lock


Original book: printed page 52



Whether it is a gun or a cannon, the locking device must be safe and reliable. Otherwise, at best powder gas will escape outward from the chamber and impair the weapon’s ballistic performance; at worst the weapon may be damaged and fatal accidents may occur. Clearly the locking device plays a vital role in ensuring firing safety.

The locking device of a weapon sometimes relies on the support of a specific mechanism or part, and sometimes relies on the self-locking that occurs when the locking parts come into contact with one another. To explain the principle of self-locking, let us first take an example.

On an incline whose angle α can be adjusted, place a block of weight P, as in Figure 41(a). When the angle α is not large, the block can stay at rest, and at this time the forces P and R lie on the same plumb line.

When the incline’s angle gradually increases, the angle α between the force P and the normal to the incline increases gradually, and the angle φ also increases, as in Figure 41(b). When the angle φ reaches φm, the block is in a critical state of equilibrium. If the angle α continues to increase, the block will begin to slide down. It is clear that when α ≤ φm, no matter how heavy the block is, it will not slide down. If the weight of the block is doubled, the force N will double, and the maximum static friction force Fmax will also double. So as long as α ≤ φm (φm being the friction angle, whose tangent equals the coefficient of friction, that is, tan φm = f), the block will not slide down. This phenomenon is called self-locking. Self-locking is often seen in daily life: for example, a ladder leaning against a wall, as long as the angle is right, will not slip whether the person climbing it is light or heavy. The climbing hooks (spurs) that electricians use to climb utility poles are also made on the principle of self-locking.


Figure 41: Inclination angle and equilibrium



The reason some of the cannons we use can achieve locking by self-locking is this same principle.

Figure 42 shows the forces on a wedge-type breechblock at the moment of firing.


Figure 42: Force diagram of a wedge breechblock during firing



In the figure: Ppt — the resultant chamber force acting on the breechblock; T₁ — the friction between the breechblock face and the base of the cartridge case, T₁ = f₁ · Ppt; f₁ — the coefficient of friction between the face and the case base; T₂ — the friction between the breech support surface and the rear slanted surface of the breechblock, T₂ = f₂ · N; N — the perpendicular reaction of the breech support surface; f₂ — the coefficient of friction between the rear surface of the breechblock and the breech support surface; under dynamic loading it can be taken approximately that f = f₁ = f₂; qK — the weight of the breechblock; JK — the inertia force of the breechblock during recoil.

According to the equilibrium conditions of an arbitrary planar system of forces, when the breechblock self-locks, the whole set of forces must be in equilibrium. Neglecting qK and JK,

ΣPx = Ppt − N · (cos α + f₂ · sin α) = 0 ΣPy = Ppt · f₁ − N · (sin α − f₂ · cos α) = 0

From ΣPx = 0:


Ppt = N · (cos α + f₂ · sin α)



Substituting into ΣPy = 0:


f₁ · N · (cos α + f₂ · sin α) − N · (sin α − f₂ · cos α) = 0



Eliminating N and rearranging:

f₁ · (cos α + f₂ · sin α) = sin α − f₂ · cos α f₁ · cos α + f₁ · f₂ · sin α = sin α − f₂ · cos α

Because the value of f₁ · f₂ · sin α is extremely small, dropping it gives


sin α = f₁ · cos α + f₂ · cos α




tan α = sin α / cos α = f₁ + f₂ = 2f



From the law of friction we know


tan φ = f



Therefore


tan α = 2 tan φ



Since α and φ are both very small, the radian values of the angles can be used in place of the tangents, that is,


α = 2φ (the equilibrium condition of the breechblock)



So the condition for the breechblock to self-lock is


α ≤ 2φ



That is, as long as the inclination α of the rear slanted surface of the breechblock does not exceed twice the friction angle, the breechblock is guaranteed to self-lock.

Experience shows that the coefficient of friction f, and hence the friction angle φ, depends on the condition of the breech surfaces, the kind of oil applied, and so on. Measured under static load, spindle oil gives f = 0.14–0.16 and No. 2 oil gives f = 0.10–0.12. But because during firing the breechblock is under dynamic load, the value of the friction coefficient is relatively smaller, and it differs little among oils of the same kind, being about 0.01–0.02. The inclination α of the rear surface of the breechblock should therefore satisfy α ≤ 1°10′–2°20′. For most of the wedge breechblocks we commonly use, for the convenience of opening and closing the breech, the inclination α is usually close to 2°. For example, the breechblock inclinations of the 85 mm gun and the 122 mm gun are both 1°42′.

Of course, to ensure that the breechblock locks reliably, the cooperation of other mechanisms is also needed. But a suitable inclination on the slanted surface of the breechblock is the necessary condition for guaranteeing its self-locking and locking.




12. The Function of Recoil Mechanisms


Original book: printed page 56



If you look closely, you will see that the safety helmets worn by construction workers have padded liners, and that the boxes used to transport delicate instruments are lined with soft material. These are all protective measures taken to lessen the impact of external forces and prevent the brain and the instruments from being shaken to harm. Nearly all the cannons we use now are fitted with recoil mechanisms, and the purpose is likewise to reduce the shock of the powder gases on the carriage.

Before the 1870s, cannons had no recoil mechanism. Because the barrel was connected directly to the carriage through its trunnions, at firing the barrel recoiled together with the carriage under the action of the powder gases, which could not ensure firing accuracy and also easily damaged the gun. People call such a carriage a rigid carriage.

To find out the shortcomings of the rigid carriage, let us first look at the forces on it.

Figure 43 is the force diagram of a gun on a rigid carriage when firing.


Figure 43: Force diagram of a rigid-carriage gun when firing



In the figure: PH — the recoil force at firing; Q — the weight of the gun; NA — the vertical reaction of the ground on the wheels; NB — the vertical component of the ground’s reaction on the trail spade; TB — the horizontal component of the ground’s reaction on the trail spade; φ — the firing angle (elevation) of the barrel; D — the distance from the gun’s center of gravity to the spade support point C; h — the distance from the spade support point C to the bore axis; L — the distance from the wheel support point to the spade support point.

For the gun to remain stable at firing, it must neither move back and forth horizontally nor jump up and down vertically. To ensure that it really does not recoil at firing, the horizontal constraining reaction of the ground must be greater than or at least equal to the horizontal component of the recoil force, that is,


TB ≥ PH · cos φ



When the firing angle φ = 0°, the recoil force is greatest and the inequality is hardest to satisfy. At that time the condition for not moving horizontally is


TB ≥ PH



The size of the constraining reaction the ground provides to the spade depends on the pressure the soil can bear and the bearing area the spade provides. Ordinary soil can bear only 24.5–44.1 newtons per square centimeter, usually taken as 40 N. So to keep the gun from recoiling, the only way is to ensure it by enlarging the spade’s bearing area S, that is, S ≥ TB / 40 ≈ PH / 40 (S in cm²).

The chamber pressure of modern guns is fairly high, and the recoil force generally reaches 981 kN or more. For example, the recoil force of the 85 mm gun is 1.42 MN, that of the 122 mm howitzer is 2.76 MN, and that of the 122 mm gun is as high as 3.75 MN. With a rigid carriage, if one wants the barrel not to recoil at firing, the spade area would have to reach a dozen or more square meters. Obviously this is not workable. [Translator’s note: at the printed figure of 40 N/cm², 1.42 MN works out to about 3.6 m², and 3.75 MN to about 9 m²; “a dozen or more” is the book’s rounding for the heaviest guns.]

Let us look at whether stability against jumping in the vertical direction can be ensured.

From Figure 43 we can see that at firing, under the recoil force PH, the gun may pivot upward about the spade support point C, lifting the wheels off the ground. To remain stable, the wheels must press firmly on the ground; that is, the ground’s constraining reaction on the wheels, NA, must be greater than zero. When NA drops to zero, it is the limit state of stability. So the stability condition can be determined from NA ≥ 0.

That is, from ΣMC(P) = 0:


NA · L − Q · D + PH · h = 0




NA = (Q · D − PH · h) / L




Q · D − PH · h ≥ 0




Q · D ≥ PH · h



On the right of the formula, PH · h is the moment of the recoil force about the spade support point C. Its effect is to overturn the gun, so it is called the overturning moment; on the left, Q · D is the moment of the gun’s weight about the spade support point C. It resists the gun’s jumping and keeps it stable, so it is called the stabilizing moment. For modern guns with very large recoil forces, if a rigid carriage is used, because the overturning moment is very large, the gun would have to be made extremely heavy and bulky to remain stable. For example, for the 85 mm gun with a recoil force of 1.42 MN, at a firing angle φ = 0° and h = 0.9 m, if the gun’s actual weight Q = 16.9 kN is kept, the distance from the center of gravity to the spade support point C would have to be


D = (PH · h) / Q = (1.42 × 10⁶ × 0.9) / (1.69 × 10⁴) = 76 (m)



Obviously this is not workable either.

In addition, analyzing from the requirement of carriage strength: since the barrel is rigidly joined to the carriage, the carriage will bear the enormous recoil force directly, which demands that the carriage and all its parts have sufficient strength. And for modern guns with very large recoil forces, this is hard to achieve.

With the needs of war and the development of powder technology, the rigid carriage became a major obstacle to raising the power of guns. So people had to look for a new way out. For instance, on wheeled guns, buffer pads were placed between the axle and the trail to keep the axle from bending at firing; small spades were fitted under the trail to increase friction with the ground during recoil and reduce the recoil distance. But none of these methods fundamentally resolved the contradiction between gun power and mobility and stability. It was not until 1872–1875, when the Russian Baranovsky created a quick-firing gun with an elastic carriage, that a truly ideal path for improving firing stability was found.

The so-called elastic carriage is one in which the barrel is connected to the carriage through an elastic body (Figure 44). At firing, the recoil of the barrel first acts on the elastic body, which on the one hand prevents the recoil force from being passed directly to the carriage and on the other hand absorbs and dissipates the recoil energy. When the recoil stops at a certain position, the elastic body then uses the part of the recoil energy it has stored to push the barrel back to its original position. The recoil mechanism of a large-caliber gun is the most typical elastic body.


Figure 44: Elastic carriage



The appearance of the recoil mechanism brought about the change of guns from rigid carriages to elastic carriages. Because the carriage no longer directly bears the enormous recoil force, the constraining reactions are also greatly reduced. From Figure 45 it can be seen that, besides the recoil force PH at firing and the weight Q₀ of the recoiling parts, there are the hydraulic resistance Φ₀ of the recoil brake, the resistance Pf of the recuperator (counter-recoil mechanism), the frictional resistances T₁ and T₂ of the front and rear bearings on the recoiling parts (caused by the normal pressures N₁ and N₂ at the front and rear bearings where the cradle fits the barrel), the frictional resistance F of the packing on the rod and cylinder in the recoil mechanism, and the horizontal component Q₀ · sin φ of the weight Q₀ of the recoiling parts. These forces together form the recoil resistance R.


R = Φ₀ + Pf + T₁ + T₂ + F + Q₀ · sin φ




Figure 45: Force diagram of the recoiling parts at firing



According to Newton’s second law, we obtain the relationship among the mass M of the recoiling parts at firing, the acceleration a, the recoil force PH and the recoil resistance R, that is,


M · a = PH − R



Because this formula expresses the basic equation of recoil motion, it is called the recoil equation (驻退方程).

According to the principle of simplification of force systems, we can also translate PH to the center of mass of the recoiling parts; the translation produces an additional couple moment PH · e (Figure 46). In this way, the forces on the elastic-carriage gun reduce to: the force R′ (the reaction to the recoil resistance R) directed rearward through the center of mass of the recoiling parts, the dynamic couple moment PH · e, the weight Q₀, and the three constraining reactions NA, NB and TB. Their equilibrium conditions are:

ΣPx = R′ · cos φ − TB = 0 ΣPy = NA + NB − Q₀ − R′ · sin φ = 0 ΣMB(P) = Q₀ · D − R′ · h − PH · e − NA · L = 0


Figure 46: Force diagram of an elastic-carriage gun at firing



From ΣPx = 0 we get the horizontal equilibrium condition


TB = R′ · cos φ



For the gun not to recoil, the maximum horizontal constraining reaction TB that the ground can supply to the spade must be greater than or equal to the maximum horizontal component of R′, that is,


TB ≥ R′ · cos φ



By the same reasoning, for the gun not to move in the vertical direction, the maximum constraining reaction the ground supplies must be equal to or greater than the maximum of R′ · sin φ + Q₀, that is,


NA + NB ≥ R′ · sin φ + Q₀



If the maximum firing angle equals or approaches 90° (a high-angle gun), and sin 90° = 1, the above becomes


NA + NB ≥ R′ + Q₀



In addition, to keep the gun stable, the ground’s constraining reaction on the wheels must be greater than or equal to zero. That is,


NA ≥ 0



From ΣMB(P) = 0 we get


NA = (Q₀ · D − R′ · h − PH · e) / L




Q₀ · D − R′ · h − PH · e ≥ 0




Q₀ · D ≥ R′ · h + PH · e



If the center of mass of the recoiling parts lies exactly on the bore axis, the dynamic arm e = 0, and the stability condition becomes:


Q₀ · D ≥ R′ · h



It can be seen that the difference between the stability conditions of the elastic carriage and the rigid carriage lies only in the substitution of the reaction R′ of the recoil resistance for the recoil force PH.

When a rigid-carriage gun fires, the recoil force does work on the recoiling parts, giving them recoil kinetic energy. Before the recoil force acts, the speed of the recoiling parts is zero; when the recoil force ceases to act, it reaches U. When the mass of the recoiling parts is M, the average recoil force is PH, and the distance over which it acts is L, then by the kinetic energy theorem


PH · L = ½ M · U²



But for an elastic-carriage gun, this recoil kinetic energy is entirely consumed, during the recoil process, by the work done by the recoil resistance R over the whole recoil length S, bringing the speed of the recoiling parts from its maximum down to zero. That is,


R · S = ½ M · U² = PH · L



That is to say, the work done on the recoiling parts by the recoil resistance R and by the recoil force PH is equal. It is only because the distance over which the recoil resistance acts is much greater than the distance over which the recoil force acts that the recoil resistance is much smaller than the recoil force. Its size is generally


R = (1/30 – 1/15) · PH



This tells us that, under the same ballistic conditions, the recoil force borne by an elastic-carriage gun in firing is only 1/30–1/15 that of a rigid-carriage gun. For example, PH of the 85 mm gun is 1.42 MN, whereas R is only 73.3 kN. So its spade area need be neither a dozen or so square meters nor even several square meters — just 0.2 square meter satisfies the requirement of firing stability. This is exactly what the recoil mechanism does.




13. Preventing Tanks from Rolling Over in High-Speed Turns


Original book: printed page 64



We all know that when a bus full of passengers turns at fairly high speed, although no external force is applied to it, the bus, with its people, leans toward the outside of the turn. If the speed is too high and the turn too sharp, a rollover accident can result. This happens not only with cars and trains; even a solid-looking tank can suffer it. How does this come about? Physics tells us that it is the result of inertial centrifugal force.

Figure 47 is a schematic diagram of a tank turning (top view), in which C is the tank’s center of gravity, B is the distance between the centers of the inner and outer tracks, O is the center of the tank’s turn, OC is the turning radius R, and O₁ and O₂ are two points on the moving tracks. According to Newton’s law, we can find that the centrifugal force F produced when the tank turns is


F = M · R · ω²



where M is the mass of the tank and ω is the angular velocity of the tank in turning, related to the speed of the (outer) high-speed track as


ω = V₂ / (R + B/2) = 2V₂ / (2R + B)




F = M · R · ω² = M · R · 4V₂² / (2R + B)²




Figure 47: Diagram of a tank turning



Since the centrifugal force F is a lateral force, it produces on the tank an outward-tilting moment F · hc about the outer edge of the outer track (hc is the height of the tank’s center of gravity above the ground). The effect of this moment is to make the tank overturn, so it is called the overturning moment. At the same time, the tank is also acted on by a stabilizing moment G · H/2, produced by gravity and opposite to the overturning moment (Figure 48). Once the overturning moment exceeds the tank’s stabilizing moment, the tank may roll over sideways. Therefore, to make sure a tank turns safely, the speed in turning must be controlled precisely and kept within the limit speed that would cause rollover. Clearly, the turning speed at which the overturning moment equals the stabilizing moment is the limit speed Vj at which the tank rolls over.


Figure 48: Diagram of the moments in a high-speed turn



From F · hc = G · H/2 we get


(4M · R · Vj² / (2R + B)²) · hc = G · H / 2



Vj = √( (G · H / (2hc)) · ((2R + B)² / (4M · R)) ) = ((2R + B) / (4R · hc)) · √(2g · H · R · hc)

Taking g = 9.8 m/s² and converting Vj to km/h, we get


Vj = 4(2R + B) · √(H · R · hc) / (R · hc)



With this formula, we can find the limit speed of different types of tanks at different turning radii. For example, for the Type 59 tank, with R = 10 m, H = 3.2 m, B = 2.64 m and hc = 1.16 m:

Vj = 4(2R + B) · √(H · R · hc) / (R · hc) = 4 × (20 + 2.64) × √(3.2 × 10 × 1.16) / (10 × 1.16) = 48 (km/h)

That is to say, the maximum limit speed of a Type 59 tank in turning should generally not exceed 48 km/h; otherwise, excessive speed and excessive centrifugal force may cause the tank to roll over sideways.




14. Tanks Climbing Slopes and Charging Slopes


Original book: printed page 67



In terms of cross-country ability among vehicles, the tank counts as a leading light among its peers. Yet even so, in motion it often meets situations where its strength falls short of its will. The most “brain-racking” of these mostly occur while climbing slopes.

When a tank climbs a slope, as shown in Figure 49, its weight G can be resolved into two components: one is the adhesion force G_φ, perpendicular to the slope and pointing downward; the other is the uphill resistance G_α, parallel to the slope and opposite to the tank’s direction of motion. Their magnitudes are, respectively,

G_φ = G · cos α G_α = G · sin α

where α is the tank’s climbing angle.


Figure 49: Force analysis of a tank climbing a slope



From the above formulas it can be seen that, since sin α increases as α increases, the uphill resistance G_α opposing the tank’s motion also increases with the climbing angle α. Since cos α decreases as α increases, the adhesion force G_φ correspondingly decreases as α increases. When the slope angle increases to a certain value, a tank moving at constant speed may stall because the engine’s traction is insufficient, or may slip because adhesion is insufficient. That slope angle is then the tank’s maximum steady climbing angle. Theory and practice both prove that a tank’s maximum steady climbing angle is determined by the engine’s traction or by adhesion. That is, when a tank climbs at constant speed the maximum slope angle, only when the engine’s maximum tractive force Pf equals the total uphill resistance can the tank’s steady motion be maintained, that is,


Pf = f · G · cos α + G · sin α



where f is the coefficient of motion resistance of the slope surface.

Or, only when the adhesion force φ · G · cos α equals the total uphill resistance can the tank climb at constant speed, that is,


φ · G · cos α = f · G · cos α + G · sin α



where φ is the adhesion coefficient.

Dividing both sides of the above by G · cos α, we get


φ = f + sin α / cos α = f + tan α




tan α = φ − f



If the adhesion coefficient φ of the road surface and the coefficient of motion resistance f of the slope are known, then from the formula tan α = φ − f one can look up the tank’s maximum climbing angle directly in the trigonometric table. If no trigonometric table is at hand, one can also take approximately tan α = α/45 to α/60, so that α = 45–60(φ − f) (α in degrees). If the ground adhesion coefficient φ is fairly large (as on an ordinary dirt road), use a coefficient close to 45; if φ is fairly small (as on frozen ground), use a coefficient close to 60.

In addition, when a tank is traveling on a slope, it sometimes meets short steep slopes that exceed the tank’s capability or whose road surface is fairly smooth. If the tank still climbs in the usual way, it may fail to get up because of insufficient engine traction or insufficient adhesion. In such a case, the partial kinetic energy method can be used to get through.

The so-called partial kinetic energy method is a way of giving the tank a larger charging force through the double action of the tank’s kinetic energy and its traction. Before climbing the slope, the tank can first be brought to the highest speed the ground allows, so as to store considerable kinetic energy. During the climb, the kinetic energy released as the tank slows down is then used to do work, making up for the shortage of traction. This both avoids the engine stalling for lack of traction on the slope and avoids the tracks slipping because of insufficient adhesion, thereby raising the tank’s average speed and passability.

As shown in Figure 50, for a tank of mass M, when the short steep slope it crosses has slope angle α and length S, the speed before climbing is V and the speed after climbing is Vt, then the kinetic energy released by the tank’s slowing down, plus the work done by the engine’s traction over the whole slope length, should equal the work done by the total uphill resistance of the tank over the same slope, that is,


M · (V² − Vt²) / 2 + Pf · S = (f · G · cos α + G · sin α) · S




Figure 50: An example of the partial kinetic energy method



In actual driving, Vt cannot drop very much; generally take Vt = V/2. For simplicity of calculation, we can also take cos α = 1 and sin α = α/60, and with M = G/g, on rearranging we get


α = 60 · ( 3V² / (8g · S) + Pf / G − f )




S = 60G · 3V² / ( 8g · [ (60f + α) · G − 60Pf ] )



It can be seen that when a tank charges a slope on a given kind of road, if the slope angle is fixed, the higher the speed, the longer the slope it can cross; if the speed is fixed, the greater the slope angle, the shorter the charging distance; the smaller the slope angle, the longer the charging distance. Therefore, when charging a slope, a speed of third gear or above is generally used. Experience shows that as long as the terrain on the slope is open and will not cause a dangerous situation or severe jolting, the tank should charge upward at the highest speed possible.




15. How Tanks Cross Cliff Walls


Original book: printed page 71



Tanks race across open country; there are fairly flat roads, and there are also uneven gullies and ditches. So climbing steep slopes and crossing cliff walls has become their “daily fare.” So how does a tank cross a cliff wall? And how great is its ability to get over one?

When a tank moving forward touches a cliff wall (Figure 51), its state of forces changes accordingly. Gravity G acts at the tank’s center of gravity C, perpendicular to the ground, and equal in size to the tank’s weight; the normal reaction N of the ground at the foot of the wall acts at point A, perpendicular to the ground; the tank’s tractive force P also acts at point A, in the same direction as the tank’s motion, and its size is determined by adhesion, that is, P = φ · N; the motion resistance R acts at point A on the lower run of the track, opposite to the tank’s direction of motion, with size R = f · N; the normal reaction of the wall Nb arises only when the hull exerts a force on the wall surface, so it acts at point D, perpendicular to the wall and opposite to the tank’s direction of motion, and its size equals the difference between the tractive force P and the resistance R, that is,


Nb = N · (φ − f)




Figure 51: A tank crossing a cliff wall



In addition there is the tangential reaction Pb of the wall surface, whose size is


Pb = Nb · (φ′ − f′)



where: φ — the adhesion coefficient of the ground at the foot of the wall; φ′ — the adhesion coefficient of the wall surface; f — the coefficient of motion resistance of the ground at the foot of the wall; f′ — the coefficient of motion resistance of the wall surface.

From Figure 51 it can be seen that for a tank to climb a cliff wall, first its front wheel must get onto the wall. Here the tangential reaction Pb of the wall surface plays a very important role, and the size and direction of Pb change with the size and direction of the force the tank’s front wheel exerts on the wall. It may point up, or it may point down. Practice proves that only when Pb points upward and the forces on the tank also satisfy the moment-balance equation can the tank climb the cliff wall.

From ΣMA(P) = 0 we get


G · a − Nb · h₁ − Pb · L = 0



From ΣPy = 0 we get


G − N − Pb = 0



From ΣPx = 0 we get


N · (φ − f) − Nb = 0



If the coefficients at the wall surface and the wall base are equal, φ = φ′ and f = f′, then


N = G / (1 + (φ − f)²)




Nb = G · (φ − f) / (1 + (φ − f)²)




Pb = G · (φ − f) / (1 + (φ − f)²) · (φ − f)



Substituting N, Nb and Pb into the moment-balance equation, we get


G · a − ( G · (φ − f) / (1 + (φ − f)²) ) · [ L · (φ − f) + h₁ ] = 0



Let φ − f = φ₀; the equation becomes


G · a − ( G · φ₀ / (1 + φ₀²) ) · (L · φ₀ + h₁) = 0




φ₀ = − h₁ / (2(L − a)) + √( (h₁ / (2(L − a)))² + a / (L − a) )



When modern tanks travel on level ground, h₁ ≈ 0.6–0.8 m, L = 4–5 m, a = 1.5–2 m. Taking their average values and substituting into the formula, we get φ₀ ≈ 0.73–0.79; that is, only when φ = (0.73–0.79) + f can the tank be guaranteed to climb the cliff wall.

