




APPENDIX A



The Lusitania

in Facts and Figures

BUILDER: John Brown and Company, Clydebank, Scotland

LAUNCHED: 7 June 1906

MAIDEN VOYAGE: September 1907

LENGTH BETWEEN PERPENDICULARS: 760 feet

LENGTH OVERALL: 785 feet

BEAM (WIDTH): 88 feet

DRAFT: 34 feet

DEPTH: 60 feet

GROSS TONNAGE: 30,395 tons

NET TONNAGE: 12,611 tons

RIG:  fore and aft

BOILERS: 25 cylindrical Scotch (23 double-ended, 2 single-ended) in 4 boiler rooms

FURNACES: 192 with total heating surface of 158,350 square feet

STEAM PRESSURE: 195 pounds per square inch

AVERAGE COAL CONSUMPTION: just under 1,000 tons a day

MACHINERY: 4 propeller shafts driven by Parsons steam turbines with a total power output of 68,000 horsepower (the propellers were 3-bladed until 1909, thereafter 4-bladed).

ELECTRICITY GENERATION: 4 generator sets, each of which had a 375-kilowatt capacity and a voltage of 110 to 120

DESIGNED SPEED: 25 knots

HIGHEST SPEED ATTAINED: 25.88 knots

LIFEBOATS: -As designed, 16 standard boats

In May 1915, 22 standard and 26 collapsibles

DESIGNED PASSENGER ACCOMMODATION: -1st class 540

2nd class 460

3rd class 1,200

Total 2,200

DESIGNED CREW ACCOMMODATION: 850 (max)

MISCELLANEOUS

LARGEST ROOM: the double-tiered first-class dining room at 85 feet long and 81 feet wide

WEIGHT OF RUDDER: 56 tons with an area of 420 square feet

GALLEY CAPACITY: 10,000 meals a day

NUMBER OF RIVETS USED IN CONSTRUCTION: over 4 million

COOLING WATER CONSUMPTION: 65,000 gallons of water per minute









APPENDIX B



A Technical Account of the Sinking

The British, American, and German conspiracies that followed the destruction of the Lusitania had one thing in common. No one in any of the three countries was sure what had caused the second explosion; no one understood why the ship had sunk so quickly. The British and Americans feared a connection with munitions. The Germans insisted that there was one and even commissioned their own forensic analysis as their laboratory report reveals. But no one knew for certain. Succeeding years have brought all kinds of theories—some more plausible than others, some highly technical, some sensation-seeking—but none entirely convincing.1 They have concentrated on the causes of the second explosion, rather than considering the full sequence of events and, in particular, the devastating effect of Walther Schwieger’s single torpedo on a ship ill designed to resist such a weapon.

Having observed the Lusitania’s approach from the horizon, Schwieger submerged and maneuvered the U-20 into an optimal attack position at right angles to the almost 800-feet-long Lusitania. The U-20 then launched one G-6-type torpedo at a distance of 2,300 feet with a shallow setting so that it would travel at a depth of ten feet beneath the surface of the water. The submarine torpedo was twenty-one inches in diameter, twenty feet long, weighed over 3,000 pounds, and contained 350 pounds of a TNT-like explosive. The speed setting for such torpedoes was thirty-eight knots, and so, relative to the liner steaming at eighteen knots, the minimum approach speed of the torpedo toward the Lusitania was forty-two knots (or nearly fifty miles per hour). Thus the U-20 had launched a torpedo longer and heavier than an automobile, with a diameter similar to that of a steering wheel, at a distance of just under three times the length of the Lusitania.

Schwieger made some errors in his firing calculations, including overestimating the Lusitania’s speed by four knots. However, the torpedo hit her starboard side 160 to 180 feet aft of the bow, roughly below or just after the bridge. The torpedo’s twin-detonator system had armed itself during the approach by using the passage through the water to unscrew a propellerlike safety cap on its nose. The run time of the torpedo from launch to impact was just over thirty-five seconds, and in that time the Lusitania would have traveled nearly one and a half times her own length. If Schwieger had launched the torpedo either five seconds earlier or twenty seconds later, he would have missed his target altogether.

