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Although the existence of India’s uranium enrichment program has been known for a
while, there is little technical information on the program available in the public domain.
Here, we try to estimate its capacity based on the assumption that it has succeeded
in producing sufficient enriched uranium for the core of the prototype reactor for the
nuclear submarine that India has been developing. While there are large uncertainties
in the data and, consequently, our estimates, this exercise is nonetheless useful to get
a sense of scale and can be used to make rough estimates of how much weapons grade
uranium could be produced at this facility should India use it for that purpose.

There are two uranium centrifuge enrichment facilities in India.1 Interest in
uranium enrichment dates back to the early 1970s.2 But it was only in 1986 that
Indian Atomic Energy Commission Chairman Raja Ramanna announced that
uranium had successfully been enriched.3 According to one report, a pilot scale
plant has been operating in the Bhabha Atomic Research Center complex since
1985.4 A larger centrifuge plant has been reportedly operating at Rattehalli,
Karnataka, since 1990.5 Construction of the Rattehalli plant started in the mid
1980s.6 During the initial years of operation, the plant reportedly had “frequent
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breakdowns as a result of corrosion and failure of parts.”7 However, in 1997, it
was reported that the Department of Atomic Energy (DAE) was “planning to
build and install rotor assemblies of improved design.”8

The primary purpose of the Rattehalli plant appears to be to enrich uranium
for the nuclear submarine, officially termed the Advanced Technology Vessel
(ATV), program. One indication of the military nature of the work carried out
at Rattehalli is the transfer of the facility to the Defense Ministry shortly after
the May 1998 nuclear tests.9 It is also possible that enriched uranium from
this facility was used in the hydrogen bomb tested on 11 May 1998.10 Highly-
enriched uranium is used in U.S. and Russian thermonuclear weapons.

There have been a few indications of the technical characteristics of the
Rattehalli enrichment plant. According to a report from the early 1990s quot-
ing unnamed official sources, the facility consists of “several hundred operating
centrifuges made of domestically-produced maraging steel” with “a likely de-
sign throughput of under three separative work units (SWU) per machine per
year.”11 One could take this to mean a total enrichment capacity of about 1000–
2000 SWU/year. In 1997, it was reported that the DAE was planning to “build
and install rotor assemblies of improved design.” Different enrichment levels
for the output of the facility and the requirement for the submarine reactor
have been reported; these range from 6%–45%.

If, as Indian officials state, the primary purpose of the Rattehalli facility
is to produce fuel for the ATV program, an analysis of the submarine reactor
requirements could help estimate the uranium enrichment capacity.13 Despite
relatively prolific coverage of the Indian nuclear submarine program in the
media, there is considerable confusion about its technical characteristics. In
part this reflects the fact that the program started over 25 years ago and has
evolved considerably over the decades.14

After numerous setbacks and failures, by the late 1990s a reactor design
was finalized, and testing of a prototype commenced at the Kalpakkam nu-
clear complex in southern India.15 This implies that between 1990 and the late
1990s, the Rattehalli complex should have produced at least sufficient enriched
uranium to fabricate the reactor core.16

The amount of enriched uranium needed for a nuclear submarine reactor
depends on a number of factors. These include the reactor power rating, the level
of enrichment, the time intervals between core refuelings, the burn-up (which
determines the fraction of the initial U-235 that is consumed before refueling
[by conversion to U-236 as well as fission]), the reactor design (including factors
such as fuel geometry, the use of burnable absorbers, and so on), and the use
pattern (the average number of effective full power days per year or the average
power the reactor produces through its lifetime). None of these are definitively
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known, and there are contradictory reports on some of these quantities (such
as the power rating of the reactor).

One can set a lower bound on the power required by a submarine by esti-
mating what is needed to overcome drag at the maximum design velocity. The
drag power requirement for a submarine is given by:

P ≈ 0.5CdρwV
2/3 u3,

where Cd is the effective drag coefficient, ρw is the density of sea water which
we will take to be 1.01 ton/m3, u is the velocity of the submarine and V is the
volume of the submarine, also called the displacement. Power is also needed
for other activities on the submarine, but these requirements are smaller than
the drag power requirements.