Once the tank’s front wheels are up on the wall, the forces on it are about the same as when it is doing pure straight-line uphill motion (Figure 52). The difference is that the angle between the hull and the ground at the foot of the wall increases as the tank moves upward. When the line of action of gravity coincides with the edge line of the wall, this angle is greatest and the uphill resistance is also greatest; at this time the engine may stall because its traction is insufficient, or the tracks may slip because adhesion is insufficient. So the tank’s ability to cross a cliff wall also has a limit.


Figure 52: Force analysis of a tank crossing a cliff wall



From Figure 53 it can be seen that the height of cliff wall a tank can overcome is


H = BD = BC − DC




BC = L₀ · sin α + h · cos α + γh




DC = (hc − h₂) / cos α



H = L₀ · sin α + h · cos α + γh − (hc − h₂) / cos α = L₀ · sin α + h · cos α + rn + h₂ / cos α − hc / cos α

[Translator’s note: the scan prints “h − h₂” in the numerator of DC; from the next line it is clearly hc − h₂, and I have corrected it. The book uses γh and rn for the same quantity, the rear-wheel radius.]


Figure 53: Calculation for a tank crossing a cliff wall



where: L₀ — the longitudinal distance from the tank’s center of gravity to the rear wheel axle; α — the tank’s maximum climbing angle; h — the vertical distance from the center of gravity to the rear wheel axle center on level ground; h₂ — the travel of the road wheels; rn — the radius of the rear wheel (drive wheel or idler wheel); hc — the height of the tank’s center of gravity above the ground.

If we take L₀ = 3 m, α = 30°, h = 0.6 m, h₂ = 0.1 m, rn = 0.3 m, hc = 1.4 m, then

H = 3 × sin 30° + 0.6 × cos 30° + 0.1 / cos 30° + 0.3 − 1.4 / cos 30° = 0.82 (m)

From this it can be seen that a tank’s ability to cross a cliff wall is determined by the engine’s traction, the adhesion, the tank’s external dimensions, and the position of its center of gravity. The greater the engine traction and the adhesion, the longer the hull, and the further forward the center of gravity, the more easily the tank gets over.

Also worth mentioning: when the line of action of the tank’s gravity passes beyond the edge line of the cliff wall, gravity forms a downward-turning moment on the tank, making it drop onto the top of the wall. If the speed is too high at this moment, it easily causes severe jolting, even breaking parts or injuring personnel; if the throttle is eased off too early, the tank may slide back down for lack of traction or suffer engine backfire (倒爆). Therefore the driver must size up the situation and time accurately when to add and when to ease off the throttle.




16. The Range and Maximum Height of Projectiles


Original book: printed page 77



Once a round is fired, how far is its maximum range? What is its maximum trajectory height? How long does the whole trajectory take? These are three key data that a shooter should know by heart. [The scan prints 三人诸元; this is evidently a misprint for 三大诸元, “three principal elements”.]

When a gun fires, in order to overcome the effect of Earth’s gravity on the projectile’s motion, the weapon is given in advance a certain elevation angle θ. Projectiles are therefore all thrown obliquely, at a certain speed V₀, along a direction at an angle to the horizontal (Figure 54). This is why physics calls the projectile’s motion oblique-projectile motion. For a body in oblique-projectile motion, the direction of its velocity has both a horizontal component, Vx = V₀ · cos θ, and a vertical component, Vy = V₀ · sin θ, so a compound motion is formed by the superposition of horizontal and vertical motions.


Figure 54: Motion of a projectile (axes X, Y; launch angle θ; velocity V₀)



After the projectile is thrown out, under the action of the powder gas it should have gone along the direction of the initial velocity, reaching positions 1′, 2′, 3′ … as flight times T₁, T₂, T₃ … keep increasing. But because of gravity it can only reach positions 1, 2, 3 … in turn (Figure 55). That is to say, the projectile thrown upward by the powder gas is pulled down again by Earth’s gravity. So the projectile’s motion is composed of uniform rectilinear motion in the horizontal direction and uniformly accelerated motion in the vertical direction. Its horizontal displacement is x = V₀ · cos θ · t, and its vertical displacement is y = V₀ · sin θ · t − ½ g t². At any moment, the coordinates x, y of the projectile’s position are

x = V₀ · cos θ · t y = V₀ · sin θ · t − ½ g t²


Figure 55: Projectile trajectory (the straight line through 1′…6′ is the path without gravity; the curve through 1…6 is the actual path)



The trajectory of a projectile has the same features as that of any other body in oblique-projectile motion: it first rises along a curve, and after reaching the highest point descends along a curve. The height y of the highest point of the trajectory is the maximum trajectory height. The horizontal distance x from the firing position to the projectile’s landing point is the maximum range (Figure 56). From the displacement formulas of oblique-projectile motion, the height and the range can be found by calculation.


Figure 56: Maximum trajectory height and maximum range



As discussed above, the projectile’s motion in the vertical direction is vertical upward-throw motion, so the time it takes to reach the highest point is t = Vy / g, with Vy = V₀ · sin θ, so


t = (V₀ · sin θ) / g



The total flight time of the projectile is T = 2t = (2 V₀ · sin θ) / g.

Substituting t = (V₀ · sin θ)/g into y = V₀ · sin θ · t − ½ g t², we get the maximum trajectory height


Y = (V₀² · sin² θ) / (2g)



Substituting T = (2 V₀ · sin θ)/g into x = V₀ · cos θ · t, we get the maximum range


X = (2 V₀² · sin θ · cos θ) / g = (V₀² · sin 2θ) / g



The range of a projectile depends both on the muzzle velocity V₀ and on the launch angle θ. When θ is small, X is small; when θ approaches 90°, X is also small; only when θ = 45°, 2θ = 90°, sin 2θ = 1, does the range reach its maximum, X = V₀²/g. This is why the throwing angle should be 45° when throwing a hand grenade.

Given the muzzle velocity V₀ and the launch angle θ, the above formulas make it easy to calculate the height, range, flight time and so on. For example, when the Type 53 heavy machine gun fires ordinary ammunition, with muzzle velocity V₀ = 865 m/s and launch angle θ = 52′, then, neglecting air resistance, its maximum range is


X = (V₀² · sin 2θ) / g = (865² × sin 1°44′) / 9.8 = 2314 (m)



The maximum trajectory height is


Y = (V₀² · sin² θ) / (2g) = (865² × sin² 52′) / (2 × 9.8) = 8.72 (m)



The flight time over the whole trajectory is


T = (2 V₀ · sin θ) / g = (2 × 865 × sin 52′) / 9.8 = 2.67 (s)



However, when a projectile flies through air, it is affected not only by frictional drag but also by pressure-difference drag and wave drag, so calculating an air trajectory is more complicated than calculating a vacuum trajectory. For convenient use, the departments concerned have adopted a method combining calculation with experiment, and have compiled the air-trajectory data — maximum range, maximum trajectory height, total flight time and so on — under specified standard conditions into firing tables (Table 5, Figure 57). In firing, as long as one masters the method of consulting the firing table, one can quickly obtain the firing data for various firing conditions.


Figure 57: Meaning of the symbols in the firing table



Table 5: Basic Firing Table of the Type 53 Heavy Machine Gun (Ordinary Bullet)

Bullet weight 9.6 g; jump angle (发射差角) −3′; muzzle velocity 865 m/s.



















	Range X (m)
	Elevation θ (deg min)
	θ (mils)
	Angle of fall α (deg min)
	α (mils)
	Max. ordinate Y (m)
	Horizontal distance to summit Xs (m)
	Flight time t (s)
	Terminal velocity vc (m/s)
	Energy at point of fall Ec (J)
	Probable deviation, range B₃ (m)
	Probable deviation, height B₁ (m)
	Probable deviation, direction B₂ (m)





	100
	0 08
	2.2
	0 03
	0.9
	0.02
	51
	0.11
	781
	2922
	8+18
	0.04
	0.03



	200
	0 09
	2.5
	0 06
	1.7
	0.07
	105
	0.25
	702
	2373
	11+21
	0.07
	0.07



	300
	0 12
	3.3
	0 10
	2.9
	0.20
	160
	0.40
	630
	1912
	11+26
	0.11
	0.10



	400
	0 16
	4.4
	0 15
	4.4
	0.43
	216
	0.57
	564
	1530
	10+29
	0.16
	0.14



	500
	0 20
	5.6
	0 22
	6.4
	0.76
	274
	0.76
	504
	1216
	32
	0.21
	0.18



	600
	0 25
	6.9
	0 32
	9.3
	1.2
	334
	0.97
	450
	971
	28
	0.26
	0.22



	700
	0 31
	8.6
	0 45
	13
	1.8
	396
	1.21
	403
	785
	25
	0.23
	0.26



	800
	0 38
	10
	1 01
	18
	2.7
	459
	1.47
	364
	647
	22
	0.39
	0.30



	900
	0 46
	13
	1 21
	20
	3.9
	522
	1.75
	334
	549
	19
	0.46
	0.34



	1000
	0 55
	15
	1 44
	34
	5.5
	585
	2.06
	311
	471
	17
	0.53
	0.39



	1100
	1 06
	18
	2 11
	38
	7.7
	647
	2.40
	293
	412
	16
	0.60
	0.43



	1200
	1 18
	21
	2 42
	47
	11
	708
	2.77
	277
	373
	14
	0.67
	0.48



	1300
	1 32
	25
	3 17
	57
	14
	769
	3.16
	263
	333
	13
	0.74
	0.53



	1400
	1 49
	30
	3 55
	68
	18
	830
	3.58
	250
	304
	12
	0.82
	0.58



	1500
	2 11
	36
	4 37
	81
	23
	891
	4.02
	239
	275
	12
	0.91
	0.63





[Table 5 is reproduced as printed. The entries “8+18”, “11+21”, “11+26” and “10+29” are given in the source in that form. The height deviation at 700 m (0.23) breaks the otherwise steady progression and is probably a misprint, and a few of the mil values for the angle of fall (e.g. 34 mils at 1000 m) also look irregular against the degree-minute values beside them.]




17. The Wounding Effect of Bullets


Original book: printed page 83



When it comes to the wounding effect of bullets, everyone knows it is caused by a bullet striking a living target and boring a hole in the body. But at the instant a bullet passes through human flesh, why does the flesh bulge outward, forming a momentary cavity more than twenty times the diameter of the permanent wound? In the course of a bullet passing through flesh, sometimes it does not hit bone at all — why do fractures occur? And when a bullet passes through the abdomen, only a single wound track is seen, yet the intestines far from the track are often perforated in many places — why is that? So to understand the wounding effect of bullets, we must find the underlying causes of these phenomena.

Bullets are weapons for killing and wounding living targets. Among all the components of a living body, besides muscle and bone, there is a large amount of liquid and fluid. So researchers and workers in wound ballistics habitually use the effect of bullets in water to simulate the wounding situation in the human body.

First, an open-topped rectangular paper box measuring 160 × 80 × 80 mm is made from scrap drawing paper. After a wax-soaking treatment it is filled with clean water and placed on a wooden board 400 mm long, 200 mm wide and 15 mm thick, the two ends of the board supported on stools. Then, from several dozen meters away, a rifle is aimed at the center of the box and one round is fired horizontally along the length of the box. What one sees is not only the box flying and the water splashing; even more interesting, the wooden board under the paper box is also “cut through the middle.” In fact the bullet did not hit the board — why did the board break? After a great deal of experiment and research, the secret was finally worked out. It turns out that when a bullet enters water from air at fairly high speed, since the density of water is about 800 times that of air, the bullet’s flight resistance rises sharply and its kinetic energy drops rapidly, so that the bullet’s energy is quickly transferred to the water and becomes an impulse in the water. Water is incompressible, so part of the water’s impulse acts on the board in the form of a pressure wave and causes the board to break. In wound ballistics this phenomenon is called “hydrodynamic action.”

The human heart, bladder, stomach, brain and so on are places where liquid or fluid gathers. When a bullet strikes these at extremely high speed, under hydrodynamic action, just as the box flew and the water splashed, flesh and blood fly sideways, producing the killing effect of “the head bursting open” (脑袋开花). A high-speed bullet is also accompanied by a strong shock wave, so after it strikes the target, while damaging a large area of muscle it also causes fracture and shattering of bones near the wound track that were not directly hit.

Besides this, the bullet’s “lateral action” is another important aspect of wounding effect. When a bullet enters the human body at high speed, because the density of the medium it flies through has increased (the density of muscle is 1000–1100 kg/m³), the high-speed spinning bullet immediately loses stability and tumbles, so that the body develops a trumpet-shaped wound with a small entrance and a large exit (Figure 58), forming a temporary cavity whose volume can reach 26 times that of the permanent bullet hole. This causes muscle to be damaged and torn, the capillaries between muscle tissues to rupture, a great deal of bruising around the wound track, and even damage to the nerves of the permanent wound track. In addition, since the pressure inside the temporary cavity is lower than the outside atmospheric pressure, a negative-pressure zone is formed, which sucks microbes, dust and so on floating in the air into the wound track and causes serious infection.


Figure 58: Diagram of the trumpet-shaped cavity



In sum, the wounding effect of a bullet on a living target depends mainly on “hydrodynamic action” and “lateral action.” So what determines how great their lethality against a living target is?

Wound ballistics tells us that the lethal effect of a bullet on a living target depends mainly on the bullet’s kinetic energy when it strikes the target and on its ability to transfer energy to the target.

A bullet’s wounding kinetic energy E comes from its high-speed flight. It is proportional not only to the bullet’s mass M but also to the square of its velocity V (E = ½ M V²). So the kinetic energy of a bullet grows with speed faster than with mass. For example, the kinetic energy of an 8 g bullet flying at 735 m/s is about twice that of a 90 kg fat man riding a bicycle fast at 5 m/s (18 km/h). The reason is precisely the bullet’s high flight speed. Therefore, in recent years, countries around the world have generally attached importance to the research and development of small-caliber weapons that reduce the bullet’s mass and raise its muzzle velocity. The second standard NATO cartridge newly selected — the Belgian SS109 5.56 mm — and the Soviet AK-74 5.45 mm cartridge already in service both have a bullet mass of less than half that of the 7.62 mm bullet. But because their muzzle velocity is nearly 1/4 higher than that of the 7.62 mm bullet, not only is the wounding effect markedly increased, but the bullet’s hydrodynamic action and lateral action are also clearly enlarged.

That a bullet has considerable wounding kinetic energy is only a latent wounding factor. Whether it can be delivered to the target at high speed and with high efficiency is the key that decides its wounding effect. To raise a bullet’s ability to release energy, the method now widely applied is to make the bullet tumble immediately after it hits the target. Tests with U.S. 7.62 mm caliber bullets show that when the bullet flies at 760 m/s, if after hitting the target it goes straight ahead, the energy it transfers to the body is 1100 J; if it tumbles at once after hitting the target, 2420 J can be transferred to the body. Therefore many countries, by improving the internal structure of the bullet, increasing its length-to-diameter ratio, and giving its outer shape a very slight asymmetry, and by other approaches, try to make the bullet lose stability and tumble after hitting the target, so as to release more energy and bring the wounding effect of the bullet to its maximum.




18. Why Cartridge Cases Break


Original book: printed page 86



In live firing, the most annoying thing is the breaking of the cartridge case. It occurs even more easily when firing in windy and sandy conditions. So why does a perfectly good cartridge case break? According to analysis of a great many case-rupture malfunctions, the main reason cartridge cases break is improper use and management of the weapon and ammunition.

Everyone has seen a rubber band: when you pull on it hard, it can lengthen a great deal. But when it has stretched to a certain point, pulling harder makes it break. The cartridge cases we use, though made of brass or steel, likewise deform when acted on by an external force. Although they will not stretch as much as a rubber band, when stretched to a certain point they too will break. In the mechanics of materials, deformation that can return to the original shape after the external force is removed is called elastic deformation; deformation that cannot return to the original shape after the external force is removed is called plastic deformation. If plastic deformation exceeds the limit the material itself allows, rupture results.

Take the cartridge case. After the propellant inside the case is ignited, the high-temperature, high-pressure gas acts on the base of the bullet, driving it forward, and at the same time acts on the base and walls of the case, causing the case to move longitudinally and to swell in the radial direction. But the friction between the case and the chamber wall resists its movement, producing a state of being pulled forward and held back at once. The sum of the thrust P on the case produced by the powder gas and the friction F between the case and the chamber wall is what we call the tensile force (拉伸力).

Physics tells us that the size of the tensile force is related to friction, and the friction between two bodies in contact in turn depends on their contact area and the normal pressure. So the friction between the case and the chamber wall increases as the contact surface increases. Therefore the tensile force at each cross-section of the case is different. When the friction on the case equals the thrust of the powder gas on the case, the tensile force is zero. By convention the distance from that cross-section to the base of the case is called the limit length of case deformation (Lm).


Figure 59: Forces on the cartridge case at firing



From Figure 59 it can be seen that when a cartridge is fired, the rearward thrust the powder gas produces on the case is


P = (π/4) · d² · P₁



The friction produced between the case and the chamber is


F = f · π · D · Lm · P₁



where d — inner diameter of the case; D — outer diameter of the case; f — coefficient of friction between the case and the chamber; P₁ — pressure of the powder gas (i.e., chamber pressure).

At the cross-section where the contact length between case and chamber wall is Lm, P = F, that is,


(π/4) · d² · P₁ = f · π · D · Lm · P₁




Lm = d² / (4 f · D)



Because the case wall is very thin, in calculation we may take d = D approximately, so


Lm = d / (4f)



That is to say, for a case of a given diameter, its limit length of deformation varies with the cleanliness of the chamber. If the chamber is very dirty, the friction coefficient f is large and the limit length of deformation is short. If the chamber is clean and lubrication is good, the limit length of deformation is long.

Practice proves that the places where cases break all lie within the limit length of case deformation. Under ordinary conditions, because the bolt-head clearance (机头游隙) is not large, the case is stopped by the bolt after being stretched a little, so the case does not break. If the bolt-head clearance is too great, then under the high pressure of the powder gas the base of the case, lacking firm support, moves rearward excessively. But the front part of the case, held tight against the chamber by friction, cannot move, and so the case body can only be stretched. When this stretching exceeds the strength limit of the case material, the case breaks.

In addition, deformation of the cartridge case and rust in the chamber will also cause case rupture by increasing extraction resistance. Therefore we must always take good care of weapons and ammunition, and keep the chamber and the surface of the rounds clean. When operating the weapon, do not pull the bolt too violently. In dry-fire practice, be sure to use drill rounds, to minimize wear of the bolt. If a cartridge case is deformed, its use must be forbidden. Once a case-rupture malfunction occurs, the cause should be identified promptly and the fault cleared or repaired.

If there is no time to repair in wartime, some emergency measures can also be taken as a remedy. For example, for some high-power, high-pressure cartridges, apply a little lubricant to the case surface to reduce extraction resistance. For weapons such as heavy machine guns, where case rupture is caused by excessive rearward movement of the barrel, make a small copper (or iron) shim from a spent case and place it between the barrel’s retaining pin and the receiver, or use wire or rope to pull the barrel tight to the rear and reduce the locking clearance; either can prevent case rupture.




19. Low-Noise Guns and Silent Cannons


Original book: printed page 89



Low-noise guns and silent cannons both count as special “characters” among weapons. They are special because they not only have special missions but also special construction.

The report when a gun or cannon fires is caused mainly by the shock wave produced when the powder gas, jetting out from the bore, interacts with the outside air. It is the same principle by which the high-pressure gas of a jet aircraft, jetting backward at high speed, makes a roar. Generally speaking, the higher the chamber pressure and the muzzle velocity, the louder the sound. So to reduce the noise of firing, one must find ways to lower the pressure and speed of the powder gas as it leaves the muzzle.

Take the low-noise gun. It differs from ordinary guns in three respects.

First, it uses a propellant with a fairly high burning rate. Since a fast-burning powder burns much faster than ordinary powder, the maximum force it exerts on the bullet also occurs much earlier in the bore. In this way a certain chamber pressure is formed, ensuring enough thrust for the bullet, while the pressure of the powder gas on leaving the muzzle is lowered as far as possible, and a noise-reducing effect is achieved (Figure 60).


Figure 60: Chamber-pressure curves of two propellants



Second, a silencing device is fitted at the muzzle. The silencers commonly used are of the energy-dissipating type (Figure 61) and of the sound-absorbing type (Figure 62). The energy-dissipating type has silencing baffles installed inside the silencer on the barrel. When the powder gas meets the baffles it is reflected, and part of its kinetic energy is converted into heat. After many reflections, the energy with which the powder gas rushes out of the muzzle is greatly reduced, and so the noise is reduced. The sound-absorbing type has a layer of heat-resistant sound-absorbing material, such as asbestos or metal mesh, attached to the inner wall of the silencer on the barrel. By absorbing the sound energy produced when the weapon fires, it reduces the sound energy transmitted into the atmosphere.


Figure 61: Energy-dissipating silencer




Figure 62: Sound-absorbing silencer



Third, the speed of the bullets fired by this kind of gun must not exceed the speed of sound. Once a bullet’s flight speed exceeds the speed of sound, the bullet produces a shock wave in flight and gives out a shrill cry. So the bullets fired by low-noise guns all fly at subsonic speed. Since no shock wave is produced, in flight there is only a very faint whistling.

It follows that low-noise guns generally have relatively low muzzle velocity and short range. They are therefore generally issued only to scouts and to personnel carrying out special missions.

To meet the needs of the modern battlefield, silent cannons with longer range have also been developed in recent years. For example, the Belgian-made NR8113 52 mm mortar (Figure 63) is not only soundless and smokeless but also flashless. Since it does not reveal its position when firing, it is very well suited for use by reconnaissance detachments and by infantry detachments operating deep in the enemy’s rear.

The NR8113 mortar can achieve the “three nos” when firing mainly because it uses a shell of special construction (Figure 64).


Figure 63: NR8113 52 mm mortar




Figure 64: The “three-no” shell used with the NR8113 mortar



The rear half of this shell has a light-alloy tube able to seal in noise, smoke and flash. The upper part of the light-alloy tube is sealed with an obturating plug, inside which a propellant is loaded; the lower end is made open. At the base of the mortar a firing rod is fixed, and at the front end of the rod is a firing pin. When firing, the shell moves down the barrel and the rod extends into the shell’s light-alloy tube. When the firing pin strikes the obturating plug, the propellant is ignited and produces gas pressure that forces the obturating plug toward the base of the shell. But the rod that extends into the light-alloy tube presses tightly against it, not letting it move downward. In this way the shell has no choice but to rush obediently toward the muzzle.

When the top of the firing rod comes out of the shell’s light-alloy tube, because the end of the tube has a raised rim, the obturating plug is caught and stops moving rearward. Thus the noise, smoke, flash and heat are all sealed inside the shell’s light-alloy tube. So on firing one neither hears any report nor sees smoke or flash.




20. The Wide Variety of Muzzle Devices


Original book: printed page 93



Almost all large-caliber machine guns and gun barrels have muzzle devices fitted at the muzzle. Some are long, some short; some are cylindrical, some trumpet-shaped; some have openings in the sides and some do not. These muzzle devices not only look all sorts of ways, but their functions also differ from one another.


Muzzle Brake

From the name alone, one can guess its function almost exactly. It is a device used to reduce a weapon’s recoil. When a weapon fires, because of the action of the powder gas, the recoil force borne by the barrel is very great. Recoil makes the weapon jump and shake, which not only affects firing accuracy but also speeds up damage to parts. Since the muzzle brake appeared in the mid-nineteenth century, the situation has greatly improved. Because the recoil force is much smaller than before, firing accuracy has also improved by several times.

The commonly used muzzle brakes include conical ones (Figure 65) and cylindrical ones (Figure 66). Inside is a brake chamber for the powder gas to expand into, and in the chamber wall there are side ports communicating with the outside. When firing, after the bullet flies out of the muzzle, the powder gas, at very high flow speed and pressure, follows close behind it and rushes forward. Under the reaction force, the weapon’s barrel gains a certain recoil energy and moves rearward. After the brake is fitted, on the one hand the flow of gas forward through the central bullet hole is reduced, which reduces the accelerating effect on the barrel’s recoil of the powder gas jetting from the muzzle; on the other hand, when the gas flows out through the side ports of the brake, the direction and magnitude of its flow are changed, and the gas jetting rearward produces a forward reaction force on the weapon, which further checks its recoil and thereby greatly reduces the recoil energy.