Witnesses on the deck of the Lusitania saw the bubble wake produced by the steam exhaust from the torpedo’s propulsion system approach the ship diagonally, an illusion created by the weapon traveling toward the liner at right angles to her forward motion. When the torpedo hit, there was a heavy muffled explosion and extensive vibration. A plume of seawater rose above the height of the ship’s bridge, some sixty feet above the waterline. The plume and the associated blast were so powerful that they damaged weak parts of the superstructure, showered the decks with debris, and blew one of the thirty-foot lifeboats, No. 5, the third from the bows on the starboard side, from its davits into the sea.

The size of the plume confirms the shallowness of the torpedo’s run since much of the energy of its explosion was dissipated into the air. Despite this waste of energy, the damage inflicted by the explosion was considerable because the surrounding water concentrated the majority of the energy generated in the direction of the relatively pliant hull of the ship. Based on damage observed on other ships, a conservative estimate of the size of the hole punched into the side of the Lusitania would be at least twenty feet long and ten feet high. In addition, the damage would have penetrated at least ten feet into the structure of the ship.

The consequences would not have been confined to the puncture area alone. The hull of the Lusitania had been laid down using a series of overlapping plates, usually one inch thick by five feet wide and thirty-two feet long, which were riveted together. The explosion would have loosened or popped rivets surrounding the hole over an area more than fifteen times greater than that of the blast hole. Thus the total area that the torpedo opened up immediately, either completely or partially, to the surrounding seawater was over 5,000 square feet.

Many witnesses described how, when the Lusitania was hit, she trembled violently. The Lusitania had always suffered vibration. Her second-class accommodation had had to be gutted after her sea trials to allow stiffening of her structure. In 1909 she suffered further vibration damage. This was so severe that she had to be dry-docked for repairs. Although attempts were again made to improve her resistance to vibration, she remained prone to such problems. Therefore it is not surprising that when she was hit by the torpedo and yawed abruptly to starboard, the whole ship shuddered violently. This violent shuddering was structural vibration, which led to substantial further weakening and popping of the riveted plate hull around the area originally damaged by the torpedo. It is difficult to quantify the extent of the hull damage caused by the vibration. However, it was probably equivalent to that produced by the initial explosion, so that up to 10,000 square feet of the starboard side of the ship had been exposed to seawater to some degree.2

The most important factor in the damage a torpedo causes is the point at which it hits. At the forward end of boiler room one, at or just in front of the point of impact inside the hull, was a major transverse bulkhead. This bulkhead was a vertical wall of steel plate, designed to be watertight, which braced the two sides of the ship with the keel to a height of about ten feet above the low-waterline. A similar bulkhead, nearly thirty-five feet farther forward, created a cross-bunker where coal destined for boiler room one was stored.

Forward of the bulkhead beyond the cross-bunker were storage areas for baggage and cargo. Above the cross-bunker, inboard of the Orlop Deck access way, was a refrigeration plant used to chill perishables. Access to all these cargo areas was via the number-two cargo hatch located on the Main Deck, some thirty feet in front of the bridge.

Immediately behind the bulkhead that separated the cross-bunker from boiler room one were two single-ended Scotch boilers followed twenty feet farther aft by two double boilers. Stokers used the gangway between these facing pairs of boilers to fuel them. Two vertical vents above the stoking gangway against either side of the ship rose from boiler level through all the decks to exhaust above the Navigation Deck on top of the ship. These pairs of boilers were positioned symmetrically about the centerline of the ship, as were those in the other boiler rooms running back to the stern.

Between the boiler rooms and the hull, along the length of the ship ran the longitudinal coal bunkers, which were similar to those in the British cruisers Aboukir, Hogue, and Cressy sunk by the U-9 in September 1914.