Figure 65: Conical muzzle brake




Figure 66: Cylindrical muzzle brake





Flash Hider

As the name implies, a flash hider is used to eliminate flame. When a weapon fires, the powder gas jetting from the muzzle looks, when observed at night, like a ball of fire. To avoid giving oneself away, some weapons are specially fitted with flash hiders.

To know how a flash hider eliminates flame, one must first understand how the flame at the muzzle is produced.

When a weapon fires, at the instant the bullet flies out of the muzzle, if the powder has not burned out in the bore, or if the products of its combustion in the bore still contain a good deal of incompletely oxidized gas, then when these jet out of the muzzle they go on burning and form flame. Even the solid and liquid fine particles carried in the powder gas jetting from the bore can radiate light at high temperature. So one can say that this visible light produced by powder gas at the muzzle is both physical and chemical. From the physical side, the gas stream glows because it has enough heat; from the chemical side, it has undergone a process of combustion.

The outward form of a flash hider is much like that of a muzzle brake (Figure 67); the difference is that the wall of a flash hider has no side ports communicating with the outside. After a flash hider is fitted at the weapon’s muzzle, the unburned powder particles in the powder gas can mix with the outside air inside the flash hider and burn completely. When this powder gas then flows out of the flash hider, its temperature is relatively low. So in general there is no longer any flame.


Figure 67: Conical and cylindrical flash hiders





Smoke Eliminator

As we know, most of the propellants we use are made with an oxidizer and a combustible as basic components, with an appropriate amount of binder added, mixed in certain proportions. So when live rounds are fired, giving off smoke is a common phenomenon. Although smoke can sometimes be used to screen the enemy’s view, it also easily reveals the position of one’s own emplacement and impairs one’s observation of the enemy. So some weapons have smoke eliminators fitted.

The muzzle smoke we speak of is in essence formed by many extremely small particles suspended in the muzzle gas. Besides these particles, which can condense from the gaseous to the liquid or solid state, the water vapor and carbon particles formed when the propellant burns will also condense on meeting the atmosphere, which increases the concentration of the smoke. The function of a smoke eliminator is to remove these particles from the powder gas.

A smoke eliminator consists mainly of three parts: a flow divider, a filter, and a filter medium (Figure 68). The flow divider is a cylindrical structure with many small holes drilled in its side wall, through which the powder gas expands radially into the filter and then turns back into the bullet passage. The filter is made up of a larger cylindrical member connected to the two ends of the flow divider. The filter chamber is filled with a loose porous medium to absorb the smoke particles. Since the smoke particles are only 0.5 micron or even smaller, it is impossible to hold them back completely. This is because not only is there no time for all the gas to be filtered through the gas chamber, but the pores of the filter would also soon be clogged by the dust particles. Therefore the filters in the gas chamber are made very loose, so as to let a large volume of gas pass. Since a smoke eliminator has no straight-through passage, the smoke particles in the filter can only keep hitting and rebounding back and forth. When they have “exhausted their strength” and used up their kinetic energy, they settle obediently in the gas chamber, and the aim of smoke elimination is achieved. Since smoke particles in effect settle in the gas chamber, some people also call a smoke eliminator a “settling box.”


Figure 68: Main components of a smoke eliminator





Other Devices

Besides these, there are some other commonly used muzzle devices. For example, on the muzzle of recoil-operated (管退式) weapons there is the recoil booster (Figure 69), which acts to speed up recoil; on hand-held weapons there are anti-jump devices (Figure 70) that reduce muzzle jump; and on low-noise weapons there are silencers (Figure 71) that lower the sound of the report. But whatever form of muzzle device it is, their functions complement one another, and all have the special effect of improving firing accuracy and reducing the chance of being detected by the enemy.


Figure 69: The principle of the recoil booster




Figure 70: Anti-jump device




Figure 71: Wire-mesh and baffle-type silencers







21. Beware of the Gun Barrel “Bloating”


Original book: printed page 100



When a person’s stomach bloats, it is generally no great ailment. But for a gun barrel, “bloating” is often an “incurable disease” that ends its fighting life.

A person’s stomach bloats mainly from overeating, or from carelessness about diet and hygiene. A barrel’s “bloating” is likewise mainly caused by neglect of hygiene. As everyone knows, barrels of both rifles and machine guns work under extremely harsh conditions. When live rounds are fired they must bear not only high pressures of 245–392 MPa but also high temperatures of 2500–3500 °C. This hot, high-pressure gas drives the bullet forward while also acting on the surface of the bore, making it expand in the radial direction (Figure 72). Under normal conditions, the barrel has no problem bearing such high chamber pressure. But if there is sand or oily mud in the bore, or if after cleaning tow, cloth strips and solidified cleaning oil are left in the bore, or the muzzle is blocked with mud, all of these will increase the resistance to the bullet’s forward movement and lower its speed. At this point the powder gas at the base of the bullet, hindered by the resistance, quickly folds back, while the gas behind continues to move forward. When the two meet, they merge into an enormous gas stream and cause the chamber pressure to rise abruptly. When the pressure in the bore exceeds the barrel’s capacity to resist, the barrel will swell locally (Figure 73), and the trouble of “bloating” occurs. If the pressure exceeds the strength limit of the barrel material, the barrel may also crack or burst (炸膛).


Figure 72: Diagram of chamber pressure




Figure 73: Barrel swelling



In addition, the charge in the cartridges we use has been strictly calculated. Generally speaking, when fired with the charge loaded at the factory, the maximum chamber pressure formed is one the barrel can withstand. But arbitrarily increasing the charge will also lead to barrel “bloating.” For example, if a bullet is fired using the propellant from a blank cartridge, because the blank cartridge’s charge is large and its propellant is a fast-burning powder, a large amount of powder gas appears soon after ignition, and the maximum chamber pressure can rise sharply. This too will make the bore swell or burst.

After a barrel contracts the “bloating” disease, at best the muzzle velocity is reduced and the dispersion increases, lowering the gun’s accuracy; at worst the gun must be scrapped. So when using weapons, take care not to let the muzzle touch the ground, to keep mud and sand out; and do not plug the muzzle with strips of cloth or balls of paper. In ordinary times, be diligent about wiping and oiling, to keep the inside of the barrel from rusting. Before firing and after wiping, inspect carefully and strictly guard against foreign matter left in the bore. If tow or a cloth strip is stuck in the barrel and cannot be got out, it can be burnt to char with a red-hot iron wire; on no account fire it out with live or blank rounds.




22. The Little Piston Has Many Tricks


Original book: printed page 102



As for their method of automatic operation, the rifles, machine guns and submachine guns we use are for the most part gas-operated weapons. Gas-operated weapons generally have a piston. It is one of the main parts that transmit the pressure of the powder gas, flowing through the gas port into the gas chamber, to the bolt carrier and other moving parts, to accomplish the recoil action (Figure 74). The front face of the piston usually has a conical concave surface with a 160° angle, so that the gas acting on the end face concentrates at the center and the effect is increased. The head of the piston generally has two to four annular grooves. When gas flows into the annular grooves from the gap between the gas-chamber wall and the piston, it expands rapidly in the groove and forms a certain pressure. The gas flow, obstructed by the annular groove, produces friction and eddies. On the one hand this makes it hard for the powder gas to leak out; on the other, it converts the kinetic energy of the gas into heat, causing a loss of gas-flow speed and slowing the speed at which the gas in the gas chamber escapes outward. As the gas flows in turn through each annular groove, its speed gradually decreases and its pressure gradually falls, so the flow of gas leaking through the gap is reduced, avoiding widening of the gap through erosion by large amounts of leaking gas. So the annular grooves are also called “gas-sealing grooves” (闭气沟).


Figure 74: Working principle of the gas cylinder and piston



The size of the thrust of the piston on the bolt carrier and other moving parts directly affects the reliability with which the mechanisms of a gas-operated weapon function. If the thrust is too small, the moving parts do not recoil fully to the rear, and the automatic cycle of action during firing is hard to complete; if the thrust is too great, it causes excessively violent recoil and affects firing accuracy.

To make sure the piston thrust is moderate, gas-operated weapons are generally fitted with a gas regulator. Under normal use, the gas port can be set to position 1; if the weapon is newly manufactured, because the surfaces of the parts are rough and the friction between them is relatively large, the gas port needs to be set to position 2; if the weapon’s parts are too dirty, or it is used at low temperature or in much wind and sand, especially when the moving parts do not recoil fully to the rear and there is no time to wipe them, the gas port must be adjusted appropriately to position 2 or 3.

To ensure that the piston moves freely in the gas-chamber cavity and for ease of assembly, there is a certain clearance between the piston and the gas-chamber wall. The size of the clearance is determined by the diameter of the piston and the structural shape of the gas chamber. A piston of larger diameter has a correspondingly larger clearance.

Piston motion is of two kinds, long-stroke and short-stroke. Where the piston moves a certain distance, stops, and separates from the bolt carrier (for example the Type 56 semi-automatic rifle), it is short-stroke; where the piston and the bolt carrier move through the same long stroke (for example the Type 56 submachine gun [the book’s term for the AK-type assault rifle]), it is long-stroke. The way the tail of the piston connects to the bolt carrier is further divided into the separate type (for example the Type 63 automatic rifle), the coupled type (for example the Type 56 squad light machine gun), and the type linked through an intermediate part (for example the Type 54 12.7 mm anti-aircraft machine gun). In the coupled type there is a certain amount of play between the piston rod and the bolt carrier. This is because wherever the piston rod is joined to the bolt carrier, the whole is generally rather long, and to make it easy for the piston to enter the gas chamber and to ensure that they move freely in the bore and the receiver, a certain amount of play is deliberately left at assembly. If, when the piston moves, slight sticking or interference occurs, they can adjust themselves through the play between the piston rod and the bolt carrier.




23. Rocket Weapons Past and Present


Original book: printed page 104



The rocket, this ancient technology, has been given ever newer missions by people as science has developed. Today it not only performs outstanding service among conventional weapons but also shows great prowess in astronautics. The rocket launchers (“rocket guns”) and rocket mine-laying vehicles issued to troops, guided missiles, and the launching of artificial satellites are all without exception applications of rocket technology.

The rocket’s homeland is China. As early as AD 969, China made gunpowder rockets. However, the rockets of that time were paper tubes pasted up from many layers of paper, packed solid with gunpowder. The front end of the paper tube was sealed shut and at the rear end a small hole was left, from which a fuse was drawn out; the paper tube was then bound tightly to an arrow shaft (Figure 75). When the fuse ignited the powder in the tube, the large volume of gas produced by the burning powder jetted out of the small hole at the rear end, and the rocket flew toward the enemy’s position under the reaction force of the gas.


Figure 75: Ancient rocket



After the Song dynasty, all kinds of rockets appeared one after another. Around AD 1260, rocket weapons were carried west to the Arabs with the Yuan army’s western expedition. From the Arabs they were later passed on to Europe. At that time many countries, out of military need, successively made bold improvements to rocket weapons. The parallel-type rocket “Shen Huo Fei Ya” (“Divine Fire Flying Crow”), which appeared in AD 1377, could already fly more than three hundred meters. By 1621 a serial two-stage rocket called “Huo Long Chu Shui” (“Fire Dragon Emerging from the Water”) had been made. In the early nineteenth century, rocket weapons made by Britain, France and other countries on the principle of rocket jet propulsion already showed their edge in war. For example, when Britain and Denmark fought in 1807, British warships fired tens of thousands of rockets at Copenhagen, Denmark. With the whole city almost swallowed by a sea of flames, Denmark had no choice but to lay down its arms and surrender to the British.

After the twentieth century began, the Soviet engineer M. K. Lavov [as printed; probably M. K. Tikhonravov] created a liquid-fuel rocket engine and in 1933 used it successfully in a flight test. This opened a new era of space flight. During World War II the Soviet Union in turn developed the БМ-В [as printed; presumably the BM-13] rocket launcher, which played a great role in resisting the German fascist attack in 1941.

The most notable difference between rocket weapons and barrel weapons is that the flight-propelling power of a rocket projectile does not depend on the push of the high-temperature, high-pressure gas produced in a bore, but on the reaction force produced by the high-pressure gas jetted out by its own rocket motor. To explain this, we might as well take an example.

Suppose there is a sealed container (Figure 76) holding gas at a certain pressure. Since the pressures acting on all the inner walls of the container are then equal, the container stays fixed. But if a hole is drilled in one wall of the container (Figure 77), the gas in the container will jet outward. Then the inner wall with the hole and the inner wall opposite it differ in the area that bears force. So the forces borne by the two inner walls also change. The force borne by the inner wall with the hole is less than that borne by the wall opposite it, and the difference between the two forces constitutes a thrust. This thrust drives the container in the direction of the inner wall with the larger force-bearing area. The size of the thrust equals the difference between the pressures inside and outside the container multiplied by the area of the hole, that is,


F = (P − Pa) · S



where F — the thrust arising from the different force-bearing areas of the container’s symmetrical inner walls (newtons); P — the pressure inside the container (pascals); Pa — the pressure outside the container (pascals); S — the area of the hole (m²).


Figure 76: Gas pressure in a sealed container




Figure 77: Gas pressure in a container with a hole



The launching of commonly used rocket weapons relies precisely on the large volume of gas produced by the burning of the powder in the combustion chamber and on the thrust produced when it jets out at high speed from the nozzle, to propel the rocket.

According to the law of conservation of momentum, the product of the speed and mass of the rocket at launch should equal the product of the speed and mass of the ejected powder gas. That is to say, the momentum of the rocket flying forward equals the momentum of the powder gas ejected backward.

Suppose that at some moment the mass of the rocket is M (Figure 78) and its forward speed is V, and that in a time Δt a mass Δm of gas is ejected backward. The speed of the ejected gas relative to the rocket is V₀; after ejection, the increase in the rocket’s speed is ΔV.


Figure 78: The principle of rocket launching



Before ejection, the momentum of the whole system equals M · V, directed forward.

After ejection, the mass of the rocket becomes M − Δm and its forward speed becomes V + ΔV. So the rocket’s momentum equals (M − Δm) · (V + ΔV), directed forward. The mass of the ejected gas is Δm and its rearward speed is V₀ − V, so the momentum of the ejected gas equals Δm · (V₀ − V), directed rearward. After ejection the total forward momentum of the whole system equals

(M − Δm) · (V + ΔV) − Δm · (V₀ − V)

Because the whole system is acted on by no external force, momentum is conserved, that is,


M · V = (M − Δm) · (V + ΔV) − Δm · (V₀ − V)



After simplification we get


(M − Δm) · ΔV = Δm · V₀



Dividing both sides by the ejection time Δt gives


(M − Δm) · (ΔV/Δt) = (Δm/Δt) · V₀



where ΔV/Δt is the acceleration the rocket obtains during ejection, and (M − Δm) · ΔV/Δt is the forward thrust the rocket receives during ejection.

Since the rocket’s ejection of gas is uniform, Δm/Δt is a constant. Let N = Δm/Δt, which represents the mass of gas ejected by the powder per unit time. Then the size of the thrust the rocket receives is


F = N · V₀



That is, the greater the mass of gas ejected per unit time and the higher its speed, the greater the reaction force produced and the farther the rocket’s range.

Military operations research shows that the great power of field artillery on the battlefield lies not in aiming for a long time and then firing one round at a time, but in firing as many shells as possible in as short a time as possible, so that the enemy has no chance to take cover. Rocket weapons happen to have exactly this characteristic.

For example, a single salvo from a battery of eight-barrel rocket launchers can achieve an effect equal to a salvo from 96 ordinary guns. The U.S.-made 12-barrel rocket launcher needs only 11 minutes to fire 12 rockets in one salvo [as printed; the figure may be a misprint for a much shorter time]. And each rocket carries more than six hundred M42 anti-personnel/armor-piercing submunitions, each with the power of a hand grenade. So a single salvo of 12 rockets can fire nearly 8000 submunitions, covering an area the size of six soccer fields, equivalent to a salvo from 28 heavy howitzers. Rocket weapons are therefore one of the indispensable items of equipment in modern war.

In addition, rocket weapons are low in cost, have no rifling and thin-walled tubes, and there is no recoil when they fire. So they do not need recoil mechanisms like those of barrel guns. Light ones can be carried by an individual soldier, and even large ones can be mounted on military trucks or light armored personnel carriers. This greatly raises the mobility of artillery. Especially when accompanying mechanized troops on the march and in combat, its uniquely favorable advantages show all the more.




24. The Head and Tail of Projectiles


Original book: printed page 109



Speak of projectiles and everyone is familiar with them. Some are big and some small; some fat and some thin; some have pointed heads and some round, blunt tops; some have big rears and some long tails (Figure 79). Projectiles are made in such a variety of shapes mainly because of the air resistance they meet in flight.


Figure 79: Three kinds of projectiles



As everyone knows, from leaving the muzzle of a gun or cannon until hitting the target, a projectile flies entirely through the air. Air is made up of a great many molecules. When a projectile flies through the air, it drags along with it the air that clings to its surface. And air molecules have a certain attraction for one another. So when the projectile drags along the air near it, the layers of air a little farther away are also pulled along by the mutual attraction between molecules. Because the layers move at different speeds, friction also arises between layer and layer (Figure 80). This friction acts on the projectile body and forms a frictional drag that hinders its flight.

When the projectile flies at fairly high speed, the air at its head becomes dense from being compressed. The air at the sides slides along the surface of the projectile to its tail, but because of inertia it cannot immediately converge at the tail. Thus the air at the tail becomes rarefied (Figure 81), so that the pressure of the air on the projectile’s head is far greater than that on its tail, and a pressure-difference drag that hinders the projectile’s advance is formed.

If the relative speed of the projectile and the air exceeds the speed of sound (340 m/s), the projectile flying at high speed will compress the air enormously. The air around the projectile, once compressed, has no time to spread outward and instead piles up on itself, forming, at the projectile’s head and tail, a dense layer of compressed air roughly conical in shape (Figure 82), which hinders the projectile’s forward motion. This dense layer of air is called a ballistic wave. The one at the projectile’s head is called the head wave (弹头波); the one at the tail is called the tail wave (弹尾波). The drag caused by them is called wave drag.


Figure 80: Friction drag and the speed of motion of the air layers at the projectile’s surface




Figure 81: Pressure-difference drag




Figure 82: Wave drag



Air resistance acts on the projectile and gives it an acceleration. But since the direction of the air-resistance acceleration is the same as that of the air resistance and opposite to the direction of the projectile’s flight, it lowers the projectile’s speed and shortens its range.

According to Newton’s second law,


a = F / m



where F is the acting force, m is the mass of the body acted on, and a is the acceleration of the body of mass m after force F acts. For the acceleration due to air resistance, the above can also be rewritten as


J = R / M



where J is the air-resistance acceleration, R is the air resistance, and M is the mass of the projectile.

It can be seen that the air-resistance acceleration is directly proportional to the air resistance and inversely proportional to the mass of the projectile. To reduce the air-resistance acceleration, one must work on two things: reducing the air resistance and increasing the projectile’s mass. Under ordinary conditions, the mass of a projectile cannot be increased at will. So the main way to reduce the air-resistance acceleration is to reduce the air resistance. And the size of the air resistance is directly related to the shape of the projectile. Experiments show that the air resistance on a cylindrical projectile and that on a projectile with a slightly modified head differ by more than a factor of two (Figure 83). If the flat head is rounded off, the resistance decreases further; lengthening the head from 1.5 calibers to 2 calibers will lower the resistance even if the head is not rounded; if the head is lengthened a little more, for instance to a length of 2.5 calibers, and at the same time made sharp, the resistance is only 1/8 that of the cylinder. In the figure, M is the ratio of the airflow speed to the speed of sound, that is, the Mach number.


Figure 83: Curves of air resistance as it varies with shape (Cx — drag coefficient; six head shapes, numbered 1–6, with head lengths of 1.0, 1.5, 1.5, 2.0, 2.0 and 2.5 calibers; horizontal axis, Mach number M)



The projectiles we commonly use have different requirements for flight speed depending on the object struck and the way the target is damaged. From the moment a projectile rushes out of the muzzle until it hits the target, some fly throughout at supersonic speed (such as high-velocity armor-piercing projectiles), some begin at supersonic speed and later gradually become subsonic (such as rifle and machine-gun bullets and long-range howitzer shells), and some fly throughout at subsonic speed (such as pistol bullets and mortar shells). To reduce effectively the resistance each meets in flight, one must adopt a corresponding body shape according to the different flight speeds.

For projectiles flying at subsonic speed, there is no wave drag in flight, and the frictional drag is also very small. So pressure-difference drag takes the dominant place. To reduce pressure-difference drag, their heads are made short and blunt, while their tails are mostly made streamlined or boat-tailed (Figure 84). Mortar shells and pistol bullets, for instance, have respectively a round head with a streamlined tail, and a round head with a boat tail.


Figure 84: Shapes of projectiles (a — projectile with boat-tailed rear; b — mortar shell with streamlined body)



For projectiles that, although supersonic, are of medium speed (about 500 m/s), or that are supersonic at first and then become subsonic in flight, both wave drag and pressure-difference drag are present in flight. Then one must both consider reducing the wave drag and take care to reduce the pressure-difference drag. Usually the wave drag is reduced by sharpening the head, which reduces the cone angle of the ballistic wave, and the pressure-difference drag is reduced by changing the shape of the tail to reduce the difference between front and rear pressure (Figure 85). This is the reason why the bullets of the rifles and machine guns we use, and some long-range howitzer shells, mostly have pointed heads and boat-tailed rears (Figure 86).


Figure 85: Reducing a projectile’s pressure-difference drag




Figure 86: Type 53 7.62 mm registration-firing incendiary bullet



There are also some high-velocity projectiles, such as short-range armor-piercing projectiles, that are supersonic throughout their whole flight time. Then the air resistance is mainly wave drag, and pressure-difference drag falls to a secondary place. So projectiles of this kind are generally made with a pointed head and a cylindrical tail (Figure 87).


Figure 87: Head of a 122 mm gun incendiary projectile



After the 1970s, a long-range projectile shaped like a date pit appeared abroad. This projectile is pointed at both head and tail, so it has small resistance, flies fast, and has high accuracy and long range. For example, the range of a 155 mm date-pit shell is equal to 1.3 times that of an ordinary shell. So the United States, Britain, France, West Germany and other countries now use one more kind of projectile: the date-pit shell with a rather pointed tail (Figure 88).


Figure 88: Structure of the date-pit shell






25. Arrow-Shaped Projectiles That Can Fly and Pierce


Original book: printed page 117



In the huge family of shells there is one that stands out in appearance and is astonishing in speed, famous for its ability to fly and to bore: the discarding-sabot hypervelocity armor-piercing projectile. Because its shape resembles a long arrow, some also call it the arrow-shaped hypervelocity armor-piercing shell. Do not think that its slender shape (Figure 89) makes it lightweight: its ability to strike armored targets is extraordinary.


Figure 89: Difference between an ordinary shell and an arrow-shaped shell (labeled cutaway drawings; the small labels are not legible in the scan)



Most of the shells fired from the guns we use have a diameter greater than that of the weapon’s bore, and some are larger by a good deal. For example, for a rocket launcher of 40 mm bore, the diameter of the projectile it fires is not 40 mm but 85 mm. For a mortar of 60 mm bore, the diameter of the projectile it is issued with is not 60 mm either, but 120 mm. Because of this, without changing the bore diameter of the barrel, the lethality and destructive power at close range can be greatly increased. Interestingly, however, the discarding-sabot hypervelocity armor-piercing projectile goes the opposite way. Not only does it not enlarge the projectile diameter, it actually reduces the diameter considerably. Why is this?

As everyone knows, the impact kinetic energy E of a projectile is proportional not only to its mass M but also to the square of its flight speed V (E = ½ M V²). And the amount by which it increases with speed is far greater than the amount by which it increases with mass. So finding ways to reduce the projectile’s mass and raise its flight speed is an effective way to raise its impact kinetic energy.