Significantly, there was another longitudinal access way—the Lower Orlop Deck—below the Orlop Deck. This ran along the outer hull and over the longitudinal wing bunkers on both sides of the boiler and engine rooms for most of the length of the ship. The floor between the Orlop and Lower Orlop Decks was approximately ten feet below the waterline, hence on a level with the strike of the torpedo. Thus the water would have immediately gained access not only to the longitudinal and cross-bunkers but also to both Orlop Decks.

The conclusions of a British Institution of Naval Architects committee, created during the First World War to investigate the structures of merchant ships subjected to torpedo and sea-mine explosions, are highly relevant when visualizing the effects of the impact and detonation of the torpedo. Having examined the voluminous evidence, the committee concluded in early 1918 that, in comparison with large cargo vessels, the hatchways in large passenger ships were small and so did not permit “instantaneous relief”3 from any air and gas pressure created by an explosion. Therefore the bulkheads near any explosion were more likely to be damaged in passenger liners than in cargo ships. Watertight doors in these bulkheads could not be relied upon to close, and hence seal, after an explosion due to both the resultant bulkhead distortion and collateral damage to the bridge-activated electrical and hydraulic systems that operated the doors.

In essence, the safety features in passenger liners, designed to prevent water reaching undamaged parts of the ship after a collision, did not work after a major explosion. Hence large passenger ships suffered considerably more damage from the impact of the same amount of explosive in similar circumstances than cargo ships. The committee’s conclusion is borne out by the speed of sinking of such ships. The White Star liner Arabic of some 16,000 tons went down in nine minutes when torpedoed off the Irish coast just three months after the Lusitania was sunk. Because she was outward-bound for the United States from Liverpool, she would not have been carrying any explosives.

The speed of sinking of the cruiser Aboukir, which capsized and sank only twenty-five minutes after being hit by a single torpedo, demonstrates that ships with longitudinal bulkheads were also particularly vulnerable. Vice Admiral Coke recognized this shortcoming when recalling the cruiser’s sister ship the Juno from her rescue mission to the Lusitania on 7 May.
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Stokers feeding coal into the Lusitania’s massive boilers.





In the case of the Lusitania, the inability to seal off damaged sections of the ship, allied to the huge area of the hull, which had lost its structural integrity, meant that nothing prevented the free flow of seawater between and around the damaged compartments. Many of these abutted on open, capacious sections of the ship (such as longitudinal bunkers, access ways, and boiler rooms). The forced flooding of some, if not all, of these sections immediately after the explosion—created by the pressure generated by the ship’s passage through the water at eighteen knots—explains the rapid list reported by all eyewitnesses. The speed with which water entered is illustrated by the fact that only one crew member in boiler room number two survived—he escaped through a ventilator shaft—and that the most forward bulkhead of this boiler room was some 80 to 100 feet from the torpedo impact. While making his escape from boiler room number two, the crewman saw water pouring into that boiler room from the starboard longitudinal bunker. This suggests strongly that the Orlop and Lower Orlop Decks immediately above were also flooding by that time.

As the committee’s report suggested, the general layout of the Lusitania inboard of the impact position did not allow explosive pressure to be relieved rapidly. Accordingly, the pressure wave generated by the torpedo detonation would have torn into the ship, creating the major structural damage and distortions that disabled the safety features. In doing so, the pressure wave would have taken “the path of least resistance” in order to disperse its energy.
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Transverse view through boiler room No. 1.





After the blast had caused extensive damage in and around the two Orlop Decks, the bulkhead of the number-one boiler room, and surrounding equipment, the confines of the ship’s hull channeled the blast upward through the decks immediately above, outward throughout the closely packed nearby companionways and central stairwells, and also through weaker structures such as partitions and vent walls.

The electrical power failure, which plunged much of the ship into darkness almost immediately after the torpedo exploded, and the loss of hydraulic power exacerbated difficulties in coping with the flooding and with disabled safety systems. For example, the longitudinal, or wing, coal bunkers should have been isolated from the boiler rooms by sliding watertight doors. However, these hatches could have proved difficult, if not impossible, to close manually in the dark. In any case, such was the speed of the flooding that the stokers had no time to act before being overwhelmed or fleeing for their lives.

The Lusitania’s hull, with its one-inch-thick riveted steel plates, was designed to be strong enough to withstand only the pressure of the outside water, just as an aircraft fuselage is designed to confine internal air pressure, and not internal explosions. The liner’s overall rigidity and resistance to bending was provided by the internal honeycomb of decks, stringers, and the main bulkheads that defined the major compartments of the vessel.

The relative weakness of the hull meant that the damage from the torpedo impact significantly changed the overall structural loadings on the hull and bulkheads, thus compounding the damage. In addition to the damage to the plates of the hull caused by structural vibration, the entry of seawater into the liner had its own effect on the structure. On the very conservative assumption that the flow rate of seawater into the ship through the hole created by the torpedo explosion was only 10 percent of the potential, the liner would have been shipping well over 800 tons of seawater per minute when traveling at a speed of eighteen knots. Some researchers have suggested that the parent steel from which the Lusitania’s plates were manufactured could have been gradually embrittled and thus become less shock- or impact-resistant over time. If so, then any damage from the torpedo explosion and consequent events would have propagated throughout the hull even more rapidly and hastened her sinking by increasing the rate of water flow.

Additionally, there is clear evidence from witnesses that, contrary to Captain Turner’s orders, many portholes were open, some close to the waterline. According to expert evidence at the Mayer hearings, each open eighteen-inch diameter porthole submerged to a depth of three feet would let in three and three-quarter tons of water a minute. This is also a very conservative estimate. There were 500 portholes on each side of the ship. Assuming that only 20 percent were open, by the time half of those open were submerged the ship would have been letting in 375 tons of water per minute from this source, or about 1,200 tons per minute in total. Also, because of the list, the open portholes on the starboard side would have gone below the water more quickly than those on the port side, increasing the water flow on the starboard side and hence the list.

As the Lusitania sank, water levels against bulkheads would have built up and so would the hydrostatic pressure created by the seawater’s own weight. Distortion and then buckling of these bulkheads under such strain would produce characteristic sounds of groaning, creaking, and cracking. Final catastrophic failure would sound like an explosion. If a large amount of pressure and hence water volume were released, the explosive failure would be accompanied by a rumbling sound similar to a large waterfall. Oliver Bernard’s recollection of “a sullen rumble in the bowels of the liner” was very likely the sound of such a failure.

Water entering the ship toward the bow changed the balance of the Lusitania. A starboard list allied to the bow-down position altered her buoyancy-loading in such a way that the stern of the ship attempted to lift and rotate, as described by Margaret Mackworth and by Wesley Frost in his book based on survivors’ accounts. Twisting and bending pressures increased the rate of failure of the plate joints and the popping of rivets. (Bob Ballard and his team proved that a major section of the stern of the Titanic split from the main hull in a comparable manner as she sank nose first.) Such a gradual reduction in the overall stiffness of the vessel’s hull transferred further loading to the internal structures such as bulkheads and so hastened their failures.

Whether on the surface, or during the reported pivoting of the liner’s prow on the seabed immediately prior to her sinking, the Lusitania’s hull was subjected to forces that far exceeded her strength. Using the hole created by the torpedo explosion as a precursor, the mechanisms for hull failure discussed here probably tore open a major section of the starboard side of the ship toward the bow. This allowed both water in and coal and cargo out. It would go some way toward explaining why significant amounts of coal were found on the seabed and much of the liner’s consignment of furs was washed ashore.

In short, the Lusitania sank because, as fate would have it, a single torpedo found her most vulnerable spot. An explosion at or near the main bulkhead between boiler room number one and its cross-bunker storage area, at a level that allowed seawater access to the Orlop and Lower Orlop Decks and the longitudinal coal bunkers, was one of the very few events that could have damaged the Lusitania’s structural integrity so severely. Secondary effects from both the explosion and structural vibration substantially increased damage to the plates of the hull and the area open to seawater. Loss of electrical power and light, and of steam for hydraulic power and propulsion, severely reduced the chances of remedial or delaying action. The ship could not be steered. Nor could her engines be reversed to slow her forward momentum through the water. The collateral damage caused by the explosion to the ship’s safety systems prevented the closure of watertight doors and thus allowed additional large volumes of seawater to pass rapidly into and through major sections of the liner, impelled by both hydrostatic pressure and the velocity of the liner through the sea.