What we call the discarding-sabot hypervelocity armor-piercing projectile is one that, without changing the propellant charge of the shell, raises flight speed and armor-piercing effect by reducing the projectile’s diameter and mass. Generally speaking, the mass of a discarding-sabot hypervelocity armor-piercing projectile is only 1/3 to 1/2 that of an ordinary projectile of the same caliber. But its flight speed is much higher than that of an ordinary projectile. For example, the discarding-sabot armor-piercing projectile used by the 115 mm gun of the Soviet T-62 tank has a muzzle velocity 70% higher than that of an ordinary shell, reaching more than seventeen hundred meters per second. Add to this its slender shape, small flight resistance and good aerodynamic performance, and it has the upper hand in penetrating power as well.

Because the discarding-sabot armor-piercing projectile is also fired with a gun, there is likewise the problem of how to seal the bore and prevent the powder gas from leaking. For this reason, around the middle of its slender body, an annular driving band slightly larger in diameter than the bore of the gun barrel has been specially added. This annular band is also called the “sabot” (卡瓣; Figure 90), and it usually consists of three segments. A thin copper band is also wrapped around its outside. When fired, the sabot and the copper band fit together, both sealing the bore against leakage of powder gas and enlarging the force-bearing area at the base of the projectile, so that the powder gas gives its maximum effect. When the projectile leaves the barrel, the copper band inlaid around the sabot is just worn through by the bore. Under the joint action of air resistance and the push of the powder gas on leaving the muzzle, the sabot separates from the projectile, so that the air resistance is greatly reduced. What remains, the thin, long projectile body, then strikes at the target like an arrow.


Figure 90: Sabot






26. Inertial Forces on a Projectile in the Bore


Original book: printed page 120



The time a projectile spends in the bore is about as short as can be. Measured with a timer, it is at most a few thousandths of a second. Yet in that brief instant it is subjected to a variety of forces. Even leaving aside the thrust of the powder gas and the reaction force when the driving band is pressed into the rifling, there are still the linear-acceleration inertial force, the tangential-acceleration inertial force, and the inertial centrifugal force. And different inertial forces have different effects on the projectile’s performance.


Linear-Acceleration Inertial Force

We have all had this experience. When a car will not start and needs pushing, it takes a great deal of effort to get it moving. But once it is running, even if the throttle is closed it will coast a good distance. If the car suddenly accelerates, the people sitting in it involuntarily lean backward. These phenomena all illustrate one thing: all objects have inertia. Objects at rest have it, objects in motion have it; objects in straight-line motion have it, and objects in curvilinear motion have it. The force effect caused by this inertia is what we call inertial force. Since a projectile accelerates only under the compulsion of the powder gas’s thrust, its parts, like the passengers in the car, produce a linear-acceleration inertial force opposite in direction to the acceleration. Its size equals the product of the part’s mass and the linear acceleration (Figure 91):


S = −m · a



where S is the linear-acceleration inertial force, m is the mass of the part, and a is the linear acceleration.


Figure 91: Linear-acceleration inertial force



For a breech-loaded shell, the linear-acceleration inertial force on a part is usually about 0.1 to 4 “ten-thousand” times its own weight (that is, roughly 1,000 to 40,000 times). Although this force can be used to release the fuze’s safety, it can also easily cause the shell body and the explosive fill to deform along their axis, so that the explosive expands radially. Near the driving-band groove close to the base of the shell, the deformation is greater still (Figure 92). For this reason shell walls are made progressively thicker from the top toward the base, and the explosive must be free of defects such as shrinkage cavities, cracks and coarse crystals. Otherwise, under the inertial force, friction and impact could cause the explosive to burn or explode.


Figure 92: Distribution of the linear-acceleration inertial force along the length of the projectile (vertical axis: linear-acceleration inertial force; horizontal axis: projectile length)





Tangential-Acceleration Inertial Force

Those who often deal with shells know that the tightening directions of the fuze and the base plug are opposite to the direction of the projectile’s spin. Why is that?

It turns out that when the projectile is engaged in the rifling and is accelerated into spin, the raised parts of the driving band squeeze hard against the leading side of the groove, and the leading side in turn exerts a reaction force on the raised parts of the driving band, so that the fuze parts produce an acceleration inertial force in the direction of the tangent to the rotation. The size of the tangential-acceleration inertial force can be written


K = m · r · β



where K is the tangential-acceleration inertial force; m is the mass of the fuze part; β is the angular acceleration of the projectile; and r is the radius of rotation of the part (the distance from its center of mass to the projectile axis).


Figure 93: Tangential-acceleration inertial force



From Figure 93 it can be seen that, for a given gun and projectile, the fuze part’s mass m and radius of rotation r are both constants. The tangential-acceleration inertial force changes with the angular acceleration of the projectile’s spin. And the size of the angular acceleration is proportional to the chamber pressure (Figure 94). So when the chamber pressure is highest, the tangential-acceleration inertial force is also greatest. At the instant the projectile leaves the muzzle, the chamber pressure is zero, the projectile no longer accelerates in spin, and the tangential-acceleration inertial force quickly falls to zero.


Figure 94: Distribution of the forces on a projectile in the bore along its travel (P — chamber pressure; S — linear-acceleration inertial force; K — tangential-acceleration inertial force; C — centrifugal force; V — projectile velocity; L — travel) [the scan numbers this figure “91”; the text calls it Figure 94]



Although the tangential-acceleration inertial force is generally only about 1/5 of the linear-acceleration inertial force, it can still cause some parts in the fuze to rotate relative to one another, resulting in inaccurate function. This is absolutely impermissible under the technical regulations. So it is required that the direction in which a fuze or base plug is tightened must be opposite to the direction of the projectile’s spin.



Inertial Centrifugal Force in Rotation

Every projectile fired from a rifled weapon rotates about its axis. And every object in rotational motion has an inertial force directed away from the center of rotation. So when a projectile is fired, inertial centrifugal force is bound to arise.

Strictly speaking, inertial centrifugal force and centrifugal force are two different concepts. Centrifugal force is defined relative to centripetal force; it arises because an external force acts. Inertial centrifugal force is formed by an object’s inertia when no external force acts. To illustrate, we can do a simple experiment.

Take a small cord, tie a small ball to one end, hold the other end in the hand, and then make the ball rotate in uniform circular motion (Figure 95). Suppose the ball’s position at some instant is A, its linear velocity is V, and its direction is along the tangent to the arc at A. If no external force acted, the ball would, by inertia, move in a straight line in the direction of V. After a time t it would move from A to B′. But because of the pull of the cord, the ball actually moves in a circle, and after time t it can only reach B. This shows that it is the pull of the cord that makes the ball’s direction of motion change continually. The force that keeps the ball’s direction changing is the centripetal force C.


Figure 95: Centrifugal force



By Newton’s third law, the ball necessarily exerts on the cord a force equal in magnitude and opposite in direction, pulling the cord straight. This force acting on the cord is the centrifugal force. It can be seen that centrifugal force and centripetal force appear in pairs. Inertial centrifugal force is different. From the demonstration above we know that the ball’s direction of motion keeps changing as a result of centripetal acceleration. We said earlier that a linear acceleration produces a linear-acceleration inertial force opposite to it. By the same reasoning, in the direction opposite to the centripetal acceleration, the ball also has an inertial centrifugal force. Although this force is the same in magnitude and direction as the centrifugal force, its point of application is different: the centrifugal force acts on the cord, whereas the inertial centrifugal force acts on the ball.

In addition, when the ball is in rotation, we also feel that the faster the rotation and the larger the radius, the greater the force on the hand. If balls of different masses are used, with the same radius and speed of rotation, we again feel that the ball of larger mass exerts a greater force on the hand. So the formula for the projectile’s inertial centrifugal force is


C = m · r · ω²



where C is the inertial centrifugal force; m is the mass of the part; r is the distance from the part’s center of mass to the center of rotation; and ω is the angular velocity of the projectile’s rotation.

For a given gun and projectile, the part’s mass m and radius of rotation r are both fixed. So the size of the inertial centrifugal force changes with the square of the angular velocity of the projectile’s rotation. Just after leaving the muzzle, the projectile’s speed is highest and its rotation fastest, so the inertial centrifugal force is also greatest. Since inertial centrifugal force can make parts that are free to move radially move outward, it is the main driving force for releasing the fuze’s safety.





27. The Highly Skilled “Armor-Shell” Brothers


Original book: printed page 126



The armor-piercing shell, the armor-defeating (shaped-charge) shell and the armor-shattering shell are old, familiar brothers. Although the tricks each uses against armored targets differ, all of them can be called capable hands at anti-armor work.


Armor-Piercing Shell

The armor-piercing shell relies mainly on great kinetic energy and high strength at the moment of striking the target to pierce steel armor. So it is known for its strength in boring and driving. As the saying goes, “to strike iron, be hard yourself.” To pierce the armor of a target, one cannot do without a hard, tough frame. So armor-piercing projectiles are made of high-density alloy steel, tungsten carbide and similar materials, far harder than tank armor. When fired, under the action of the high-temperature, high-pressure gas in the bore, the armor-piercing projectile, as soon as it touches the target, punches a dimple in the surface of the armor (Figure 96) and pushes out the armor at the bottom of the dimple like a plug from a plunger. At this point, although the head of the projectile has cracked, the body, under the impact of great inertial force, still goes on forward. When the impact force reaches a certain value, the fuze is triggered and ignites, causing the projectile’s explosive fill to detonate. On every square centimeter, a pressure of several tens to several hundreds of tons can be produced. It thus kills the tank’s crew, destroys weapons and equipment, ignites fuel and detonates the ammunition inside the vehicle.


Figure 96: The armor-piercing process of a sub-caliber hypervelocity armor-piercing projectile



Perhaps someone will ask: where does the armor-piercing shell get such great power to drive and bore?

Mechanics tells us that the penetrating ability of an armor-piercing shell comes mainly from the kinetic energy of the projectile’s motion. And the size of that kinetic energy depends on its mass and speed, that is,


E = ½ M · V²



where E is the kinetic energy of the projectile, M its mass, and V its speed.

So, to increase the kinetic energy with which a projectile hits the target, one must raise its striking speed; and to raise the striking speed, the projectile must have a higher muzzle velocity and better flight characteristics. So the armor-piercing projectiles we now use, besides being fired from long-barreled guns, are also made with a streamlined or long-rod body, with speeds generally over 1000 m/s, so that the flight kinetic energy is great and the armor-piercing effect good.



Armor-Defeating (Shaped-Charge) Shell

The armor-piercing shell relies on kinetic energy in flight, whereas the armor-defeating shell relies on the concentration of energy in the explosion. As far as energy concentration is concerned, practical examples are everywhere in real life. For instance, firefighters use a high-pressure water column to beat down raging fires; coal miners use high-pressure water guns to make hard coal seams peel off in layers. Especially astonishing is the laser beam, in which energy is highly concentrated. It can produce temperatures of several million or even tens of millions of degrees, can melt the most refractory metals, and can drill holes in hard materials. As for the way the armor-defeating shell concentrates energy, it is even more ingenious and unusual, and there is an interesting story behind it.

In 1888 an American named Munroe carried out explosion experiments with two different forms of explosive charge. He made one a solid cylinder and the other conical with a hollow cavity. When the two charges were exploded on a steel plate, although their diameter and weight were the same, two different explosive effects were produced. The solid charge blew out only a fairly shallow pit, while the hollow charge blew out a funnel-shaped deep pit several times deeper than the solid one (Figure 97).


Figure 97: Comparison of a cylindrical charge and a hollow charge (left to right: cylindrical charge; hollow charge; charge with metal liner)



What is the reason? It turns out that the energy from the explosion of a solid charge acts evenly on the steel plate at the end face of the charge, like the water spraying from a shower head, and the impact is not great. So it can blow out only a shallow pit. When a conical hollow charge explodes, however, the energy is concentrated along the direction of the cone’s center line, forming a high-speed, high-temperature, high-pressure, high-density shaped-charge jet (Figure 98). Experiments show that when a TNT hollow charge of density 1600 kg/m³ explodes, the speed of the shaped-charge jet is about 10–15 km/s and the pressure can reach 9.81–29.4 GPa.


Figure 98: Shaped-charge jet of a hollow charge



Later, to improve the armor-defeating effect, people fitted a metal liner on the conical cavity of the hollow charge. When it explodes, the energy first acts on the liner, and the liner, under high temperature and high pressure, immediately becomes a stream of metal in which energy is concentrated (Figure 99). The shaped-charge gas jet thus becomes a metal jet. This makes the energy still more concentrated, and the impact greater. Because of this, the armor-defeating depth of the shell can reach 4–5 times its diameter. For example, an armor-defeating shell of 85 mm diameter can reach an armor-defeating depth of as much as 350 mm.


Figure 99: Formation of the metal jet





Armor-Shattering Shell

The armor-shattering shell uses the shock wave produced by the explosion of the shell’s explosive fill to make the inner wall of the steel armor shatter and spall outward, thus producing lethal and destructive effect.

Everyone must be quite familiar with shock waves. The shock wave from the explosion of a nuclear weapon has great lethal and destructive effect; the shock wave produced by an earthquake can bring down buildings. So a shock wave clearly carries considerable impact energy.

When the shell of an armor-shattering round explodes, it produces a pressure of several tens of GPa (hundreds of “yi” pascals) acting on the armored target. This is like the violent shock produced when an earthquake occurs. When this shock wave propagates inside the steel armor, the armor, under the impact force, produces a compression wave (Figure 100). When the compression wave reaches the back surface of the armor, because different media reflect waves differently, a tension wave is formed inside the armor, producing very great tensile stress inside it. When the reflected tension wave meets the compression wave still arriving behind it, the two waves superpose, “you pull, I tug,” and the tensile stress keeps growing. Once this tensile stress exceeds the strength limit of the armor, cracks are bound to appear inside it, and then many disk-shaped fragments, with speeds of 30–280 m/s, break off from the back of the armor. When these steel disks, like fragments, fly and crash around inside the tank, they wound the crew and destroy equipment.


Figure 100: The armor-shattering process (frames: the shell flies toward the armor; the shell deforms at the instant of striking the armor; the compression stress wave from the explosion travels through the armor; a tensile stress wave is reflected back from the rear face; the two waves superpose and destroy the armor; a disk-shaped fragment spalls from the rear face of the armor)



It is not hard to see that the armor-piercing shell relies on flight kinetic energy to pierce steel armor; the armor-defeating shell relies on a concentrated metal jet to burn through the armor; and the armor-shattering shell relies on the action of the explosive shock wave to shatter it. Because each has its own trick for attacking armored targets, none of the elder brothers can be missing among the types of ammunition that nations field.





28. The Doppler Effect and Doppler Fuzes


Original book: printed page 133



In 1842 the Austrian physicist Doppler discovered a curious phenomenon in the field of sound waves: when the source of a sound wave is in relative motion with the observer, the frequency of the wave the observer receives shifts. And the size of the shift is proportional to the relative speed, while the direction of the shift is determined by the direction of the relative motion.

Take a train whistle. Whether the train is standing still or moving, the sound waves it emits propagate at the same speed. But the wavelength of the sound changes with the train’s speed. Suppose the vibration frequency of the whistle is 1000 cycles per second and the speed of sound is 340 m/s. The wavelength of the sound emitted when the train is at rest is then 340/1000 = 0.34 m. But when the train approaches us at 30 m/s (100 km/h), although the speed of sound is still 340 m/s, because the train is in motion relative to the sound waves, in one vibration period of the sound wave the train has also moved forward by 30/1000 = 0.03 m. So the wavelength of the sound wave is no longer 0.34 m but 0.34 − 0.03 = 0.31 m. The distribution of wave crests is therefore denser than when the train is at rest (Figure 101). And as the wavelength shortens and the crests grow denser, the pitch of the whistle sounds higher and higher. Conversely, when the train moves away from us, the wavelength gradually lengthens and the crests become sparser, so the pitch of the whistle gradually falls. This natural phenomenon, so familiar to us, is the Doppler effect. Experiments prove that it exists not only in sound waves but also in radio waves. The Doppler fuze fitted to shells works by using the Doppler effect of radio waves.


Figure 101: Wave source (a — source at rest; b — direction of source motion)



The Doppler fuze is one kind of radio fuze. Because its mode of operation is much like radar, some people also call it a “radar fuze.” Put simply, it is a combination of a radio transmitter and receiver. In operation, the high-frequency part of the fuze produces high-frequency electromagnetic oscillations and radiates the electromagnetic waves into space through the antenna (mostly a projectile antenna formed by the antenna cap and the projectile body, though half-wave dipoles or loop antennas are also used) (Figure 102). After the electromagnetic waves meet the target, part of them is reflected back and is received by the fuze. Suppose the angular frequency of the oscillation wave transmitted by the fuze toward the target is ω₁ = 2π · f₁, and its phase changes with time by the law φ₁ = ω₁ · t. If the distance between the fuze and the target is r, the echo signal reflected from the target reaches the fuze’s receiving antenna later than the transmitted signal by Δt:


Δt = 2r / C



where C is the propagation speed of electromagnetic waves.


Figure 102: Working principle of the Doppler fuze



So we obtain the law by which the phase of the echo changes with time:


φ₂ = ω₁ · (t − 2r/C)



Since the projectile and the target are approaching each other at speed Vr, that is, the distance between them changes continuously with time, the angular frequency and oscillation frequency of the echo signal change accordingly:


ω₂ = dφ₂/dt = ω₁ · (1 − 2 dr/(C · dt)) = ω₁ · (1 − 2Vr/C)




f₂ = ω₂/2π = f₁ · (1 − 2Vr/C)



When the projectile and target are in relative approaching motion, Vr takes a negative value, and then


f₂ = f₁ · (1 + 2Vr/C) = f₁ + f₁ · 2Vr/C, so f₂ > f₁,



which says that the echo frequency rises; when the projectile and target are in relative receding motion, Vr takes a positive value, and then


f₂ = f₁ · (1 − 2Vr/C) = f₁ − f₁ · 2Vr/C, so f₂ < f₁,



that is, the echo frequency falls. Because the electromagnetic-wave frequency difference f₁ · 2Vr/C is caused by the Doppler effect, it is called the Doppler frequency Fg. In other words, the Doppler frequency is the difference between the frequency of the transmitted wave and the reflected wave, that is,


Fg = f₁ · 2Vr / C



From the triangle relations, the relative speed of projectile and target is


Vs = √(Vd² + Vm² − 2 Vm · Vd · cos β)



and the closing speed of projectile and target is

Vr = Vs · cos θ = √(Vd² + Vm² − 2 Vm · Vd · cos β) · cos θ

So the Doppler frequency can be written

Fg = f₁ · 2Vr / C = (2f₁ · √(Vd² + Vm² − 2 Vm · Vd · cos β) / C) · cos θ

where Vm is the speed of the target; Vd is the flight speed of the projectile; β is the angle between the directions of motion of projectile and target; and θ is the angle between the relative velocity Vs and the projectile–target line r.

Both theoretical derivation and firing practice prove that when the projectile and target are in approaching relative motion, the oscillation frequency of the reflected-wave signal rises as the distance between projectile and target shortens, so that the difference between the oscillation frequencies of the transmitted and reflected waves grows larger and larger (Figure 103); that is, the value of the Doppler frequency keeps increasing. Once it reaches a prescribed value (determined by the characteristics and power of the shell), the projectile has entered the lethal zone; at this moment the fuze issues a command and detonates the detonator. The projectile then explodes within the prescribed distance.


Figure 103: Change in echo frequency from a moving target (transmitter emits 10,000,000 kHz; receiver receives 10,000,040 kHz; target moving at 600 m/s)






29. The “Three Brothers” of Extended-Range Shells


Original book: printed page 138



Everyone knows that the longer a gun’s range, the greater the deterrent power against the enemy. Especially under modern war conditions, it can not only strike first before the enemy is committed to the fight, but, as the battlefield rapidly deepens, guns deployed in dispersion can also give tank–infantry cooperative fire support over a wide area. So gun designers of all countries are trying to raise the maximum range of guns. Especially since the 1960s, the speed of development and the magnitude of improvement have been so great that they are more and more valued by military circles.

Take the 155 mm main artillery piece of Western armies. From the 1930s to the 1950s its maximum range stayed below 15 km; by the 1960s it had leapt to 20 km; after the 1970s its maximum range reached or even exceeded 30 km; and some now approach 40 km. The increase in range is of course the combined effect of shell and powder, but by comparison the improvement in shells has been greater and the change biggest, so its part in raising gun range is also the most evident. The so-called “three extended-range brothers” — the rocket-assisted projectile, the low-drag-profile projectile, and the base-bleed projectile — are several new types of long-range shells developed and applied in recent years.


Rocket-Assisted Projectile

Put popularly, the rocket-assisted projectile is a shell that uses a second ignition to accelerate the projectile. A rocket motor able to hold propellant is built into the base of an ordinary shell. After the shell leaves the muzzle, the propellant in the motor chamber is ignited and jets a high-speed gas stream backward, producing a reaction force that pushes the projectile to accelerate in flight and raises the gun’s range.

The rocket-assisted projectile came out earliest and has the longest development history. As early as the 1960s the United States developed it successfully and fitted it separately to four guns of 105, 127, 155 and 203 mm caliber. Because without changing firing conditions it can raise range by 25–30%, and plays a positive role in tapping the potential of old guns and making full use of existing equipment, the Soviet Union and some Western countries in turn adopted such shells within a very short time after the United States. However, since part of the space at the tail of the projectile originally used for the explosive fill is occupied by the motor chamber, the explosive fill is reduced and the power of the projectile is thereby lowered. Moreover, the burning of the propellant takes place in flight, where its operation is on the one hand affected by many factors and on the other hand beyond human control, so firing accuracy is also poorer. Add to this the complex internal structure and the fairly high production cost, so although the rocket-assisted projectile ranks eldest, it has not been much relied on, and is generally used only as an emergency auxiliary type of shell.



Low-Drag-Profile Extended-Range Projectile

Someone has calculated that an 85 mm gun shell could fly 50 km in a vacuum. But in the atmosphere its range is only 14–15 km. The reason is air resistance.

To reduce this resistance to the minimum, Belgium’s International Aerospace Company [the source’s 国际航天公司; presumably Space Research Corporation] cooperated with the U.S. Picatinny Arsenal in the mid-1970s and, starting from improving the projectile’s shape, developed a low-drag-profile extended-range projectile called the “date-pit shell.” The body of this projectile is more streamlined, with the length-to-diameter ratio increased from 4 for older shells to more than 5.5, and in some cases as high as 6. Because the low-drag projectile is pointed at both head and tail, its resistance is small, it flies fast, its range is long and its accuracy high. Compared with an ordinary shell, although the explosive fill is somewhat reduced, its lethal power is not reduced; on the contrary, because the wall thickness is reasonably distributed and the fragments uniform, the killing effect on personnel is even improved. Its range-extending effect is comparable to that of the rocket-assisted projectile, but the price rises by only 15% over an ordinary shell. Compared with the rocket-assisted projectile, which costs 4 to 5 times the price of an ordinary shell, it is undoubtedly much cheaper. So some commentators say that improving the projectile’s shape and reducing its flight resistance can effectively increase range without changing the gun’s power; it is the most advantageous way to raise a gun’s range. It is for just this reason that since the 1970s the United States, Britain, France, West Germany and others have successively fitted this date-pit-shaped low-drag extended-range projectile.



Base-Bleed Extended-Range Projectile

As everyone knows, when a projectile flies at high speed through the air, the air at its head is fairly dense, and the air at its sides slides past the projectile surface and cannot converge at once at the tail, so the air at the tail becomes rarefied. As a result the pressure of the air on the head of the projectile is greater than that on the tail, forming a pressure-difference drag that hinders the projectile’s flight. The so-called base-bleed projectile is a new kind of extended-range projectile that, by means of a gas-emitting device attached to the tail of the projectile, slowly emits hot gas for most of the time of flight, filling the low-pressure region at the base, raising the pressure at the base and reducing the pressure-difference drag.

The gas-emitting device of a base-bleed projectile is also installed at the tail of the projectile, like the motor of the rocket-assisted projectile, but the principles by which they extend range are fundamentally different. One achieves the range extension through the reaction force produced between the large volume of gas rapidly emitted by the rocket motor and the air; the other slowly emits powder gas through the gas-emitting device to raise the pressure in the base region and reduce the pressure-difference drag of the air on the projectile, and so achieves the extension. Moreover, the base-bleed projectile has the advantages of simple structure and great power. So foreign opinion generally holds that the base-bleed projectile, ranking third, is a new type of extended-range projectile with great prospects.