Regardless of whether a second explosion occurred, the catastrophic level of hull damage was clearly the principal cause of the rapid sinking of the Lusitania. Even without a second explosion, the ship could not have remained afloat more than a minute or two longer than she did.



Yet it is the second explosion that has so fascinated and preoccupied researchers. Undoubtedly there was one; there were probably several more. The varied evidence of its location, timing, and nature is the seed from which many controversial theories have grown. One of the most frequently advanced is that some of the munitions declared on the supplementary manifest exploded. Among these were some 1,250 boxes, each containing four 3.3-inch shrapnel shells. When fully assembled, these antipersonnel weapons had two separate sections comparable to a bullet. The front section comprised the shrapnel, the airburst delivery charge, and the timing fuse. The second stage was the propellant cartridge, which would detonate and then accelerate the shrapnel stage along and out of the gun barrel.

According to the Mayer evidence, the shells carried by the Lusitania contained no powder, propellant charge, or fuse. These would have been fitted later in Britain. As shown earlier, these shells were almost certainly as specified in the manifest. However, even if they had contained their powder and propellant charge, they would have remained inert since shells were never fused during transport for obvious safety reasons. Also, the shells’ robust design allowed them to withstand the enormous shock loadings associated with being fired from a gun barrel. Thus the combination of shock, explosion, and flame from the torpedo impact is highly unlikely to have caused filled but unfused shells to explode.

The consignment of arms included over 4 million complete live rounds of .303 rifle ammunition; these contained powdered charge in the propellant cartridge section. In theory they had the potential to cause fire or explosion, but safe transport of this and similar ammunition was routine over many decades. Therefore the question of safety had been investigated through extensive practical testing by both the manufacturers and the military. These comprehensive tests, as reported to the Mayer hearings, included exposure to severe shock and direct flame or fire. The results showed to the satisfaction of the U.S. authorities that these types of live rounds would not explode en masse but would smolder or burn harmlessly. This led the U.S. authorities in 1911 to clear such ammunition for transport on passenger liners as “nonexplosive in bulk.”

More recent U.S. military experience suggests that heat applied to an unboxed and exposed pile of similar ammunition would only cause it to “cook off”—in other words, the cartridge case would rupture with little or no expulsion of the projectile. Cartridges adjacent to the ruptured one would not explode sympathetically but would instead be tossed aside by the burst. An opinion given by the U.S. military in 1973 was that any explosion would be similar to that of Chinese firecrackers. Another anecdote from a senior U.S. Navy munitions officer in 1972 provides further evidence: “A [railway] boxcar full of 7.62-millimeter open round (0.3 inch) ammunition caught fire and was about half-consumed. Much of the ammo cooked off but none of the bullets penetrated the metal boxes in which they were packed. Each box when opened afterwards contained nothing but scrap. The boxes weren’t even bulged.”4

The only types of explosive that would detonate sympathetically (for example, through concussive effects) would be unstable substances such as nitroglycerine and, perhaps, gun cotton. Despite rumors, these have never been shown to be aboard. Had they been present in any quantity, the explosion would have been immense and obvious, probably blowing off the bows of the ship, as suggested by the Scientific American some three weeks after the loss of the Lusitania. The journal dismissed as “absurd”5 the exploding-munitions theory and suggested that structural damage from the torpedo explosion was the primary cause of sinking. The conclusive evidence against exploding munitions is that provided by Bob Ballard’s thorough survey of the wreck. This survey showed no evidence of any damage to either side of the hull caused by an explosion in the areas in the bows where the munitions were stored.