30. How Wind Drift Forms and Is Corrected


Original book: printed page 141



Cold air, heated, expands and rises, and air from elsewhere flows in to fill the space; in this way wind is formed. Ballistics stipulates that, in front of the shooter, a wind blowing from left to right is a positive crosswind and one blowing from right to left is a negative crosswind; a wind blowing in the direction of the projectile’s flight is a positive longitudinal wind (tailwind) and one blowing against the direction of flight is a negative longitudinal wind (headwind). Wind speeds of 2–3 m/s are weak wind, 4–6 m/s moderate wind, and 8–12 m/s strong wind. When firing, whether one meets weak, moderate or strong wind, any of them may shift the point of impact in direction, lowering firing accuracy or even causing a miss. So how wind drift forms, and what factors govern its size and direction, are questions of concern to all shooters.

Put simply, wind drift is the result of the interaction of flowing air with the flying projectile. Take the rocket, which is more strongly affected (Figure 104):


Figure 104: A rocket affected by wind



When the rocket flies forward at speed Wy (it can also be treated as the rocket standing still with a positive longitudinal wind of speed Wy blowing into its face), and at the same time a crosswind of speed Wx acts, the resultant wind speed is W. Because the resultant wind direction makes an angle β with the plane of fire, the projectile axis, under the aerodynamic moment, turns about its center of mass O toward the direction of the head wind through an angle, until it coincides with the direction of the resultant wind.

When the rocket’s thrust is greater than the drag, the net thrust (thrust minus drag) F can be resolved into a longitudinal component Fy and a transverse component Fx. Fy drives the rocket forward, while Fx makes the rocket produce a lateral acceleration and displacement toward the wind, forming drift into the wind (迎风偏). If the rocket has no thrust and only drag (for example a rocket in its passive phase of flight), or if the drag is greater than the thrust, the transverse component Rx of the net drag R will make the rocket produce a lateral acceleration and displacement in the downwind direction, forming drift with the wind (顺风偏).

Perhaps some will wonder: some projectiles drift downwind and some drift into the wind; what actually determines the direction of the drift?

Theory and practice both prove that for projectiles with no thrust on the external trajectory, such as bullets and shells, drift under a crosswind is generally downwind. This is because the weight of such a projectile stays constant in flight; after it leaves the muzzle, apart from the action of the powder gas in the bore, there is no other thrust to overcome the air resistance in flight. So the flight speed gets slower and slower, and under the transverse component of air resistance, drift in the downwind direction arises involuntarily. For a rocket with thrust, drift is generally into the wind. This is because the head of the rocket carries the explosive fill and has a stout body and its mass does not change in flight, whereas the tail carries the propellant and the tail fins, is slender, and its mass decreases as the propellant burns, so the center of gravity shifts forward (Figure 105). After the tail fins open, the shape of the tail also changes.


Figure 105: The forward shift of the projectile’s center of gravity



For example, a rocket has a mass of 33 kg before launch, of which the propellant alone accounts for 6.74 kg. When the powered phase ends, the mass of the projectile has fallen to 26.26 kg, and the center of gravity has moved forward by 43 mm. When a crosswind blows on the rocket, the heavier head turns at a slower rate and through a smaller distance, while the lighter tail turns faster and through a correspondingly larger distance. In this way the rocket leaves its original direction of fire and points toward the direction the wind blows from, that is, it turns toward the windward side.

Of course, for a rocket whose powered phase has largely ended by the time it leaves the muzzle, and whose acceleration on the external trajectory is small, since drag holds the dominant position over the whole trajectory, it likewise drifts downwind, like a projectile without thrust.

The direction and size of the wind drift of rockets and all kinds of projectiles can also be analyzed and calculated quantitatively with the following formula:


Z = W · ( T − X / (V₀ · cos θ) )



where Z is the wind drift (m); W is the wind speed (m/s); T is the projectile’s flight time (s); X is the range (m); V₀ is the muzzle velocity (m/s); and θ is the firing angle (degrees).

Introducing the projectile’s average flight speed over the whole trajectory Vcp = X/T and the horizontal component of muzzle velocity Vx = V₀ · cos θ, the formula can be written


Z = W · T · ( 1 − Vcp / Vx )



From this formula it is clear that for a rocket with large acceleration, its average speed Vcp over the whole trajectory is relatively high. When this average speed is even greater than its horizontal muzzle-velocity component Vx, that is Vcp/Vx > 1, the sign of Z is negative, showing drift into the wind. For rockets with small acceleration and for other projectiles, Vcp < Vx, and the sign of Z is positive, showing drift downwind. If on the external trajectory the rocket’s acceleration happens to make Vcp = Vx, then Z = 0, and the projectile has no wind drift.

The analysis above assumes that wind speed and wind direction are constant along the trajectory. In practice the situation is far more complicated. So in live firing one must analyze the specific situation. For example, when firing into an oblique wind, the speed of the oblique wind must be resolved into a longitudinal and a lateral component. If W denotes the wind speed, Wy the longitudinal component, Wx the lateral component, and β the angle between the wind direction and the plane of fire (Figure 106), then

Wx = W · sin β Wy = W · cos β


Figure 106: Resolution of velocity



For example, when meeting a headwind (negative longitudinal wind) from the right front, with W = 10 m/s and β = 35°, the formulas give fairly accurately


Wx = W · sin β = 10 × sin 35° = 10 × 0.574 = 5.74 ≈ 6 (m/s)




Wy = W · cos β = 10 × cos 35° = 10 × 0.819 = 8.19 ≈ 8 (m/s)



and hence the size of the wind-drift correction is determined.

Wind drift has a considerable influence on firing results. Especially the into-the-wind drift of rockets is one of the important causes of a projectile missing the target. So when firing live, one must be adept at using the graticule in the sighting scope and make the correction in good time. For a fixed target, if the wind blows from the left, use the left-hand m/s (wind) graduations in the scope to correct; if the wind blows from the right, use the right-hand graduations. The correction is made with as many graduations as the wind speed in meters per second.

For instance, to fire at a target at 200 m while the wind blows from left to right at 4 m/s, first find the 200 m range graduation, then along the 200 m range graduation find the position of the cross line where it meets the 4 m/s wind line (the second vertical line), and then aim and fire, and the target can be hit.

For a moving target, likewise, use the corresponding m/s graduation in the sighting scope according to the speed of the target’s motion. Use the graduation on whichever side the target comes from. When the wind direction is opposite to the direction of the target’s motion, find the difference between wind speed and target speed (larger number minus smaller number), and put the direction of the correction on the side of the larger number.

For example, the wind blows at 4 m/s from right to left, and the target moves from left to right at 6 m/s. For the correction, subtract 4 m/s from 6 m/s to find the lead. That is, aim and fire using graduation 2 of the m/s graduations on the left in the scope. Otherwise the round will fly past in front of the target. If the direction the wind blows is the same as the direction of target movement, the two speeds should be added for the correction. Otherwise the round will fly past behind the target.

As long as we master these essentials, and add diligent study and hard practice, we will surely be able to overcome the effect of wind drift, master the laws of shooting, and put the projectile accurately on the target.




31. How Anti-Tank Missiles Fly to Their Targets


Original book: printed page 146



People often say “where there is a spear there is a shield” (有矛就有盾). The affairs of the world are indeed so. Since 1916, when the tank, called the “steel monster,” appeared on the battlefield, the contest between tanks and anti-tank weapons began. As for anti-tank weapons, first came guns, then cannon, and toward the end of the Second World War the anti-tank guided missile appeared. Since the anti-tank missile is a wire-guided rocket propelled by solid fuel, it was at first called the anti-tank controllable rocket.

Compared with other anti-tank weapons, the anti-tank missile has the advantages of long range, high accuracy, great armor-defeating power, and good mobility. So from the day it appeared it aroused great interest, so much so that after the Second World War there was a craze for developing and fielding anti-tank missiles. Afterward, with the appearance of new technology and new materials, anti-tank missiles developed fairly quickly. Today they have developed from the first generation and second generation to the third. Although the structures of the three generations look much alike (Figure 107), their guidance systems are “the blue surpassing the indigo — each generation stronger than the last.”


Figure 107: Diagram of the “Sagger” anti-tank missile



The first-generation anti-tank missile was developed in the 1950s. It consists mainly of two parts, the missile body and the launch and guidance equipment. When the missile is launched, the gunner, with the help of a sighting scope, observes the relative position of the missile and the target with the naked eye, and keeps eye, missile and target on one straight line (Figure 108). If the missile deviates from the line of sight in flight, the gunner, by working the handle on the control box, gives the missile commands to go up, down, left or right, guiding it quickly back to the line of sight. To guard against the missile flying so far that the eye cannot see it clearly, a tracer is also fitted at the tail of the missile. In flight the tracer sends out light, and the gunner can judge the missile’s position by the bright light.


Figure 108: Diagram of the launch of a first-generation anti-tank missile



Perhaps someone will ask how the commands sent by the gunner are passed to the missile. It turns out that the tail of a first-generation anti-tank missile trails a long “tail” connected to the control box. The outside of this “tail” is wrapped with polyester or silk thread, and inside is enamelled wire 0.12 mm in diameter. Its length is equivalent to the missile’s maximum range. The missile flies forward while paying out the wire behind it. When the gunner works the handle, the electronic circuits in the control box produce a kind of electrical signal, which is transmitted to the missile through this wire. On each of the missile’s four tail fins is mounted an actuator; each actuator has a pair of electromagnets, and the electromagnets in turn are connected to an armature and a control-surface tab. When the missile receives the electrical signal sent from the control box, the electromagnets attract the armature and move the tab. After the tab extends out of the wing surface, under the action of aerodynamic moment it makes the missile take an attitude up, down, left or right as commanded by the gunner, until the target is hit (Table 6).

Table 6: Relation Between Handle Position, Direction of Control-Tab Extension, and Direction of Missile Turn











	Typical command
	Up
	Down
	Left
	Right





	Handle rotation (viewed from above)
	(pictured)
	(pictured)
	(pictured)
	(pictured)



	Direction of tab extension (viewed from behind the missile)
	(pictured)
	(pictured)
	(pictured)
	(pictured)



	Direction the missile turns
	↑
	↓
	←
	→





Since the first-generation anti-tank missile is visually tracked and hand-controlled, both observation and the giving of commands depend on the gunner’s subjective judgment. It is therefore greatly affected by the gunner’s reactions and skill. So after the 1960s the second-generation anti-tank missile appeared.

Although the second-generation anti-tank missile is also visually aimed and transmits commands by wire, because it adopts guidance by automatic infrared tracking, it is far more “clever” than the first generation.

The main reason the second generation is more “clever” than the first is that an infrared radiator is fitted at the tail of the missile body, and on the launcher is fitted an infrared goniometer (angle-measuring instrument) sensitive to infrared waves: one that can emit infrared waves, and one that can receive infrared waves. After the missile is launched, as long as the gunner aims at the target with the “+” cross line of the sighting scope, the axis of the infrared goniometer parallel to the optical axis of the scope is also aimed at the target (Figure 109). At this point the infrared goniometer can measure the deviation angle of the missile relative to the line of sight and quickly pass it to the control box. The control box is in fact a micro-computer, which can process the deviation signal sent by the goniometer and convert it to an electrical signal. The size of the electrical signal is proportional to the deviation angle of the missile from the line of sight. When the control box passes the electrical signal to the missile through the wire, the actuators on the missile, according to the received signal commands, direct the missile to change its flight attitude, and thus fly to the target along the line of sight.


Figure 109: Diagram of the launch of a second-generation anti-tank missile



Since the second-generation anti-tank missile does not need the gunner to estimate flight deviation from experience, nor to work a handle, as long as the gunner keeps the “+” graduation of the sighting scope on the target at all times, the missile will hit automatically. This greatly simplifies the operating procedure and eases the gunner’s burden. So the missile’s hit rate has also risen to more than 90%. In addition, its launch tube doubles as packing case and storage container, and the tripod can be set up on the ground for launch or mounted on a jeep. These advantages have made it the main anti-tank weapon with which many countries now attack armored targets within 3000 m.

Although the second-generation anti-tank missile has much improved guidance compared with the first, throughout the launch the gunner must still keep the sighting scope aimed at the target, and the long “tail” remains. So countries around the world are competing to develop the third-generation “fire-and-forget” anti-tank missile.

The third-generation anti-tank missile is a new product now under development. It adopts an entirely new guidance system, chiefly laser guidance, television guidance and infrared guidance, of which the most typical is laser guidance.

Laser guidance is mainly of two kinds, beam guidance and echo guidance. Beam guidance is also called beam-riding guidance. The “Acra” anti-tank missile developed by France is of this kind. It puts the missile, launcher and gunner together, and requires the gunner to keep the laser beam emitted by the laser illuminator on the target at all times, controlling the missile to fly in the center of the beam (Figure 110). Once the missile deviates from the center of the beam, the photodetector mounted at its tail sends a signal because the laser energy it receives changes. This signal is converted by the on-board computer into control commands, which are passed to the missile’s tail fins, making the fins swing like a ship’s rudder, correcting the course and returning the missile to the center of the beam until it hits the target.


Figure 110: Principle of laser beam-riding guidance



Echo guidance is also called semi-active guidance. After the laser designator has aimed at the target, it calls the launcher to fire the missile. During the missile’s flight, although the laser beam must still be kept on the target throughout, the guided missile does not fly in the center of the beam; rather, a photoelectric detector mounted in the missile’s head receives the laser reflected from the target, converts it into commands, and then, through the control system on the missile body, controls the tail fins and steers the missile toward the target (Figure 111). Since the laser designator of this guidance system can be mounted on a helicopter or carried by a ground soldier, so that the shooter and the missile are deployed separately, it is favorable for concealment and safety. The “Hellfire” of the United States and the “Atlas” [as printed: 阿特拉斯] anti-tank missile developed jointly by Britain and Belgium both use this guidance system.


Figure 111: Principle of laser echo guidance



In recent years some countries have also developed fully automatic guidance systems in which the laser target illuminator and the laser seeker (photoelectric detector) are installed on the same missile body. After the missile is launched, the target illuminator keeps sending a laser beam at the target, and the seeker automatically receives the laser signal reflected back from the target, then guides the missile accurately to the target through the automatic control equipment. Because, like a shell, once launched it is completely free of any link with the launcher, some call it the “fire-and-forget” (发射后就不用管) anti-tank missile. It can be predicted that this kind of fully automatic guided anti-tank missile will meet our broad body of commanders and fighters in the not-too-distant future.




32. Why Telescopes Can See Far


Original book: printed page 153



One day in AD 1608, in a small spectacle-making town in Holland, as children were playing with great enthusiasm with old spectacle lenses, one of them suddenly cried out: “Come and look, come and look, the church steeple has come close to us!” The curious children instantly crowded together like a swarm of bees, jostling and scrambling without end. The noisy clamor startled Hans Lippershey, the owner of the spectacle shop. He ran out, imitated the children, picked up two lenses and looked into the distance. Sure enough, he found the distant church looked as if it were right before his eyes, and even things on the wall could be seen distinctly. The shop owner, delighted beyond expectation, thought: how good it would be to make a kind of lens through which distant objects could be seen clearly! In this way the world’s first telescope was soon born.

From the day it was born, the telescope became a strong helper for people observing distant objects. So how does a telescope see far?

As everyone knows, when a person looks at an object with the eye, the two ends of the object form an angle with the eye. It is usually called the visual angle (Figure 112). The size of the visual angle plays a decisive role in whether the eye sees the object clearly. For the same object, the closer to the eye, the larger the visual angle and the more clearly it is seen; conversely, the farther from the eye, the smaller the visual angle and the harder it is to see clearly. To see a distant object clearly, one must find a way to enlarge the visual angle. A telescope is a device that combines two lenses of different focal lengths and, by enlarging the visual angle, lets one see a distant object clearly.


Figure 112: The visual angle of the human eye



Lenses are of convex and concave kinds. The lenses of a telescope are mainly convex lenses. A convex lens is a glass lens thick in the middle and thin around the edge. Because it magnifies, some also call it a magnifying glass. When we hold a magnifying glass toward the sun, we can get a very small bright point behind the lens; in optics this bright point is called the focus. The distance f from the focus to the center of the lens is the focal length. The lens’s axis of symmetry is called the optical axis (Figure 113). The plane through the focus perpendicular to the optical axis is called the focal plane. Theory and practice both show that light rays incident on a lens parallel to the optical axis converge at the focus F on the optical axis, and light rays emitted from the focus, after passing through the lens, also go out as a bundle of rays parallel to the optical axis (Figure 114). This unique property of propagation is the theorem of the reversibility of light paths. What is even more interesting is that if a bundle of parallel rays at a certain angle θ to the optical axis strikes the convex lens, these rays converge at a point A on the focal plane, off the focus F (Figure 115). The distance H from A to the focus F is determined by the focal length f of the lens and the angle θ between the rays and the optical axis. The relation among them is


H = f · tan θ



where θ is the visual angle and H is the height of the image on the focal plane.


Figure 113: The focus




Figure 114: The reversibility of light paths




Figure 115: Image formation by a lens



This interesting natural phenomenon is exactly where the “secret” of a lens forming an image of a distant object lies.

If we now take another magnifying glass with focal length f′ and place it behind the first, with their focal planes coinciding, we can see distant objects clearly (Figure 116). This is because the light rays from point A, after passing through the second lens, become a bundle of parallel rays making an angle θ′ with the optical axis. Their mathematical relation is:


tan θ′ = H / f′ = (f · tan θ) / f′




tan θ′ / tan θ = f / f′




Figure 116: Objective and eyepiece



Clearly, if f > f′, the angle θ′ must be greater than θ. That is to say, by combining two convex lenses of different focal lengths, the visual angle can be enlarged, and so a distant object can be seen clearly. Of these, the first lens is called the objective and the second the eyepiece. f/f′ is called the angular magnification, also called the magnifying power of the telescope.

In the “8 × 30” marked on the body of the binoculars we commonly use, the “8” denotes the magnifying power of the telescope. But the magnifying power does not mean that the object observed is enlarged 8 times, nor that the distance between observer and object is reduced 8 times; it means that the visual angle is enlarged 8 times. The “30” means that the diameter of the light beam entering the telescope from the direction of the objective is 30 mm.

Ever since it was discovered that two lenses combined have a magnifying effect, many experts and scholars took a deep interest, and carried out painstaking research and a great many experiments. In 1609 the Italian scientist Galileo, on this principle, developed a telescope system made of one convex and one concave lens. Later the German scientist Kepler invented a telescope system made of two convex lenses. In 1668 the English scientist Newton used a concave spherical mirror as the primary mirror and made the world’s first reflecting telescope.

Telescopes, in their development to the present, have gone through many vicissitudes and passed through a long span of years. But their basic principle and form have not fundamentally changed. At present, the artillery commander’s scopes, aiming circles, periscopes, anti-aircraft commander’s scopes and so on used by our troops still mostly belong to the Keplerian telescope system. Some astronomical telescopes and the opera glasses of large theaters mostly use the Galilean telescope system.

Because the image formed by the Keplerian system is an inverted real image, for the convenience of observation an erecting system made up of prisms and lenses is also added in this kind of telescope, and a transparent glass plate engraved with graduations is installed in the focal plane. So the telescopes issued to the troops can be used not only to search for and find distant targets and observe the battle scene, but also to measure azimuth angles and angles of site, and to calculate the distance to a target using the mil formula. Some can also be used at night to observe whether the enemy is using infrared observation equipment. And since they are small, light and easy to carry, they have become the most numerous and most widely used basic observation equipment in the troops at present.




33. The “Night-Vision Eyes” of the Modern Battlefield


Original book: printed page 158



In the history of human warfare, in night fighting, to observe and destroy the enemy, people have in turn used various forms of illumination equipment such as torches, lanterns, searchlights and illuminating shells. But because each of these has various shortcomings and deficiencies, they could not satisfy the needs of war. In modern war, more and more night operations strongly stimulate people to seek new methods of night observation and to use new night-observation equipment. Especially since the Second World War, night-vision equipment has developed fairly quickly. Infrared night-vision devices, low-light night-vision devices, and infrared thermal imagers are several kinds of advanced night-vision equipment that have appeared one after another in recent years.


Infrared Night-Vision Device

As the name implies, the infrared night-vision device is an instrument that uses infrared rays to observe objects at night. So what are infrared rays?

Physics tells us that light is also a kind of electromagnetic wave. The light that can be perceived by the human eye is roughly light waves in the wavelength range of 0.40–0.76 micron. Light of different wavelengths shows as different colors. For example, light waves in the range 0.62–0.76 micron are the red zone; light waves in the range 0.50–0.56 micron are the green zone; and light waves in the range 0.40–0.45 micron are the violet zone. The wavelength range of electromagnetic waves is very wide; besides visible light there are infrared rays, ultraviolet rays, radio waves and so on. By habit, electromagnetic waves beyond red, with wavelengths in the range 0.76–420 microns [as printed], are called infrared rays. Infrared rays are light waves that the human eye cannot see.

How does the infrared night-vision device use infrared rays for night observation?

An infrared night-vision device is generally made up of several major parts: an infrared searchlight, an image converter tube, a storage battery and an objective lens. The image converter tube has the function of turning an invisible infrared image into a visible-light image. It mainly includes a specially made glass plate, especially sensitive to infrared rays, called the photocathode, and a fluorescent screen. In operation, the infrared searchlight emits infrared rays of wavelength 0.80–1.2 microns toward the target being observed; the infrared rays reflected back from the target are received by the objective lens and fall on the photocathode of the image converter tube. Under infrared illumination the photocathode emits electrons outward. Under the action of an accelerating electric field, the electrons strike the fluorescent screen, and a visible-light image appears on the screen (Figure 117). This is just like the picture tube of a television set, which converts the electrical signals emitted by the television station into programs people can enjoy. Because this kind of night-vision device works by emitting infrared rays outward from its own searchlight, it is called an active infrared night-vision device. It is mainly used for short-range reconnaissance and searching, for aiming short-range weapons, and for the driving of various vehicles. The active infrared night-vision device has a clear image and wide adaptability, but the infrared rays it emits are easily detected by the other side, so its use is subject to certain limitations.


Figure 117: Schematic diagram of the infrared night-vision device





Low-Light Night-Vision Device

The low-light night-vision device is the second-generation night-vision equipment developed in the 1960s. It no longer emits infrared rays with a searchlight toward the target being observed; instead, relying on the masterly skill of the image intensifier, it amplifies the faint natural light present in the night sky — starlight, moonlight and some other weak natural light — by several tens of thousands to over a hundred thousand times, to the point where the human eye can see clearly.

The image intensifier is specially used to amplify faint light. Compared with the image converter tube of the infrared night-vision device, it not only has much in common in most of its structure and working procedure, but its function is also basically the same. It has both a photocathode that can emit electrons and a fluorescent screen that can convert the electron image into a visible-light image. The difference is that its photocathode is made of material sensitive to visible light, and between the photocathode and the fluorescent screen a microchannel plate that “multiplies” electrons has been added. The microchannel plate is made up of more than two million hollow glass tubes, each thinner than a hair, arranged parallel to one another; each of these little glass tubes is an electron channel. When the faint light reflected from the observed object is directed by the objective onto the photocathode plate, the photocathode plate emits electrons.

Since the microchannels lie between the photocathode and the fluorescent screen, they form the road that electrons must take to reach the screen. After an electron enters a microchannel, it moves forward while repeatedly striking the channel walls. Interestingly, each time it strikes, it can “multiply” two to three new electrons. So an electron that enters the channel has, by the time it comes out to strike the fluorescent screen, become children and grandchildren by the tens of thousands. The fluorescent screen, under the powerful bombardment of so many electrons, shows the image people can see (Figure 118).


Figure 118: Schematic diagram of the low-light night-vision device



The observation range of a low-light night-vision device is a few hundred meters at the near end and can reach several kilometers at the far end. So there are low-light sighting scopes used for live artillery fire, low-light telescopes used to observe distant targets or monitor enemy activity, and helmet-mounted goggles for special forces to use at night. Because this equipment works covertly and is safe and reliable to use, it has been adopted by the armies of many countries.



Infrared Thermal Imager

The infrared thermal imager was developed in the late 1960s and early 1970s. It is a piece of night-vision equipment that forms an image by receiving the infrared rays emitted by objects themselves.

Infrared rays are also called “heat rays.” Any object whose temperature is above absolute zero (−273 °C) emits infrared rays outward at every moment. And the amount of infrared radiation emitted depends on how high the object’s own temperature is.

The infrared thermal imager is composed mainly of an infrared detector, a polygonal (multi-faceted) prism, an objective and a display. The infrared rays emitted by the target first pass through the objective toward the polygonal prism, and the polygonal prism reflects them to the infrared detector. In order to supply to the infrared detector the infrared rays coming from all the different angles in the field of view, while the infrared detector is working the polygonal prism is always rotating without stopping, like a radar antenna. The infrared detector therefore searches out the infrared rays emitted by the object from all angles. The infrared detector has a function and role similar to that of the photocathode of the image converter tube. It converts the infrared rays emitted by the object it has searched into electrical signals of different strength. After the electrical signals are amplified by an amplifier and processed, they are sent to the display. In this way one can see the thermal image of the observed object (Figure 119).


Figure 119: Schematic diagram of the infrared thermal imager



Because the thermal imager forms its image by using the infrared rays emitted by the target itself, it has many advantages over the low-light night-vision device. For example, it can observe targets in absolute darkness and can also, through smoke and woods, find concealed and camouflaged targets. It can be used for ground technical reconnaissance, weapon aiming and vehicle driving, and also for air surveillance and sea detection. It has a fairly high ability to identify hot targets, especially gun barrels and cannon tubes that have just fired, and targets fitted with engines. So some say it is a fairly ideal night-vision equipment that can be used in all weather. But because of its technical complexity and its excessive cost, many countries do not yet have the means to equip it generally.

Night-vision equipment certainly has many strong points, but it also has some shortcomings. For example, its working distance and observation effect are limited by terrain conditions and affected by weather conditions, and generally the field of view is narrow and the image flat. So it is still being continually improved and perfected.





34. The Remarkably Capable Laser Rangefinder


Original book: printed page 163



When it comes to lasers, it can be said that there is no one who has not heard of them. From their appearance in the early 1960s until now, though it has been only a little over twenty years, they have already been widely applied in many areas of society. Among these, one of the earliest and most extensive military uses is laser ranging. Those now in service include laser rangefinders for artillerymen, laser rangefinders for tanks, airborne laser rangefinders, and so on. Their appearance has solved many difficulties in military surveying, especially the measurement of moving targets, and has greatly simplified operating procedures. So how does a laser measure distance?

We know that a laser is a beam of light with highly concentrated energy. It is not only bright and pure in color, but also extremely good in directionality. Even when shone onto the Moon, the diameter to which the beam diverges is only about 1–2 kilometers. Whereas if a searchlight were used to shine on [p. 164] the Moon, the diameter of divergence of its beam would reach several hundred kilometers or more. By comparison, a laser is far more concentrated than ordinary light. Precisely because a laser has such a special capability, it has become the most ideal light source for measuring distance.

A laser rangefinder is composed mainly of three parts: transmitting, receiving, and power supply. Although its construction is fairly complex, its working principle is not at all mysterious. Everyone has had this experience: when you shout toward a distant obstacle, the sound waves are reflected back after meeting the obstacle, forming an echo. If one knows the propagation speed of the sound waves and the time the sound waves take to return, one can also work out the distance between the person shouting and the obstacle. Laser ranging is not much different from this situation. The only difference is that it uses light waves in place of sound waves.

When a laser rangefinder works, the transmitting telescope first shoots a parallel, high-energy laser beam toward the target being measured (Figure 120). When the laser strikes the target,


Figure 120: Schematic diagram of the laser rangefinder



a portion is reflected back and is received by the receiving telescope. We know that the speed of light C is a constant (C = 3 × 10⁸ meters/second). Obviously, the product of the speed of light and the time of travel of the light is the distance the light has traveled in that time. As long as the time T taken by the laser beam from departure to return is measured, [p. 165] the distance from the rangefinder to the target being measured is found: S = ½ · C · T (Figure 121).


Figure 121: Principle of laser ranging



Because the speed of light is extremely fast, even when measuring a target 30 kilometers away, the time taken is only one ten-thousandth of a second. In order to calculate precisely the path traveled by the laser in that brief instant, a laser rangefinder has a quartz crystal oscillator with an extremely high oscillation frequency (such as 30 megahertz). If the oscillator can produce 30 million pulses per second, the duration of each pulse is one thirty-millionth of a second (3 × 10⁻⁷ seconds). When ranging, at the same time as the laser pulse is emitted, the counter begins counting the number of pulses, and keeps counting until the rangefinder receives the echo. If n pulses have been counted in all, then n × 3 × 10⁻⁷ seconds is the time for the laser pulse to make one round trip between the rangefinder and the target, and the time T is thereby obtained. Then, according to S = ½ · C · T, the distance from the rangefinder to the target can be calculated precisely.

Laser ranging is not only fast but also high in precision. The Earth and the Moon are more than 384,000 kilometers apart, and the measurement error is only a little over 1 meter. Therefore, the use of laser rangefinders not only greatly shortens combat preparation time, but also raises the first-round hit probability of tanks and artillery against moving targets. [p. 166] Since the 1970s, with the appearance of miniature and small laser rangefinders, the mortars, machine guns, rifles and other infantry weapons of some countries have also been fitted with laser rangefinders, so that the firing accuracy of infantry weapons has likewise been raised considerably.




35. A Brief Talk on Radar Ranging


Original book: printed page 166



As early as 1922, the Italian Marconi had said: “Radio waves can be reflected by objects. In the experiments I have made, reflected waves from several miles away have already been detected. If an instrument capable of sending out a beam of radio waves were designed and installed on a ship, then, on the basis of the radio waves reflected back, the presence and bearing of other ships could be determined even in foggy and overcast weather.”

Just as Marconi’s conception had barely been confirmed, the instrument of this imagining came promptly into being. And with it, other ships were actually detected.

By 1938, this instrument had boarded American destroyers, and its detection range was quickly raised to 80.5 kilometers. In 1939, Britain installed this instrument on aircraft as well, so that it played an important role in the hunt that badly mauled German submarines. From then on, its fame soared and its value multiplied a hundredfold, and it became the indispensable “thousand-mile eye” of the battlefield. This instrument is what we call radar.

Radar is the transliteration of “Radar,” the English abbreviation of “using radio waves to detect and locate targets.” Its full name is Radio detection and ranging. Since being used in military operations in the Second World War, it has developed fairly rapidly. Today, it can both see a thousand miles into the distance, seeing intercontinental missiles in flight, and observe the minutest details, monitoring the movements on the ground in the enemy’s positions; it can both guide aircraft and ships in navigation, and direct artillery and guided missiles in firing; it can both measure clouds [p. 167] and rain, and observe wind direction, and it can also be used to prospect for mineral deposits and draw maps.

If classified by working wave band, there are meter-wave radars and decimeter-wave radars; if classified by mode of operation, there are pulse radars and continuous-wave radars; if classified by use, they can be divided into early-warning radars, guidance radars, artillery reconnaissance radars, weather radars, and so on. Whatever the form of radar, its working principle is to use the “echo” of radio waves to detect the distance and bearing of the target.

When a radar works, it first uses its antenna to send into the air pulsed electromagnetic waves, one after another, at equal time intervals. When the electromagnetic waves meet a target, a portion is reflected back and is received by the radar. As long as the time t from emission to return of the electromagnetic waves is calculated, and this is multiplied by the propagation speed c of electromagnetic waves in space, the round-trip path of the electromagnetic waves is obtained. Half of this path is the distance from the radar to the target:


r = ½ · c · t



Usually the time t is measured in microseconds (10⁻⁶ seconds) and the distance r in kilometers. The propagation speed of electromagnetic waves in the air is


c = 0.3 kilometers/microsecond



Therefore


r = 0.15t



If it is known that the radio waves took a total of 400 microseconds for the round trip, the distance from the radar to the target can be found to be


r = 0.15t = 0.15 × 400




= 60 (kilometers)



In fact, there is no need to compute with the formula above. Since the distance of the target is in a proportional relationship with the length of the round-trip time of the radio waves, people have engraved corresponding graduations on the fluorescent screen of the indicator. When the radar sends electromagnetic waves toward the target, a pip appears on the fluorescent screen; when it receives again the electromagnetic waves reflected back by the target, a second pip appears on the fluorescent screen, and according to [p. 168] the distance interval between the two waves, the distance of the target can be read off directly.

To fix a target in space, distance alone is not enough; its angle of site, azimuth angle, and height must also be measured. The determination of azimuth angle and angle of site is likewise based on the characteristic that electromagnetic waves can be directionally radiated and received by the radar antenna.

After the electromagnetic waves are sent out, only when the axis of the beam is aligned with the target is the echo reflected by the target the largest. Therefore, the azimuth angle β pointed to by the antenna at the moment the echo is largest is taken as the azimuth angle of the target (Figure 122).


Figure 122: Measuring the azimuth angle of a target by the maximum-echo method



If the beam of electromagnetic waves emitted by the radar is made to scan in the vertical direction, the angle of site of the target can be measured by the same method (Figure 123). And the measurement of the height of the target is carried out on the basis of measured distance and measured angle of site, because the [p. 169] height H of the target has the following relationship with the slant range r and the angle of site ε:


H = r · sin ε




Figure 123: Determining the angle of site and height of a target



It is worth pointing out that the target height calculated by H = r · sin ε is only the height relative to the horizontal plane. Because the surface of the Earth is curved, when the target is fairly distant, a height correction must also be added.

As can be seen from Figure 124, the true height of the target above the ground should be


H = BC + CD



Because the Earth’s radius R is very large, BC can be approximately regarded as equal to the height BE of the target above the horizontal plane.


BC ≈ BE = r · sin ε



When the angle of site is small, AC is approximately equal to the slant range AB, that is


AC ≈ AB = r



In the right triangle △ACO, according to the Pythagorean theorem:


CO² = AO² + AC²




= R² + r²



And because CO = CD + OD = CD + R


therefore CO² = (CD + R)²




[p. 170] = CD² + 2CD · R + R²



Therefore R² + r² = CD² + 2CD · R + R²


r² ≈ CD² + 2CD · R



Because CD is far smaller than R, CD² can be neglected, and thus


r² = 2CD · R




CD = r² / (2R)




Figure 124: The true height of a target



Therefore, the height-measuring formula for a spherical Earth surface is


H = BC + CD




= r · sin ε + r² / (2R)



where R = 6370 kilometers, and r² / (2R) is the correction amount added in calculating the target [p. 171] height because of the curvature of the ground.

Because atmospheric refraction causes the radio-wave ray to bend and affects height measurement, when adding the correction amount an atmospheric refraction correction coefficient K should also be taken into account. K has different values in different regions and under different meteorological conditions. Usually K = 1.33 is taken. Therefore


H = r · sin ε + r² / (2K · R)




= r · sin ε + r² / 17000



where the height H and the distance r are both in kilometers.




36. Where Is the Best Place to Set Up a Radar Position


Original book: printed page 171



All radars work by emitting electromagnetic waves outward. The reflection of electromagnetic waves by the terrain around a radar, and the blocking of electromagnetic waves by mountains and ground objects, directly affect the radar’s detection range. Therefore, in setting up a radar position, favorable terrain must be occupied.

Take the early-warning radar as an example. In order to be able to search for targets on all sides, the radar antenna is always rotating without stopping. The radar position is an annular region centered on the antenna (Figure 125). And it has been proved by theory that the maximum radius of this annular region is


dmax = 23.3 · h² / λ



and the minimum radius is


[p. 172] dmin = 0.7 · h² / λ




Figure 125: Detection range of an early-warning radar



where h is the height of the antenna center above the ground;

λ is the working wavelength of the radar.

It can be seen that when the working wavelength of the radar is fixed, the higher the antenna is mounted above the ground, the larger the radius of the position. For example, for a certain radar with h = 7.4 meters and λ = 1.6 meters, the maximum radius it requires is


dmax = 23.3 × 7.4² / 1.6 = 800 (meters)



It is evident that the radius of this radar position is fairly large.

In practice, in most regions of our country, it is difficult to choose such an open position. Moreover, an absolutely flat reflecting surface is not easy to find either. Therefore, in setting up a radar position, it is necessary to find some ground that can be approximately regarded as flat, [p. 173] with not much undulation. Then how large should the permissible height of undulation of such ground be?

Suppose there is an earth mound of height Δh (Figure 126). When the radar beam AB makes an angle ε with the ground plane and is projected onto the top of the small mound, as can be seen from the figure, because of the existence of the small mound, the electromagnetic wave beam propagates along the path ABC. If there were no earth mound, it would propagate along the path ADE. Obviously, the path lengths of the two paths are different. The difference Δr can be found from triangle relationships:


Δr = BD − BF



In right triangle △BMD


BD = Δh / sin ε



In right triangle △BFD


BF = BD · sin θ




[p. 174] = BD · sin(180° − 90° − 2ε)




= BD · cos 2ε




Δr = BD − BF




= Δh / sin ε − (Δh / sin ε) · cos 2ε




= (Δh / sin ε) · (1 − cos 2ε)




= (Δh / sin ε) · [1 − (1 − 2sin²ε)]




= 2Δh · sin ε




Figure 126: Earth mound



The corresponding change in phase angle is


φ = (2π / λ) · 2Δh · sin ε



For a radar, although the ground within the effective reflecting surface is uneven, if the change in the phase angle of the ground-reflected wave caused by this is less than π/4, such ground can be regarded as flat. Therefore, substituting the condition that the change in phase angle is less than π/4 into the above formula, the permissible degree of undulation of a radar position can be found:


Δh < λ / (16 sin ε)



For example, when the angle of site ε = 2° and the radar wavelength λ = 3 meters, the permissible degree of undulation of its position is


Δh = λ / (16 sin ε) = 3 / (16 sin 2°)




= 5.4 (meters)



And when the wavelength of the radar is shortened from 3 meters to 100 millimeters, the permissible degree of undulation of its position also drops accordingly to


[p. 175] Δh = λ / (16 sin ε) = 0.1 / (16 sin 2°)




= 0.18 (meters)



This tells us that the permissible degree of undulation of a radar position is determined by the wavelength of the electromagnetic waves and the size of the angle of incidence. Therefore, the degree of undulation of a meter-wave radar position may be larger than that of a centimeter-wave radar; the undulation of ground farther from the antenna may be larger than that of ground close to the antenna.

Besides this, obstructions encountered by electromagnetic waves on their straight-line propagation path are also an important aspect affecting the radar’s detection range. And the masking angle that an obstruction creates for the radar, or in other words, how near or far the distance is from the height of the obstruction to the radar antenna, directly determines the degree of influence on the detection range.

For a microwave radar, because it works mainly by the direct wave, the ground-reflected wave has little influence on the detection distance. But if obstructions around the radar antenna exceed the antenna’s horizontal line, they will likewise create a masking angle for the direct wave. The lower the antenna is above the ground, the lower the surrounding obstructions are required to be.

For example, for the vertical antenna of a certain radar, the height of the lower end of the reflector above the ground is about 700 millimeters (Figure 127), and the upper end is about 3.7 meters above the ground. When the height of a small mound is 2.2 meters and its distance D from the antenna is 15 meters, it blocks the electromagnetic waves within the range AB


Figure 127: The effect of obstructions on detection distance



[p. 176] rays, affecting the detection distance in the direction of the angle of site ε₀. Therefore, if the influence of obstructions is to be avoided, the masking angle ε that the obstruction creates for the radar antenna must be smaller than the angle of site ε₀ of the electromagnetic wave rays. That is:

ε < ε₀.


ε = arctg (h′ / D)



arctg (h′ / D) < ε₀.

where h′ is the height of the obstruction minus the height from the lower end of the reflector to the ground.

As can be seen from Figure 127, when the height of an obstruction exceeds 700 millimeters, it already has an effect on the radar’s detection distance. Therefore, obstructions near a radar antenna are generally required to be no higher than 1 meter. Hence, the observation vehicles, power supply vehicles, and other vehicles of a radar station must all be placed inside cover works. The purpose is not only camouflage and concealment, but also to help bring the radar’s detection efficiency into play.

Of course, if the height of the obstruction is fixed and the variation of the radar antenna’s height is limited, then in order to avoid the influence on the detection range, the above requirement can also be met by changing the distance d from the antenna to the obstruction. For example, in Figure 128


Figure 128: The minimum distance of a radar from obstructions



[p. 177] the AB segment. At this time the minimum distance D of the radar from the obstruction should be the sum of the position’s maximum radius dmax and AB.


AB = hA / tg ε₀




dmax = 23.3 · h² / λ




D = 23.3 · h² / λ + hA / tg ε₀



It is proved by theory that if an obstruction is fairly high, it will not only block the reflected wave but also block the direct wave. Therefore, in setting up a radar position, the minimum distance from the antenna to obstructions should also be decided according to the permissible masking angle of the position in the main early-warning direction.


dmin = hA · ctg ε₀




where hA is the height of the obstruction;



ε₀ is the permissible masking angle.

In addition, it should be pointed out that iron towers, radio-station antennas, and electric power transmission lines near a radar antenna will all, under the action of electromagnetic waves, produce very strong re-radiation, interfering with the normal work of the radar and causing distortion of the radar’s detection-range pattern. Therefore, in setting up a radar position, these ground objects should also be avoided as far as possible.




37. The Chief Culprit in Rusting Gun Bores


Original book: printed page 178



When it comes to the rusting of gun bores, probably everyone has seen it. Especially if the bore is not wiped promptly after live-fire shooting, a layer of reddish-brown stuff will very quickly appear inside the bore. After a long time, the bore will be corroded. But do you know who the chief culprit is that rusts the gun bore?

In the view of some people, the bore rusts because it has been blackened by the smoke of the propellant. So they attribute all the blame for rusting the bore to the propellant that produces the smoke. Little do they know that what truly rusts the bore is not the propellant that blackens the bore, but that small, inconspicuous little primer at the base of the cartridge.

The primer is also called the percussion cap. It is made by pressing some priming composition into a very thin metal shell (Figure 129). Priming composition is made by mixing a sensitizer, an oxidizer, and a combustible in certain proportions. Because the uses of the various kinds of primers differ, the components and mixing proportions of the priming composition are also not all the same. Taking the primer of a rifle cartridge as an example, what is usually loaded is a priming composition made up of mercury fulminate [p. 179] [Hg(ONC)₂], antimony trisulfide (Sb₂S₃), and potassium chlorate (KClO₃) (Table 7).


Figure 129: Sectional schematic diagram of a primer



Table 7: Components of commonly used priming compositions — [Editorial note: the numerical proportion ranges and charge weights in this table are not reproduced here. The table lists, for cartridge-case primers and fuze primers, the percentage range of each of the three components (mercury fulminate, potassium chlorate, antimony trisulfide) and the general charge weight in grams.]

Mercury fulminate is compounded from mercury, nitric acid, and alcohol. It is the sensitizer in the priming composition. Mercury fulminate is very sensitive to both mechanical action and heat. Dry mercury fulminate may explode from just a slight impact or a spark, or even from being stirred with a wheat straw. At the same time, mercury fulminate decomposes quickly, and on decomposing releases heat, urging the other components to decompose and interact, producing an intense flame. [Editorial note: the sentence in the source giving the amounts of mercury fulminate needed to make it change from burning to detonation, and to detonate specific high explosives, is not reproduced here.]

Antimony trisulfide is the combustible in the priming composition. Because when it burns it can produce a small quantity of glowing-hot solid particles, it raises the ability to ignite the propellant, increases the flame temperature, and lengthens the duration.

Potassium chlorate is rich in oxygen and can release a good deal of oxygen when it decomposes. So it is called an oxidizer. With it, the problem of lack of oxygen when the mercury fulminate and antimony sulfide sealed in the primer burn can be solved.

Their reaction equation is


[p. 180] 3Hg(ONC)₂ + 5KClO₃ + Sb₂S₃ ⟶ 3Hg (vapor)




	5KClO₃ + Sb₂O₃ + 6CO₂ + 3SO₂ + 3N₂



Mercury fulminate, antimony sulfide, and potassium chlorate, as priming composition, have their own unique advantages, and also their fatal weaknesses. The mercury produced when mercury fulminate burns, because of its large specific gravity, is not easily swept away by the gas flow and will attach unevenly to the inner wall of the barrel. If it is not wiped off promptly, it will combine with the copper film scraped off by the friction between the bullet and the rifling to form something called amalgam, which affects the passage of the bullet. When the amalgam falls off, that place easily becomes a pit.

When antimony sulfide burns, it produces antimony oxide. This is a fairly hard solid small particle. On firing, at extremely high speed, it is sprayed onto the inner wall of the barrel, whose surface has been slightly softened by the high temperature. It can also make countless small pits form in the barrel wall. If wiping is not done promptly, then when the bullet passes through the barrel, it will be like rubbing the barrel with sandpaper, causing wear to the bore.

After potassium chlorate decomposes and gives off oxygen, it produces a substance with the same properties as table salt (NaCl). Under high-temperature conditions it is in liquid form and adheres to the cracks and pits in the barrel wall. Because it readily absorbs moisture from the air and produces chloride ions, it is also extremely liable to make metal rust.

By comparison, the rusting of the bore by the propellant is much lighter. This is because, of the gases it produces after burning, the great majority rush out of the gun, and although some unburned carbon powder adheres inside the bore and blackens it, its corrosion of the bore is not severe. Someone has done an experiment: using a new barrel without chromium plating and 12 rounds of cartridges using mercury fulminate as priming composition, after firing he blew moist air into it with his mouth. After some time the inside of the barrel was covered with rust traces; after 10 days 60 milligrams of iron rust had been produced; after 20 days 168 grams of iron rust had been produced. If a non-corrosive priming composition was used instead to do the same experiment, the result after 20 days was only 0.18 milligrams of iron rust. It can be seen that the chief culprit that rusts the gun bore is not the propellant that blackens the bore, but the priming composition loaded in the primer.

[p. 181] Although mercury fulminate priming composition has good initiating performance, low cost, and simple manufacture, its corrosive action on gun barrels is receiving more and more attention. In addition, it readily absorbs moisture, causing delayed ignition or failure to fire, and when the water content exceeds 0.03% it even loses its initiating function. Therefore, people are actively researching and developing priming compositions that do not use mercury. When that time comes, the service life of gun barrels will be raised markedly, and the chief culprit that rusts the gun bore can be thoroughly eliminated.




38. Why Guns and Cannons Develop Pits


Original book: printed page 181



Pits on the bodies of guns and cannons not only spoil their appearance, but also shorten their service life. So why do guns and cannons develop pits? To explain this question clearly, we must first begin with the composition of the body of a gun or cannon.

Guns and cannons are made mainly of metal. And metal, like other substances, is also composed of a great many very small particles — atoms. An atom is composed of an atomic nucleus and several electrons orbiting the nucleus. Of these, the nucleus in turn contains uncharged neutrons and charged protons (Figure 130).

Atom { nucleus { proton (carrying one unit of positive charge); neutron (uncharged) }; electron (carrying one unit of negative charge) }


Figure 130: Schematic diagram of atomic structure



Because positive and negative charges attract each other, the nucleus has a certain binding force on the electrons around it. But because different substances differ in the number of electron shells outside the nucleus and in the number of outermost electrons, the attraction between the outermost electrons outside the nucleus and their nucleus also varies in strength. Among them, some outermost electrons far from the nucleus, because the binding force of the nucleus on them is too small, when acted on by [p. 182] other external forces will break free of the nucleus’s binding and become very free “wanderers.” In chemistry, substances that easily lose the outermost electrons outside the nucleus are called substances of “good activity”; conversely, they are substances of “poor activity.”

The outermost electrons of the nuclei of substances of good activity always run toward the side of poor activity. Once the outermost electrons outside the nucleus have run off as “wanderers,” the electrical neutrality inherent in the atom itself is destroyed. An atom that has lost electrons, because its positive charge exceeds its negative charge, shows positive electricity; an atom that has gained electrons, because its negative charge exceeds its positive charge, shows negative electricity. If at this point the positive and negative poles are placed together in a conductive solution (electrolyte) and joined with a wire, a battery can be formed.

The various batteries we use all obtain electric current by promoting the transfer of electrons through chemical changes in metallic structures. For example, the copper-zinc primary cell that people speak of is a device in which a copper plate and a zinc plate are placed together in a container holding sulfuric acid [p. 183] (H₂SO₄) and then connected with a wire (Figure 131). Because zinc is more active than copper, the free electrons of the zinc atoms flow through the wire to the copper plate. Thereupon an electric current is produced in the wire. The side that loses electrons (zinc) is called the anode or negative pole; the side that gains electrons (copper) is called the cathode or positive pole. Because in the process of electron loss and transfer the metal serving as the anode is gradually corroded, the primary cell is also called a “corrosion cell.”