It has also been suggested that aluminum powder might account for the second explosion. The Lusitania’s supplementary manifest included significant quantities of aluminum powder destined for the explosives manufacturing section of the Woolwich Arsenal on the River Thames near London. Aluminum powder is highly volatile and can ignite spontaneously in air. It burns fiercely when exposed to moisture, producing highly flammable hydrogen gas. When distributed in air to create a uniform cloud, aluminum powder can be ignited by static electricity, a friction spark, or a naked flame to produce a violent explosion.

Although we have no details of the barrels and cases in which the aluminum powder was stored, the latent danger of this material was well-known in 1915. Thus the robustness of their transport containers would have matched the danger. Storage containers could only have been breached by a sharp point being driven into them with great force. Although several compartments separated the area where they were stowed from the point where the torpedo hit, it is conceivable that debris like shrapnel did, indeed, damage some containers, allowing powder to escape or air or water to enter.

Normally, burning hydrogen alone, such as that released from a chemical reaction between water and aluminum powder, is not visible. Aluminum powder itself burns so brightly, rapidly, and hence so fiercely that it is used in filmmaking as a special effect to simulate lightning. Thus a fierce and lightning-bright flame is the signature of burning aluminum powder. The only way these flames can show another color is through a “parasitic” effect from the glow of other flames—from, say, a burning wooden transport box—when they would seem bright orange. However, witnesses reported no intense flames of any color.

Particulate explosions, such as in aluminum powder and coal, require a roughly uniform distribution of the powder in the air, akin to an aerosol. This allows an explosive reaction or “flame-front” to propagate efficiently throughout a volume of powder and air. If the mixture is too dense or too lean, it will not explode. The likelihood that these ideal conditions were present aboard the Lusitania is very remote. Also, despite its location directly in front and in full view of the wheelhouse and main forward passenger observation room, no one reported the explosive destruction of the number-two cargo hatch, which any significant blast would have caused. This, plus the Ballard evidence that the bow is relatively undamaged in the cargo areas, means that a significant aluminum powder explosion or fire is unlikely. The fact that only a few men, including Boatswain’s Mate Sikking and Able Seaman Frederick O’Neil, escaped from the baggage room is explained not by the explosion but by the fact that the only access to it was by the elevator that was quickly disabled by power failure. Had there been an immediate explosion in the cargo area, none would have survived.



Another theory is that there was a coal-dust explosion. The fuel used to generate heat and hence steam for the Lusitania’s turbines was, of course, coal. Her fuel consumption averaged a little less than 1,000 tons a day. The coal was stored in the longitudinal and cross-bunkers, allowing easy access from the main boiler rooms. These bunkers held a total of about 6,000 tons of coal, but well into the final day of her voyage only some 1,000 tons would have remained, spread proportionately through each of the bunkers so as to preserve the balance of loading and hence the ship’s “trim.” The trim aimed to ensure the most fuel-efficient and stable passage through the water possible. With proportionate usage of coal from each bunker, the bunkers around boiler room number one would have contained at least 80 percent air. The loading of the coal and the subsequent shoveling of it would have generated coal dust and fine debris.

When the torpedo hit close to the corner of the cross-bunker and the wing bunker of boiler room one, the shock from the torpedo’s detonation and the whip response from the ship could, theoretically, have shaken the dust and debris into the air. Coal, like many types of dust, including not only aluminum powder but also other everyday substances like flour and sawdust, can ignite if subjected to a spark or flame while in a uniform mixture with air. The torpedo impact and explosion would have created the necessary ignition sources.

However, “ideal conditions” for an explosion were unlikely. The bunkers were not insulated and were separated from the cold sea by only the hull plating. Seepage of seawater into the hull of any vessel was an inherent problem. Moisture migrated to the lowest parts of the ship to produce pools of bilge water. Also, all air contains some water. The moist air from the Lusitania’s boiler rooms would have penetrated the very much cooler bunkers and condensed against the cold hull to produce a film of condensation, if not further pools of water, in those compartments. Even if we ignore the almost instantaneous spray of seawater that accompanied the rapid flooding of the bunkers after the torpedo detonated, the coal dust would almost certainly not have ignited. The dampness of the compartments would have prevented the dust from being shaken uniformly into the air to create an explosive aerosol.