Figure 131: Copper-zinc primary cell



In the copper-zinc primary cell, because the electrons of the zinc atoms flow continuously through the wire to the copper plate, they become zinc ions. Thereupon the following reaction takes place on the zinc plate:


Zn − 2e ⟶ Zn⁺⁺



where Zn is a zinc atom;

Zn⁺⁺ is a positive ion of zinc;

e is an electron.

Sulfuric acid is a strong electrolyte that can ionize into hydrogen ions (H⁺) and sulfate ions (SO₄⁻⁻)


H₂SO₄ ⟶ 2H⁺ + SO₄⁻⁻



Therefore, near the zinc plate, the ever-increasing zinc positive ions attract and are attracted by the sulfate negative ions and continually combine into zinc sulfate (ZnSO₄), leaving the zinc plate and dissolving in the acid.


Zn⁺⁺ + SO₄⁻⁻ ⟶ ZnSO₄



Near the copper plate, because a large number of electrons have flowed over, it in turn attracts, one by one, the positively charged hydrogen ions in the solution and reduces them to hydrogen gas (H₂), [p. 184] which escapes.


2H⁺ + 2e ⟶ H₂↑



Because the zinc plate keeps losing electrons and produces large numbers of zinc ions, Zn⁺⁺ and SO₄⁻⁻ keep combining to generate ZnSO₄. And the ZnSO₄ keeps dissolving into the acid solution, so the zinc plate keeps dissolving and is corroded. Because in this chemical corrosion process an electric current is simultaneously produced, it is called electrochemical corrosion. Electrochemical corrosion is the main form of metal corrosion.

If each electrode of this primary cell is rotated by 90°, and the wire between the electrodes is removed, so that the electrodes come into direct contact, a special form of primary cell with the cathode and anode arranged horizontally is constituted (Figure 132). When the area of the electrodes is very small


Figure 132: Schematic diagram of the micro-cell principle



and has an irregular shape, it becomes a micro-cell existing on the body of a gun or cannon.

The use and storage of guns and cannons are at all times enveloped layer upon layer by the atmosphere. In the atmosphere, especially in the air of coastal zones and large industrial areas, there is both damp water vapor and many conductive substances such as ammonia, chlorine, and sulfur. In cold regions, when weapons are brought from the low-temperature outdoors into a warm room, [p. 185] fine water droplets will condense on the metal surface; in hot and humid regions, the surface of weapons is often covered with an invisible film of water; when this water vapor and the ammonia, chlorine, sulfur, and other substances become mixed and adhere to the weapon surface, a very thin layer of aqueous solution containing a small amount of conductive matter is formed.

The metal materials used for guns and cannons all contain some impurities to varying degrees. The activity of these impurities is fairly poor, and thus many micro-cells of varying sizes and different shapes are formed. For example, when the metal surface has a very thin film of water containing sulfurous acid (Figure 133), a series of reactions will follow inside the metal.


Figure 133: Corrosion process of metal parts



At the positive pole (the impurity), the hydrogen ions (H⁺) in the water film gain electrons on the impurity and become hydrogen gas (H₂), which escapes.


2H⁺ + 2e ⟶ H₂↑



At the negative pole (the metal), the iron atoms, drawn by electrostatic attraction because of losing electrons, become iron ions (Fe⁺⁺) and slip into the aqueous solution,


Fe − 2e ⟶ Fe⁺⁺



Thus the iron atoms gradually decrease, and the body of the gun or cannon is gradually corroded, and slowly, it too [p. 186] becomes covered with rust spots, and even dotted with pits.

After guns and cannons are corroded, at the lightest their service life is reduced, and at the worst it may cause the weapon to be scrapped. Therefore, before guns and cannons leave the factory, the workers and technicians carry out corresponding technical treatments according to different circumstances. For example, in order to form a protective thin film on the surface of steel and iron parts, an oxidizing treatment is usually carried out on them. That is, the steel and iron parts are soaked in a mixed solution of sodium hydroxide (NaOH) and sodium nitrate (NaNO₃) or sodium nitrite (NaNO₂) at 136–140 °C, which causes the following chemical reactions to occur as people wish:


Fe + [O] + 2NaOH ⟶ Na₂FeO₂ + H₂O




2Fe + 3[O] + 2NaOH ⟶ NaFe₂O₄ + H₂O




Na₂FeO₂ + Na₂Fe₂O₄ + 2H₂O ⟶



Fe₃O₄ + 4NaOH

In this way, after several tens of minutes, an anti-corrosion thin film called triiron tetroxide (Fe₃O₄) is firmly attached to the surface of the metal parts. Because this thin film is blue-black, oxidizing treatment is also customarily called “bluing.”

In addition to this, the anti-corrosion treatments commonly used for the metal parts of guns and cannons include phosphating, chromium plating, painting, and other methods. After these special surface treatments, the metal parts are like wearing a layer of protective clothing, and their resistance to corrosion is thereby greatly strengthened.




39. The Peculiar Piezoelectric Fuze


Original book: printed page 187



What everyone often hears about is “electricity produced by friction,” but sometimes squeezing can also produce electricity. In the piezoelectric fuzes we use, there is just such a special substance.

Piezoelectric fuzes are divided into nose piezoelectric fuzes and base piezoelectric fuzes. Whichever kind of fuze it is, each uses the electrical energy produced when a piezoelectric crystal material is under pressure to initiate detonation. Commonly used piezoelectric crystal materials include barium titanate (BaTiO₃), lead zirconate titanate (PbTiO₃·PbZrO₃), and so on. They are all materials with high piezoelectric performance that were developed after the 1940s. From physics we know that when certain types of crystals are stretched or compressed, a polarization phenomenon occurs, and a potential difference appears on the surfaces at the two ends of the crystal. Take the common quartz (SiO₂) as an example: in a single quartz crystal there are three silicon atoms and six oxygen atoms (Figure 134). The oxygen atoms are piled up in pairs, thus forming a hexagon. In it, [p. 188] the silicon atom has four positive charges and the oxygen atom has two negative charges; when the crystal is not under pressure, all the charges cancel one another, and the crystal shows no electrical properties externally. If pressure is applied in the x or y direction, the crystal lattice will deform slightly, so that the electrical balance is destroyed, the lattice is polarized, and electric charge is produced.


Figure 134: Quartz crystal structure



Piezoelectric crystal materials such as barium titanate and lead zirconate titanate used in fuzes also have this property. Take barium titanate: its barium ions (Ba⁺⁺) are located at the eight corners of a hexahedron, its oxygen ions (O⁻⁻) are located at the centers of the six faces of the hexahedron, and its titanium ion (Ti⁺⁴) is located at the center of the hexahedron (Figure 135). The whole crystal is a stacking of these hexahedra. Moreover, each barium ion is related to the eight hexahedra adjacent to it; that is, the barium ion at each corner is shared by eight hexahedra. Likewise, each oxygen ion is related to two neighboring hexahedra; that is, it is shared by two hexahedra. As for the titanium ion, it is related to only one hexahedron; that is, it belongs to this hexahedron alone. For one hexahedron, the ions belonging to it are one barium ion, three oxygen ions, and one titanium ion. From this it can be seen that such a hexahedron happens to represent one BaTiO₃ molecule, that is, the unit cell of the crystal. The whole crystal is composed of a great many unit cells.


Figure 135: Barium titanate crystal structure



[p. 189] As can be seen from Figure 136, the center of symmetry of the positive ions is the center of positive charge, located at the center of the cube; the center of symmetry of the negative ions is the center of negative charge, also located at the center of the cube. Because the centers of positive and negative charge coincide, no electrical effect appears. But if the titanium ion deviates from the center of the cube and moves up one position, while the center of negative charge is still at the center of the cube, then because the centers of positive and negative charge no longer coincide, the unit cell shows electric polarization. The direction of polarization points from the center of negative charge to the center of positive charge. In order to lead out the charge it produces, a thin layer of silver is usually also plated on the surface of the piezoelectric crystal.


Figure 136: BaTiO₃ unit cell



From this it is known that a piezoelectric crystal is in fact a voltage generator. When a piezoelectric [p. 190] crystal is deformed by an external force such as compression or stretching, charges of opposite sign appear on its interfaces, so that a certain potential difference is formed between the two poles. If the two poles are connected with a wire, a current will flow in the circuit (Figure 137). People call this phenomenon the “piezoelectric effect.” When a body produces the piezoelectric effect, the relationship among the parameters is


Q = dm · F



where Q is the electric charge produced under the action of force F (coulombs);

F is the force acting perpendicular to the crystal surface (newtons);

dm is the piezoelectric modulus (coulombs/newton).


Figure 137: Action process of a piezoelectric crystal



If the piezoelectric crystal is regarded as a capacitor, then the two faces of the crystal can be regarded as the plates of the capacitor, and the crystal itself is equivalent to the dielectric of the capacitor. The voltage U produced at this time can be calculated by the following formula:


U = Q / C = dm · F / C (volts)



where C is the capacitance of the piezoelectric crystal (farads).

[p. 191] For a sheet-shaped or cylindrical piezoelectric crystal, the capacitance C can be obtained from the following formula


C = (ε · A) / (3.6π · h) × 10⁻¹⁰ (farads)



where A is the area of the piezoelectric crystal (meters²);

h is the thickness of the piezoelectric crystal (meters);

ε is the dielectric constant of the piezoelectric crystal.

It is known that the dimensions of the lead zirconate titanate piezoelectric crystal of a certain fuze are φ10 × 10 millimeters, the distributed capacitance of the projectile body is Cf = 100 picofarads, the dm of the lead zirconate titanate is 550 × 10⁻¹² coulombs/newton, ε = 1900, and the safe voltage of the electric detonator used is 800 volts. Find the safe pressure of the electric detonator.

According to the formula


C = (ε · A) / (3.6π × h) × 10⁻¹⁰




C = (1900π × 0.005²) / (3.6π × 0.01) × 10⁻¹⁰




= 132 × 10⁻¹² (farads)



From the formula U = dm · F / (C + Cf)

we obtain


F = (C + Cf) · U / dm




= (132 + 100) × 10⁻¹² × 800 / (550 × 10⁻¹²)




≈ 337 (newtons)



That is, when the piezoelectric crystal is subjected to a pressure of 337 newtons, the voltage produced can detonate an electric detonator whose safe voltage is 800 volts.




40. The Secrets of “Illuminating Shells” and “Smoke Shells”


Original book: printed page 192



In night combat, in order to observe the enemy’s dispositions and movements, several illuminating shells are often fired to raise the brightness of the battlefield. In daytime combat, in order to cover one’s own movements and reduce the enemy’s observation effectiveness, one often relies on firing smoke shells to block the enemy’s line of sight. It can be seen that illuminating shells and smoke shells are both indispensable special-purpose shells on the battlefield. So how do the “light” and the “smoke” of illuminating shells and smoke shells come about? And how do they differ?

We know that, whether a shell gives off light or gives off smoke, it is fired from an artillery piece. Therefore, they also share the characteristics of other shells. For example, they have projectile bodies, cartridge cases, fuzes, and so on. What sets them apart from the rest is mainly that the filling inside their projectile body is an illuminating composition or a smoke-producing composition. Illuminating compositions and smoke-producing compositions are collectively called pyrotechnic compositions.

Pyrotechnic compositions are usually made up of an oxidizer, a combustible, and a binder. Commonly used oxidizers include potassium nitrate (KNO₃), barium nitrate [Ba(NO₃)₂], potassium chlorate (KClO₃), strontium nitrate [Sr(NO₃)₂], and diiron trioxide (Fe₂O₃), among others. These oxidizers generally have an oxygen content of 30% or more, and most have melting points of around 50–80 °C. Once they encounter high temperature, they are decomposed and release a large amount of oxygen. For example,


2KNO₃ ⟶ K₂O + N₂ + 2.5O₂




2KClO₃ ⟶ 2KCl + 3O₂




Ba(NO₃)₂ ⟶ BaO + N₂ + 2.5O₂




Sr(NO₃)₂ ⟶ SrO + N₂ + 2.5O₂




Fe₂O₃ ⟶ 2Fe + 1.5O₂



[p. 193] As everyone knows, oxygen is a combustion-supporting substance. For a combustion reaction to occur, there must also be a combustible substance as its basis. The combustibles commonly used in ammunition include both inorganic and organic substances. Among the inorganic ones, there are the metallic combustibles aluminum, magnesium, and aluminum-magnesium alloy, and also the nonmetallic combustibles phosphorus, sulfur, and so on. Among the organic ones, there are oil-type substances such as gasoline, kerosene, and turpentine, and also hydrocarbons such as starch and lactose. These metallic and nonmetallic combustibles, under the action of the oxygen released by the oxidizer, burn violently and release heat, producing light and thermal effects. For example,


2Al + 1.5O₂ ⟶ Al₂O₃ + 1642.7 kJ




Mg + 0.5O₂ ⟶ MgO + 610.3 kJ




2P + 2.5O₂ ⟶ P₂O₅ + 1504.8 kJ




C + O₂ ⟶ CO₂ + 392.9 kJ




S + O₂ ⟶ SO₂ + 296.8 kJ



Because pyrotechnic compositions must also withstand the normal vibration of transport, firing, and service duties in use, they are required to have a certain mechanical strength. Therefore, a certain amount of binding substance is also added to the ingredients of pyrotechnic compositions. Usually, the components are first crushed and sieved, then mixed evenly and dried, then pressed into shape and loaded into the projectile body for use. The pyrotechnic compositions of the illuminating shells and smoke shells we speak of are made by mixing several components and bonding them with a binder such as starch, lactose, or turpentine.

Once we know the main components and functions of pyrotechnic compositions, it is not hard to work out how illuminating shells and smoke shells give off light and smoke.

The illuminating shells of various calibers now in service are loaded mainly with illuminating composition. Illuminating composition is generally composed of 30–67% oxidizer, 60–23% metallic combustible, and 10% binder. Moreover, because the ingredients contained in illuminating compositions differ, the intensity of the light emitted also differs. The luminous intensity of an illuminating composition is generally expressed in candelas. Since the combustion temperature of illuminating composition can reach 2500–3000 °C, it therefore [p. 194] has a very strong effect of radiant light energy, and can produce a brightness of 250,000–600,000 candelas. For example, the luminous intensity of the 122 mm illuminating shell (Figure 138) can reach 500,000 candelas, and when it functions at an altitude of 400–500 meters, it can light up the ground within a radius of 500 meters.


Figure 138: 122 mm illuminating shell



The ingredients of illuminating compositions differ, and the color of the light emitted also differs. For example, sodium nitrate gives yellow light, barium nitrate gives green light, and strontium nitrate gives red light. Therefore, signal shells and tracer shells can also emit brilliant colored light.

The reason an illuminating shell can give off light is that the shell is loaded with an illuminating composition able to produce a luminous [p. 195] effect. It goes without saying that the reason a smoke shell can give off smoke is likewise that the shell is loaded with a smoke-producing composition that can give off smoke (Figure 139). The smoke-producing compositions usually used are mainly yellow phosphorus, sulfur trioxide, tin tetrachloride, chlorosulfonic acid, and so on.


Figure 139: 122 mm steel smoke shell head



These smoke-producing compositions all have the characteristics of a low melting point and of reacting readily with the oxygen and water in the air to produce smoke. Take the commonly used yellow phosphorus as an example. Because its [p. 196] melting point is only 44 °C, even when exposed to the air at normal temperature it can quickly oxidize on its own, so that it generates heat and burns, producing solid particles of diphosphorus pentoxide and phosphoric acid, forming something like smoke.


4P + 5O₂ ⟶ 2P₂O₅



Part of the diphosphorus pentoxide vaporizes and condenses directly in the air into solid particles; another part reacts with the moisture in the atmosphere, producing metaphosphoric acid (HPO₃) and orthophosphoric acid (H₃PO₄).


P₂O₅ + H₂O ⟶ 2HPO₃




HPO₃ + H₂O ⟶ H₃PO₄



The phosphoric acid continues to react with water vapor, producing liquid particles of phosphoric acid in turn. When these particles are suspended in the air, a white smoke screen is formed. Under normal circumstances, one smoke shell can produce a smoke cloud 10–30 meters wide and 20–50 meters high, lasting 20–60 seconds. If several rounds are fired in succession, a dense smoke wall will form across a fairly wide front, so that the enemy cannot see the target clearly and becomes “blind with eyes wide open.”

Because yellow phosphorus, when it burns, not only “gives off smoke” in large quantities but also has a strong burning effect on human skin, and the wounds are also hard to heal, yellow phosphorus is therefore a fairly ideal smoke-producing agent.

The pyrotechnic compositions of both illuminating shells and smoke shells are strongly hygroscopic substances. When they become damp, at best they are hard to ignite and burn slowly, reducing their effectiveness, and at worst they may fail to ignite at all. In addition, the reaction of pyrotechnic compositions after absorbing moisture is an exothermic reaction. And the reaction heat in turn raises the temperature of the composition itself. If heat dissipation conditions are poor, or the storage time is too long, spontaneous combustion may also result. Therefore, in storing ammunition loaded with pyrotechnic compositions, care must also be taken to keep it moisture-proof.




41. Strangely Shaped Propellants


Original book: printed page 197



If we gathered together the propellants we use, we would find that they are not only tubular, ribbon-shaped, sheet-shaped, rod-shaped, and spherical, but also have round edges and flower-shaped edges; there are single-perforated ones and multi-perforated ones (Figure 140). Moreover, different weapons use different propellants.


Figure 140: Shapes of typical gunpowder



For example, in large-caliber artillery pieces, long tubular powder is mostly used; small-caliber artillery pieces and large-caliber small arms mostly use cylindrical multi-perforated powder; small-caliber small arms mostly use tubular, sheet-shaped, and spherical powder; some recoilless guns use flower-edged seven-perforation powder, and some use 14-perforation powder; mortars mainly use ring-shaped and ribbon-shaped powder. Why must the shapes of propellants be made so varied? And what relationship do weapons have with the shape of propellants? To explain this question, let us first look at how propellants burn.

Experiments have proved that the burning of propellants also follows certain laws. As early as the end of the [p. 198] nineteenth century, the French scientist Vieille discovered this point from experiments he had done himself and from a great many firing phenomena. For example, in the unburned residual grains thrown out of the gun bore, apart from the absolute size of the grains becoming smaller, their geometric shape is still the same as the original (Figure 141). If two kinds of gunpowder that are identical in physical and chemical properties and loading density, but differ in the thickness of the burning layer, are burned in a closed vessel, it can be discovered that the time taken for the gunpowder to burn completely maintains a proportional relationship with the thickness of the burning layer. Therefore, people drew the conclusion: gunpowder in the course of burning proceeds layer by layer, according to the law of parallel layers or concentric layers (Figure 142). In ballistics, this


Figure 141: Cross-section of an unburned and a partially burned tubular powder grain




Figure 142: Parallel-layer burning of powder grains



[p. 199] burning law is called the geometric burning law.

As everyone knows, the firing of a projectile is the result of powder gas and the weapon’s barrel cooperating with each other. Therefore, the height of a projectile’s muzzle velocity is related both to the quantity of gas produced by the propellant and to the length of the weapon’s barrel. That is to say, the height of a projectile’s muzzle velocity is directly proportional to the height of the powder gas pressure inside the chamber and to the length of the path over which the powder gas pushes the projectile forward.

Under normal circumstances, the change in chamber pressure inside the barrel of a weapon can be divided into two stages. In the first stage, when the projectile begins to move under the action of the powder gas, because the rate at which the powder gas is produced by the burning of the propellant is faster than the rate at which the space behind the projectile increases, the chamber pressure rises progressively. Therefore the speed of the projectile’s motion is greatly accelerated. But after the projectile has moved a distance toward the muzzle of the barrel, the rate at which the propellant’s burning produces gas can no longer keep up with the rate at which the space behind the projectile increases. Thereupon, a stage in which the chamber pressure gradually falls appears again.

Because the barrels of the weapons we use differ in length, different requirements are put on the change of chamber pressure in order to ensure that the projectile has the necessary muzzle velocity. It was discussed earlier that the burning of all propellants follows the law of burning layer by layer, and that when a propellant burns, the rate of gas generation has a direct relationship with the surface area of the powder. And the height of a weapon’s chamber pressure is in turn determined by how fast the propellant burns. Therefore, to control the change of chamber pressure, one must first control the burning surface area of the propellant. And to make the propellant burn according to the different needs of weapons, the only way is to make it into different shapes.

Once we have made propellants into various different shapes, we are in a better position to control their burning surface area and gas generation rate, and thereby, by adjusting the change of chamber pressure, to ensure the muzzle velocity needed by the projectile when firing.

In order to meet the needs of different weapons, the burning of propellants can roughly be divided into three cases: degressive burning, neutral burning, and progressive burning. Generally speaking, [p. 200] when solid propellants such as spherical and square ones burn, they peel layer by layer from the outside inward, and the burning surface area becomes smaller and smaller, so they are called degressive-burning propellants. Because the gas they generate is greatest at the start and then gradually decreases, they seem to lack staying power when pushing the projectile forward in the chamber. Therefore, they are suitable for weapons with shorter barrels, such as pistols. For single-perforated cylindrical propellant, although when burning its outer surface also keeps shrinking inward, its inner surface expands from the inside outward at the same rate, so the total burning surface area and the quantity of powder gas generated per unit time remain basically unchanged. Hence it is called neutral burning. Because its staying power in pushing the projectile forward in the chamber is much stronger than that of solid propellant, it is mostly used on weapons with comparatively long barrels and comparatively high muzzle velocity. Rifles, machine guns, and the like mostly use single-perforated cylindrical propellant. When several more holes are made in the middle of a cylindrical propellant, progressive-burning powder is formed. Because when the powder grain burns, the amount by which the inner surface expands outward greatly exceeds the amount by which the outer surface shrinks inward, the total burning surface area and the powder gas produced per unit time both increase progressively, and they have stronger durability in pushing the projectile forward in the chamber. Therefore they are suitable for weapons with still longer barrels and higher muzzle velocity. Such as the high-angle machine guns and cannons we now use, which all use seven-perforation or fourteen-perforation cylindrical propellant.




42. The “Shell Bug” That Gnaws Steel and Bites Iron


Original book: printed page 200



The cartridge cases and bullets of shells are mostly made of copper and steel. So to “gnaw” at them, without iron teeth and steel jaws it won’t do. Yet, in the storehouses where ammunition is kept, there really is just such a “shell bug” that specializes in gnawing steel and biting iron. However, it has neither a cast-iron mouth nor long steel teeth; it relies on another [p. 201] trick — corrosion.

The commonly seen corrosion of shells comes in two kinds: pitting corrosion and filiform corrosion. At first glance, a shell attacked by filiform corrosion looks just as if it had grown “bugs” (Figure 143). So much so that even the earliest researchers once thought that microorganisms were making mischief.


Figure 143: Filiform corrosion



But when these “bugs” were taken and magnified under a microscope, they did not move at all. Even when poison was applied to them, they still “grew” as before. This strange phenomenon aroused great interest among people.

What on earth was this thing? Later it was established that this “shell bug” that gnaws steel and bites iron is in fact the filiform corrosion suffered by the shell. Then, how is filiform corrosion formed? What factors is it related to? The answer to this we can find from a small experiment.

Take two iron sheets A and B that are identical in size, weight, and surface smoothness, and place them at the same time in a sodium chloride solution. Separate them in the middle with paper, and connect them with wires and [p. 202] an ammeter (Figure 144). Because the conditions in which the two iron sheets are placed are completely the same, the electrode potentials of the two poles are equal, so there is no transfer of electrons, and thus no current passes through the ammeter. But when air is blown under iron sheet B through a glass tube, the ammeter shows a current flowing through. After a long time, iron sheet A is gradually corroded.


Figure 144: Differential-aeration corrosion experiment



What is the reason for this? It turns out that when air is passed around iron sheet B, the oxygen causes a thin and dense protective oxide film to form on the iron surface. This protective film is called a passivation film. It can hinder iron ions from entering the solution, so that the region of high oxygen concentration shows cathodic character. On the contrary, around iron sheet A, where no air is passed, because the oxygen concentration is low, a passivation film is not easily formed, iron ions readily enter the solution, and it shows anodic character. Oxygen gains electrons on iron sheet B and reacts with water to produce hydroxide ions. With iron sheet B lacking electrons, the electrons in iron sheet A flow over to make up for it. In this way, the iron atoms in iron sheet A keep entering the solution in ionic state, so that iron sheet A is corroded. Because this corrosion is caused by uneven aeration, it is called “differential aeration corrosion,” also called concentration-difference corrosion.