Reliable witness reports of dense, moist steam accompanying the second explosion and enveloping the decks suggest strongly that some part of the liner’s power plant was involved. None of the other postulated causes produces steam. Similarly, the second explosion was reported as loudest by those on the decks, supporting the theory that it occurred in a boiler room where sound could be carried to the decks via the funnels and vents.

The torpedo struck the hull toward the forward end of the number-one boiler room, which contained five double- and two single-ended fire-tube boilers. Each single boiler had a diameter of over seventeen feet and a length of eleven feet, while the double-ended boilers were twenty-two feet long. Within the lower half of each single boiler were four furnaces, which extended through the length of the boiler and were each about two feet in diameter. Stokers shoveled in coal through furnace doors at the front of the boiler. The hot gases generated in the furnaces by the burning coal passed to the back into a combustion chamber. Thence the gases were distributed through several hundred fire tubes running the length of the boiler above the furnaces. Finally, they were exhausted through boiler uptakes to the funnel. The complete boiler structure was held together by rivets, and the pressure integrity was achieved by caulking and machining of joints to tight tolerances.

The heat of the gas produced in the furnaces was well over 2,000° F (1,100° C). Only the pressurized water in the boiler surrounding the furnaces and tubes prevented them from melting. The boiler was designed to operate at a pressure of around 200 pounds per square inch and at about 400° F (200° C). Pressurized water at 400° F (200° C) has the capability to cool the steel tubes and furnaces sufficiently. However, since steam has far less capacity than water to absorb and transport heat energy, if the water changed to steam at a similar temperature, the cooling effect would reduce dramatically and the tubes would quickly overheat. The tubes would then melt and burst inward, allowing pressurized steam and water to reduce to atmospheric pressure within the furnace and fire tubes. In this process the high-pressure, high-temperature water would expand almost instantaneously and explosively to about 1,500 times its initial volume and escape by blowing off the end of the boilers.

During the nineteenth century this type of boiler explosion in coal-fired, fire-tube boilers was very common. Loss of water level was nearly always the cause. Any rapid drop led to an explosion since it was physically impossible to prevent the hot gases from passing through the furnaces and fire tubes. Only shutting down the furnaces’ forced-draft ventilation fans and then raking out the burning coals from the furnaces by hand could halt the production of combustion gases. Such raking could not easily be done rapidly, especially in an emergency.

The Lusitania’s number-one boiler room suffered structural damage when the torpedo exploded. If this damage extended to the feedwater system or to a boiler, one or more boilers would have suffered rapid water loss and exploded. (In modern naval engineering, all primary systems—like boiler feedwater—are fitted well clear of the hull of the ship to avoid their being damaged by a torpedo exploding against the hull.)

If one of the single-ended boilers had exploded as a result of water loss, the amount of energy released to create physical damage would have been equivalent to around 480 pounds of high explosive such as TNT. (A double-ended boiler could release twice this energy.) The steam generated in a boiler explosion had on land been known to blow boilers almost 100 feet, or through brick walls, such was its latent energy. When the steam was released into an enclosed space such as a ship’s boiler room, there was the added danger of pressurizing the space. Even a small rise in pressure would have caused substantial damage to an area not designed to withstand it, resulting in buckled plates and decks. Therefore, any energy generated by boiler explosions would have added considerably to the damage caused to the liner’s hull.

The steam released explosively would also attempt to escape the confining space. In the boiler room the escape routes were restricted to the funnel, the forced draft fans, and the air vents. The boiler would almost certainly shear its connection to the funnel, leaving a route to the atmosphere, but the damage caused to the funnel would probably restrict flow through it. Similarly the forced-draft connection to the furnace would be likely to be sheared and badly damaged. The only other route the steam could take would be through the standard ventilation shafts from the boiler room. These vents were not connected to the boiler and would suffer less or little immediate damage from an explosion, thus offering a relatively direct route for the steam to escape.

The consequences of a boiler explosion would have been massive shocks throughout the liner, with steam and smoke blown through the vents and funnels. Smoke would have been carried with the steam due to the furnace coals being ejected as the boiler exploded. Hence the air on deck would have been filled with a dense vapor mixture, which would have made it difficult for any passenger to breathe. This chimes well with many witness reports. However, the main argument against boiler failure as the cause of the second explosion is that there were survivors from both boiler rooms number one (Madden and Davis) and number two (McDermott). This outcome would have been unlikely if there had been immediate boiler explosions. Certainly the survivors reported none before they escaped. If a boiler was the cause of the second explosion, the explosion could not have taken place until at least a minute or two after the torpedo hit. As the ship sank, there were undoubtedly boiler explosions, which accounted for the expulsion from the funnels of survivors such as Margaret Gwyer after they had been sucked in as the ship went under.



The final theory as to the cause of the second explosion is the failure of the steam lines, which carried high-pressure superheated steam from the boilers to the turbines. The steam generated by each boiler was transferred by branch piping to a main steam line at roof level of the boiler room. (The steam lines were at the level of the boiler room nearest to the torpedo explosion.) The main steam line then carried the steam from each boiler room along much of the length of the ship through the bulkheads to the distribution manifold in the turbine room. From this manifold steam was supplied directly to the high-pressure turbines and thereafter reduced in pressure to the low-pressure turbine system.

The steam line and its branches were made up of sections of pipe connected by flanges welded to their ends. At each bulkhead specialized couplings allowed for expansion or contraction of the pipes between the ship’s ambient temperature and 400° F (200° C) during operation. Because of these differences in temperature, the pipes could expand over the length of boiler room number one alone by nearly two inches. This may appear insignificant. However, these twelve-inch or larger pipes were confining forces approaching 400 tons. Their couplings could only withstand the mechanical loadings associated with normal operation such as changes in temperature and flexing caused by steam-pump vibration.

A survivor from boiler room number one stated that “the bang seemed to come from the after end on the starboard side of the number one boiler.” The first potential cause of a steam explosion is the shock vibrations created when the torpedo detonated close to this boiler. They would have severely shaken both boiler and steam line. The shock would certainly have damaged some, if not all, of the steam-line connections in that area. The failures probably resulted in the explosive release of high-pressure, superheated steam produced by boiler number one and considerable back-pressure steam from other boilers in that boiler room and beyond. Almost on top of boiler number one was the vertical vent to the upper decks, probably already punctured or otherwise damaged, and so this is the likely path whereby steam reached passengers on various decks and also became a cloud visible over the top of the liner.

Alternatively, if cold seawater sprayed into the area, drenching an exposed steam line, the thermal shock produced would have caused the pipe to contract almost immediately, causing joint and connection failures and the explosive release of steam.

Some researchers have proposed a third mode of steam line failure: thermal shock allied to a catastrophic condensation of the steam back into water. If steam is cooled suddenly, its volume collapses by a ratio of more than 1,000 as it changes back to water. This reduction in volume would have created a near vacuum in the feed pipe. More important, it would have created a “slug” or “slugs” of water in the pipe traveling at high speed. The enormous energy of these slugs would again have caused the pipework to fail catastrophically, producing the effects described previously.

However caused, steam-line explosions are easily the most likely source of the second explosion. Captain Turner certainly believed one occurred. In his evidence to the Mayer hearings he said, “The torpedo burst the steampipe and put the engines out of commission.”

Nevertheless, both the diverse eyewitness reports from different positions on the ship about the timing, location, nature, and sound of the second explosion and the technical analysis of potential structural and steam-plant failures mean that there was probably more than one “second explosion.” The Lusitania experienced a series of structural shocks: hull breach, torpedo detonation, collateral structural damage, shock and motion-induced vibration, secondary hull-plate and joint failures, and steam-line explosions, culminating in boiler explosions as she sank. Each produced noises of different types.

But the truth is that the Lusitania sank so quickly because she was not designed to withstand a torpedo hitting her in such a vital spot as did that fired by the U-20. On 7 May 1915, her captain, Walther Schwieger, had mounted the perfect attack.
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