[p. 203] A typical example of differential aeration corrosion is water-drop corrosion. After a water drop forms on a steel surface, although air presses evenly onto the water drop from the outside (Figure 145),


Figure 145: The initial stage of corrosion



oxygen gradually dissolves into the water and diffuses to the metal surface. But because the edge of the water drop is thinner, oxygen easily diffuses to the metal surface there, and the oxygen concentration is high; on the contrary, at the central part of the water drop, where oxygen does not easily diffuse, the concentration is low. Thus differential aeration corrosion is formed. The metal surface at the edge of the water drop is the cathode, and the metal surface at the central part of the water drop is the anode. Thereupon a series of reactions occurs:

In the anode region


2Fe ⟶ 2Fe⁺⁺ + 4e



In the cathode region


O₂ + 2H₂O + 4e ⟶ 4(OH⁻)



Once Fe⁺⁺ meets (OH⁻), ferrous hydroxide is formed


Fe⁺⁺ + 2(OH⁻) ⟶ Fe(OH)₂



Ferrous hydroxide is very unstable in nature, and reacts further with the oxygen in the air, [p. 204] and ferric hydroxide is then produced


4Fe(OH)₂ + O₂ + 2H₂O ⟶ 4Fe(OH)₃



so that central corrosion is formed, making the pit ever larger (Figure 146).


Figure 146: Result of corrosion



Filiform corrosion is a peculiar kind of corrosion under the paint film that occurs on metals coated with an organic coating (such as nitro lacquer or electrophoretic paint). It too is caused by uneven aeration. When ammunition stored in storehouses or in positions is not kept properly, the surfaces of the bullets or cartridge cases will “sweat” because of excessive humidity and excessively high temperature. If the water drops on the surface of the shell are thin in some places and thick in others, the metal surface will form anodes and cathodes because of the difference in oxygen concentration. Once the surface of the bullet or cartridge case has pinholes, knocks, scratches, or damage to the paint film, filiform corrosion will start from there and spread outward as filament-like corrosion traces. Therefore, it looks just as if some strangely shaped, winding bugs had grown.

The causes of the formation of filiform corrosion, besides strict production and manufacturing technology not being followed, or [p. 205] the paint film being knocked or scratched, include the fact that storage conditions do not meet the requirements, which is a very important reason. For this reason, the relative humidity in the storehouse must be controlled to below 65%. Because a relative humidity of 65–95% is precisely the suitable humidity for producing filiform corrosion. And care must also be taken to keep the surface of the shells clean and to prevent dust, especially contamination by salts and acids. Because these substances not only have the effect of lowering the critical humidity, but also their aqueous solutions are for the most part electrolytes. There are also industrial polluting gases such as sulfur dioxide that get in everywhere, which are also accelerators in forming filiform corrosion. After a shell suffers filiform corrosion, at the lightest its storage life and performance in use are reduced; at the worst it may cause the shell to be scrapped, or even an accident to occur. Therefore, in using and storing ammunition, the operating regulations must be strictly followed, and the temperature and humidity of the storehouse must be well controlled.




43. The ABCs of Explosive Detonation


Original book: printed page 205



Everyone is already quite familiar with propellants and explosives. They are used not only widely in the military for bursting and launching projectile bodies, but also have quite a few uses in industrial and agricultural production. Under the action of external forces such as impact, friction, heating, and initiation, propellants and explosives can undergo extremely fast chemical reactions, producing large amounts of gas and releasing large amounts of heat, and doing crushing work or blasting work on the medium they are in contact with. This change process of an explosive is what we commonly call an explosion.

As far as explosions alone are concerned, they can be caused by different physical or chemical causes. There are many explosion phenomena in daily life. For example, a fully inflated bicycle tire will explode because it expands when heated. Then there are exploding firecrackers, thrown hand grenades, and so on, which also all belong to explosions. What differs is that the former example is a physical explosion, and the latter two examples are chemical explosions. A physical explosion is only a change in the physical [p. 206] state of a body, and its chemical properties have not changed. For example, in a tire explosion, it is only because the gas expands in volume when heated and does work on the outside that an explosion is formed. After the explosion, no new substance is produced. A chemical explosion is not so; it involves not only a change of physical state but also, at the same time, a change of chemical properties. Obviously, the explosion of an explosive belongs to chemical explosion.

So, what is the explosion of an explosive determined by?

Everyone has this experience: at the instant an explosive explodes, one first sees a flash of fire, then smoke spreads, and afterward comes a loud bang. That there is a flash of fire during the explosion shows that it gives off heat; that the explosion is completed in an instant shows that the speed is extremely fast; and that smoke is produced indicates that a large amount of gas is generated in the course of the explosion. It can be seen that the explosion of an explosive contains three aspects.

First, it has a fairly fast reaction speed. It was mentioned earlier that at the instant an explosive explodes, high-temperature, high-pressure gas is produced. And only when high-temperature, high-pressure gas expands rapidly can an explosion occur. Otherwise, if the reaction speed is extremely slow, then even if a large amount of gas can be produced and a large amount of heat released, it cannot form an explosion because it diffuses leisurely into the surrounding medium. For example, the heat released when 1 kilogram of coal burns is 8910 kilojoules, and the heat released when 1 kilogram of benzene burns is 9750 kilojoules, and burning coal and benzene both have gaseous products. But because the reaction takes several tens of minutes to complete, no explosion is formed. Conversely, the heat released by the explosion reaction of 1 kilogram of mercury fulminate is only 1730 kilojoules, and the heat released by the explosion of 1 kilogram of TNT is likewise no more than 4230 kilojoules. But because the time these reactions need is only ten-odd to several tens of microseconds (1 second = 10⁶ microseconds), which is several tens of millions of times shorter than the reaction time needed for coal and benzene to burn, and both of these produce large amounts of gas, they can therefore produce an explosion.

Second, it can release a large amount of heat. Heat is the energy source that enables gas to do work. The large amount of heat released in the reaction process, on the one hand, heats the gas to produce high temperature and high pressure and do work, and on the other hand also lets the chemical reaction gain energy and

[p. 207] propagate by itself, and continually accelerate. However, some substances, although their reaction speed is very fast and a large amount of gas is also produced, likewise will not produce an explosion because they release no heat or very little heat, or even absorb heat. For example, the decomposition reactions of oxalates:


ZnC₂O₄ ⟶ 2CO₂ + Zn − 20.5 kJ




PbC₂O₄ ⟶ 2CO₂ + Pb − 69.9 kJ




HgC₂O₄ ⟶ 2CO₂ + Hg + 72.4 kJ




Ag₂C₂O₄ ⟶ 2CO₂ + 2Ag + 123 kJ



Zinc oxalate (ZnC₂O₄) and lead oxalate (PbC₂O₄) undergo endothermic reactions and will not explode; the decomposition reactions of mercury oxalate (HgC₂O₄) and silver oxalate (Ag₂C₂O₄) are exothermic reactions, and they may explode.

Ammonium nitrate (NH₄NO₃), when heated and decomposed at low temperature, undergoes an endothermic reaction, so it cannot explode, but under initiation by a detonator it may explode.


NH₄NO₃ —(heated at low temperature; no explosion)→ NH₃ + HNO₃ − 171 kJ




NH₄NO₃ —(initiated by detonator; can explode)→ N₂ + 2H₂O + ½O₂ + 126 kJ



Third, it can generate a large amount of gas. Under the same conditions, when the temperature rises, the coefficient of volume expansion of a gas is much larger than that of solids and liquids. Therefore, gas is a good medium for doing expansion work. In a reaction, only by generating a large amount of gas does it have the ability to do expansion work, and only then can heat energy be converted into mechanical energy. Conversely, if a large amount of gas cannot be generated in the reaction process, then even if the reaction speed is very fast and a large amount of heat can be released, no explosion will occur. The thermite reaction, with which we are all fairly familiar, is one example.


2Al + Fe₂O₃ ⟶ Al₂O₃ + 2Fe + 841 kJ



[p. 208] The heat effect of this reaction is enough to heat the products to a high temperature of 3000 °C, and the reaction speed is quite fast. But because no gas is produced, it does not possess the conditions for an explosion. Whereas a spherical block of explosive made from 1 kilogram of TNT, with a density of 1600 kilograms/meter³, when initiated from the inside, can within 1/130,000 of a second produce 7000 liters of gas and an explosion temperature of 3080 °C, releasing 4560 kilojoules of heat, and therefore it is able to explode.




44. Chemical Power Sources in Weapons
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Weapon illumination, artillery firing, voice communication, vehicle starting — none of them can do without electricity. It can be seen that power sources have a thousand and one ties with modern military operations. The power sources on weapons at present are mostly power-supply devices that convert chemical energy into electrical energy, so they are called chemical power sources. Among them, those equipped on weapons in the greatest number and used over the widest range are mainly dry cells and storage batteries.


Dry Cells

When it comes to dry cells, everyone is very familiar with them. Transistor radios, flashlights, small radio sets, and the like all use dry cells. Some of them are cylindrical, and some are rectangular. Once a dry cell is made, it can put out electrical energy anytime and anywhere. Therefore, judging by convenience of use alone, the dry cell can be called the outstanding one among chemical power sources. A dry cell is composed mainly of a negative pole, a positive pole, an electrolyte paste, and insulating materials (Figure 147). Among the dry cells we use, the most numerous are zinc-manganese dry cells, which use a zinc (Zn) can as the container and negative pole and use manganese dioxide (MnO₂) as the depolarizer.


[p. 209] Figure 147: Construction of a zinc-manganese dry cell — (a) exterior view, (b) sectional view



In a zinc-manganese dry cell, fairly high requirements are placed on the zinc that serves as the container and negative pole. This is because, if the zinc skin contains impurities, then in the course of its contact with the electrolyte, a displacement reaction will occur because of the different activities of the zinc and the impurities, forming countless extremely small micro-cells. In this way, even when the cell is not being used, the zinc skin will be gradually corroded because the micro-cells keep discharging, shortening the life of the cell. Therefore, the negative pole of a dry cell must be made not only of zinc skin of high purity, but must also undergo special technical treatment during manufacture.

The positive pole of a zinc-manganese dry cell is a rod-shaped or sheet-shaped carbon electrode. In order to make it contact the external circuit well, a “copper cap” of good electrical conductivity is usually put on the carbon rod.

The electrolyte of a zinc-manganese dry cell is a paste-like compound. It is [p. 210] a substance necessary for the chemical reaction to proceed. This electrolyte is made mainly by adding starch to a solution of ammonium chloride (NH₄Cl). Sometimes a small amount of zinc chloride (ZnCl₂) and calcium chloride (CaCl₂) is also added to the white paste. The ammonium chloride acts on the zinc and produces electromotive force. The zinc chloride can prevent the electrolyte paste from spoiling, and the calcium chloride gives the cell better low-temperature characteristics.

When a dry cell is working, its internal state cannot be seen or touched. But the molecules taking part in the activity are carrying out intense chemical reactions with one another.

At the negative pole, first the zinc atom of higher potential gives off two electrons and becomes a zinc ion


Zn − 2e ⟶ Zn⁺⁺



At the positive pole, the manganese dioxide and water without hesitation attract the electrons released by the negative pole, and become dimanganese trioxide and hydroxide ions


2MnO₂ + H₂O + 2e ⟶ Mn₂O₃ + 2OH⁻



The surplus OH⁻ at the positive pole combines with the NH₄⁺ in the solution to form NH₄OH


NH₄⁺ + OH⁻ ⟶ NH₄OH ⟶ NH₃ + H₂O



And the NH₃ decomposed out of the NH₄OH combines with the Zn⁺⁺ from the negative pole to form, in turn, diamminozinc chloride


ZnCl₂ + 2NH₃ ⟶ [Zn(NH₃)₂]Cl₂



The overall reaction inside the cell is


Zn + 2NH₄Cl + 2MnO₂ ⟶



[Zn(NH₃)₂]Cl₂ + H₂O + Mn₂O₃

In addition, when a dry cell is working it also produces some hydrogen gas. This gas adheres around the positive pole, which greatly increases the internal resistance of the cell and makes the voltage fall. This phenomenon is called polarization. In order to prevent polarization, a mixture of manganese dioxide and other substances is usually pressed into a column and placed around the carbon rod. When hydrogen is present, [p. 211] the manganese dioxide combines with the hydrogen, producing dimanganese trioxide and water


2MnO₂ + H₂ ⟶ Mn₂O₃ + H₂O



and thereby the occurrence of polarization is prevented.

As can be seen from the reaction process inside the dry cell, the negative-pole zinc can becomes thinner and thinner as electrons are lost, and the electrolyte ammonium chloride becomes less and less, so the speed of the chemical reaction becomes slower and slower, and the electromotive force produced gradually drops; in addition, the decrease of manganese dioxide and the weakening of the depolarizing action cause hydrogen gas to accumulate around the positive pole, causing the internal resistance of the cell to increase. In time, the dry cell comes to the end of its life. When its voltage falls to 0.7 volts, it generally can no longer continue to be used.

The working capacity of a dry cell is usually expressed by the electric capacity Q. Numerically, it equals the product of the discharge current I and the discharge time T, Q = I · T. The unit is ampere-hours. The capacity of a cell is closely related to the manner and environment of use. Discharging at large current, or discharging continuously for a long time, will both cause the actual capacity to fall. When the storage temperature is too low (−16 °C), the electrolyte freezes and the internal resistance increases, shortening the life of the cell; if the temperature is too high, the electrolyte is easily evaporated and the chemical reaction capacity is weakened; excessive humidity will also cause current leakage or rotting of the zinc skin. Therefore, when using dry cells, care should be taken to use intermittent discharge, or to use several cells in rotation (but new and old ones must not be used together). When storing dry cells, attention should be paid both to keeping them dry and ventilated, guarding against high temperature and exposure to the sun, and to keeping them warm at low temperatures.



Storage Batteries

A storage battery can not only convert electrical energy into chemical energy and store it, but can also convert the chemical energy back into electrical energy and release it. By comparison, its function is one notch higher than that of the dry cell.

[p. 212] Storage batteries, according to differences in electrolyte and reactants, are divided into acid storage batteries and alkaline storage batteries. Because the alkaline storage battery is simple in structure, light, and sturdy, it is used more widely in weapon power sources.

A storage battery is generally composed of a cell trough (generally called the container or shell), positive and negative plates, separators, and electrolyte (Figure 148). In alkaline storage batteries, their cell troughs are mostly made of nickel-plated steel plate or polyethylene plastic. The electrolyte usually uses either a potassium hydroxide (KOH) solution or a sodium hydroxide (NaOH) solution. Because different metals produce different potential differences in an electrolyte, different metal materials must be selected for the positive and negative plates of a storage battery.


Figure 148: Construction of a storage battery



In the nickel-cadmium storage battery, the positive plate is usually made up of 79.4% nickelous hydroxide powder, 18.2% graphite powder, and 2.4% barium hydroxide, and the negative plate is made up of [p. 213] 45.3% cadmium hydroxide powder, 51.7% reducing iron powder, and 3% “Sula” oil (苏拉油, as transliterated in the source). In order to prevent the alternately arranged positive and negative plates from touching and causing a short circuit, separator rods made of hard rubber are also inserted between the positive and negative plates to isolate them from each other.

The superb ability of a storage battery to convert energy ingeniously is manifested mainly in its special function of charging and discharging.

When the positive and negative plates of a storage battery are connected to an electrical appliance, a loop current is formed under the action of the potential difference, and a series of new chemical reactions occurs inside the cell.

On the negative plate, after each cadmium atom (Cd) gives off two electrons, it immediately combines with hydroxide ions (OH⁻) in the electrolyte to form cadmium hydroxide [Cd(OH)₂], which adheres to the plate


Cd − 2e + 2(OH)⁻ ⟶ Cd(OH)₂



On the positive plate, because two electrons enter from the external circuit, trivalent nickel ions (Ni⁺⁺⁺) become divalent nickel ions (Ni⁺⁺) and combine with two hydroxide ions (OH⁻) to form nickelous hydroxide [Ni(OH)₂], which adheres to the plate. At the same time, one hydroxide ion decomposed out combines with a potassium ion (K⁺) moving toward the positive pole to form potassium hydroxide (KOH), and stays in the electrolyte


2Ni(OH)₃ ⟶ 2Ni⁺⁺⁺ + 6(OH)⁻




2Ni⁺⁺⁺ + 2e ⟶ 2Ni⁺⁺




2Ni⁺⁺ + 4(OH)⁻ ⟶ 2Ni(OH)₂




2K⁺ + 2(OH)⁻ ⟶ 2KOH



Thus the overall chemical reaction equation of the storage battery on discharge is obtained


2Ni(OH)₃ + 2KOH + Cd —(discharge)→ 2Ni(OH)₂ + 2KOH + Cd(OH)₂



(Ni(OH)₃: positive; KOH: electrolyte; Cd: negative; Ni(OH)₂: positive; KOH: electrolyte; Cd(OH)₂: negative)

[p. 214] When discharge is finished, the positive plate has become nickelous hydroxide and the negative plate has become cadmium hydroxide; the potential difference between the two poles decreases and the terminal voltage falls, so it needs to be charged.

When a storage battery is charged, after the external power source is connected, the cadmium hydroxide [Cd(OH)₂] on the negative plate dissolves into the electrolyte and is ionized into cadmium ions (Cd⁺⁺) and hydroxide ions (OH⁻). The cadmium ions, after seizing the electrons entering the plate from the external circuit, become metallic cadmium (Cd) and adhere to the plate, while the hydroxide ions combine with the potassium ions (K⁺) moving toward the negative pole to form potassium hydroxide (KOH), which stays in the electrolyte


Cd(OH)₂ ⟶ Cd⁺⁺ + 2(OH)⁻




Cd⁺⁺ + 2e ⟶ Cd




2K⁺ + 2(OH)⁻ ⟶ 2KOH



On the positive plate, the nickelous hydroxide [Ni(OH)₂] dissolved into the electrolyte is ionized into nickel ions (Ni⁺⁺) and hydroxide ions (OH⁻). The nickel ion gives off one electron to make up for the electron lost on the plate, and after making itself a trivalent ion, immediately combines with the hydroxide ions (OH⁻) in the electrolyte near the plate to form the original nickel hydroxide [Ni(OH)₃], which adheres to the plate


2Ni(OH)₂ ⟶ 2Ni⁺⁺ + 4(OH)⁻




2Ni⁺⁺ − 2e ⟶ 2Ni⁺⁺⁺




2Ni⁺⁺⁺ + 6(OH)⁻ ⟶ 2Ni(OH)₃



Thus the overall reaction equation occurring when the storage battery is charged can be obtained


2Ni(OH)₂ + 2KOH + Cd(OH)₂ —(charge)→ 2Ni(OH)₃ + 2KOH + Cd



(Ni(OH)₂: positive; KOH: electrolyte; Cd(OH)₂: negative; Ni(OH)₃: positive; KOH: electrolyte; Cd: negative)

Because the cadmium hydroxide of the negative pole is continually reduced to metallic cadmium, and the nickelous hydroxide of the positive pole continually undergoes an oxidation reaction, producing nickel hydroxide, [p. 215] the electrical energy is thereby converted into chemical energy and stored.

The electricity-storing capacity of a storage battery is also expressed in ampere-hours. However, in order to bring their maximum efficiency fully into play, people often use different connection methods to meet the needs under different conditions. For example, some use the series form, connecting several cells in the order of positive pole to negative pole (Figure 149). In this way, the total voltage of the battery group is the sum of the voltages of the individual cells, Utotal = U₁ + U₂ + U₃, while the electric capacity of the battery group is still that of one cell, Qtotal = Q₁ = Q₂ = Q₃. This can meet the needs of appliances requiring high voltage and small current. Others connect the positive and negative poles of cells of the same voltage together according to like polarity, that is, in parallel (Figure 150). The total voltage after parallel connection is still the voltage of one cell, Utotal = U₁ = U₂ = U₃, but the total capacity is equal to the sum of the capacities of the individual cells, Qtotal = Q₁ + Q₂ + Q₃. This is suitable for occasions of electricity use requiring low voltage and large current.


Figure 149: Series battery group




[p. 216] Figure 150: Parallel battery group



In still other cases both a fairly high voltage and a fairly large current are needed, and a connection that is both in series and in parallel is adopted. While raising the voltage, it enlarges the capacity of the battery group and obtains a fairly large current.

The working capacity and life of a storage battery, besides being related to the formula of the electrolyte, are also closely related to use, maintenance, storage, and so on. In particular, the electrolyte, as the main conductor inside the storage battery, has a great influence on the performance and life of the cell. Therefore, in use and storage, one must both master the proportioning, filling, and range of use of the electrolyte, and also pay attention to the dryness, dampness, cold, and heat of the storage battery and to its maintenance and upkeep.





45. A New Material for Weapons — Ceramics


Original book: printed page 217



Surveying the history of weapons development, whether the long spears and big swords of ancient times or the firearms and cannon of the modern age, and even those that fly in the sky and run on the ground, they are mostly made of metal. For how many years, the people engaged in ordnance production have always wanted to find a suitable companion for the metal that has performed such meritorious service, to assist it in showing off its skill. Yet for a very long period, no suitable candidate was found. After the 1960s began, enthusiastic people finally selected, from among thousands upon thousands of targets, a fairly suitable partner for it, and this is the ceramic, with which everyone is familiar.

Ceramics were first born in China. As far back as the late primitive society of more than six thousand years ago, our country already had gray pottery and painted pottery, and later, gradually, black pottery, white pottery, and porcelain. With the development of Chinese and foreign cultural exchange and trade, after the Tang dynasty ceramics spread abroad.

After ceramics came into being, for a fairly long historical period people mostly used them to make articles for daily life. Therefore, they formed an inseparable bond with people’s everyday life. With the development of science and the progress of technology, the uses of ceramics have also been continually expanding. Today, they not only hold an important position and role in civil industry, but have also opened up a broad new world in some cutting-edge technical fields such as national defense and aerospace.

As early as the early 1960s, people began research on how to apply ceramics to national-defense industrial production. In 1962, the United States was the first to successfully develop an aluminum oxide ceramic face plate that could be used for the armor protection of helicopters. Because it basically satisfied the minimum bullet-resistance requirements of helicopters, it was very quickly put into use. In 1964, the United States [p. 218] again developed a boron carbide ceramic face plate that was light in weight and good in bullet resistance. This material can be used not only as protective armor for helicopters but also to make bulletproof vests, and so it was appreciated and valued by people. Up to now, it still holds an important position on military helicopters.

Since the 1970s, ceramic composite armors of different materials and different structures have appeared one after another, and their range of use, along with the perfection of production technology and the improvement of material properties, quickly extended from aircraft, warships, and armored personnel carriers to main battle tanks. It is said that Britain’s “Chobham” and the United States’ and West Germany’s “XM-1” and “Leopard” II tanks currently all adopt composite armor containing ceramic materials.

Besides this, ceramics are also widely used on some other occasions. The infrared missile radomes made of ceramic materials by the United States for the “Patriot,” “Stinger” (针刺), “Chaparral” (小檞树), and “Redeye” (红眼) missiles, and so on, have greatly improved the guidance performance of the missiles and are considered the best-performing missile radomes so far. For vehicles flying toward space, when passing through the atmosphere, friction with the air produces a high temperature of several thousand degrees; not to mention ordinary steel, even tungsten, the heat-resistance champion among metals, would be melted, whereas high-temperature ceramics remain quite unharmed. Therefore, modern space rockets, intercontinental missiles, and the like generally have ceramic surfaces. For example, the exterior of the “Columbia” space shuttle is covered with more than thirty-four thousand ceramic face plates. There are also gun-barrel liners made with ceramics in place of metal materials, which not only raise the resistance to burning-erosion and extend the service life of the gun barrel, but also reduce weight and lower production cost. From this it is not hard to see that ceramics, which are not only successors to metal in character but also share its aims and ideals in its cause, are both a suitable companion for it and a capable assistant.

Ceramic materials come from wide sources and are low in price, and have many advantages such as high hardness, low density, high-temperature resistance, and corrosion resistance. Therefore they are more and more valued by people. Especially with the demand for metals in all countries of the world growing daily, when [p. 219] some precious metals become scarce, the position and role of ceramics appear even more important. It can therefore be asserted that in the future they will not only become one of the metal substitute materials pursued by the countries of the world, but will also have an even broader prospect and role in civil industry, defense industry, and other cutting-edge technical fields.
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