For a streamlined design, the effective drag coefficient would be about 0.025.
But for a less efficient design, it may be about 0.035.17 Since this is the first
submarine hull of this size that India is building, and because its diameter
must be large enough to hold the propulsion reactor, we assume that the drag
coefficient has the higher value of 0.035. The maximum velocity of the ATV
is usually given as about 30–35 knots, which corresponds well to maximum
velocities reported for other nuclear submarines.18 We will choose the lower
value of 30 knots (15 m/s).19

There is considerable confusion about the displacement volume as well and
reported values range from 1600 tons to 9400 tons.20 We will choose a value of
5000 metric tons. One reason for this choice is that many of the Indian subma-
rine characteristics are reported to be similar to the 670 series (Charlie Class)
of Russian nuclear submarines.21 India leased a Charlie I class submarine from
Russia between 1988 and 1991.22 This has a displacement of 5000 tons.23

For a drag coefficient of 0.035, a displacement of 5000 tons, a maximum
speed of 30 knots, the propulsive power required is 25,460 shp24 (shaft horse-
power; 1 shp = 0.746 kW). A comparison of several nuclear submarines shows
that typically the rated shaft horsepower is about 5% to 40% greater than the
drag power requirements.25 Assuming a figure of 20% for other power require-
ments, the total comes to about 30,000 shp (22.4 MW).

The thermal power rating of the reactor would have to be larger due to
thermodynamic inefficiency and losses in the propeller/transmission system.
Assuming an overall conversion efficiency of 20%, the reactor power needed is
about 112 MWth. The minimum reactor power rating among the values cited in
the literature that is consistent with these submarine propulsion requirements
is 150 MWth. This power rating is similar to the reactors used in the French
Le Triomphant nuclear submarines. However, this estimate is sensitively
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dependent on the assumptions made about various quantities. For example,
if the drag coefficient is only 0.025, the reactor power needed is only about 80
MWth. Therefore, it may well be possible that the submarine reactor is only
90 MWth, one of the values widely cited. However, it seems unlikely that the
reports that the reactor power is only 40–50 MWth are correct.

We now turn to the question of how much uranium is required for the sub-
marine reactor core to operate at this power level. Since this would depend
on the reactor design and naval reactor designs are generally kept secret, it
is not easy to calculate the uranium inventory. Further, the amount of U-235
consumed each year depends on the operational procedures and patrol routines
followed by the submarine. For the same power rating and time between re-
fuelings, the uranium inventory for a submarine that has a more demanding
patrol routine would be higher. Information about such matters is not available
publicly.

There are, however, a few estimates of uranium requirements. Based on
historical naval procurement figures in the United States, as well as details of
a submarine core offered to France that were revealed at the 1959 hearings of
the U.S. Joint Committee on Atomic Energy, Frank von Hippel, David Albright,
and Barbara Levi estimated that the U-235 requirements for U.S. submarines
are about 0.6–0.7 g/shp-year.26 However, the United States is exceptional in the
way that it uses its submarines, which routinely patrol around the entire globe.
Its uranium requirements are therefore higher than might be expected for an
Indian submarine.

Russian submarine reactors have less demanding routines.27 Hence their
fuel requirements are somewhat lower as in the case of the reactors mentioned
earlier. A Russian second generation submarine (for example, one belonging to
the Charlie class) reactor with a rating of 70–90 MW contains typically about
315 kg of 20% enriched uranium, that is, about 63 kg of U-235, in its core.28

Another source estimates the U-235 inventory as 70 kg.29 The propulsive power
rating for Charlie Class submarines is 20,000 shp.30 Assuming a typical 10-year
lifetime for the core, the uranium requirement is 0.315–0.35 g/shp-y, about half
of that of the United States.

The Sevmorput nuclear icebreaker/cargo ship uses 150.7 kg of U-235,31 and
has a propulsive power rating of 40,000 shp.32 It therefore requires 0.375 g/shp-
year of U-235 (assuming a 10-year lifetime for the core).

We assume that the ATV will require about 0.3 g/shp-year of U-235. This
is about half the U-235 requirement of U.S. submarines, and a little lower than
Russian submarines. The core of the ATV is reported to have a design lifetime
of 10 years.33 Therefore, the initial core for a 30,000 shp ATV requires about
90 kg of U-235.
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Table 1: SWU requirements.

Enrichment Tails SWU/kg Kg-EU/kg-U-235 SWU/kg-U-235 kg-feed∗/kg-U-235

30 0.3 59.8 3.3 199.3 240.9
40 0.3 81.5 2.5 203.7 241.5
45 0.3 92.4 2.2 205.3 241.7
40 0.2 96.6 2.5 241.5 194.7
40 0.5 64.4 2.5 161 468

∗Feed is assumed to be natural uranium.

This estimate has involved many assumptions and uncertainties in the
data. Varying some of these, we estimate that the core of the ATV might use
about 40–160 kg of U-235.

The SWU requirements, the feed (natural uranium) requirements, and the
amounts of uranium enriched to different levels containing 1 kg of U-235 are
summarized in Table 1. For a given tails enrichment level, the SWU require-
ment per unit mass of U-235 does not depend strongly on the enrichment
level. This SWU requirement may be lowered by using a higher enrichment
level for the tail, but that would significantly increase the amount of uranium
used as feedstock. We therefore assume that the tails enrichment level is 0.3%,
which means that that it would take approximately 200 SWU to produce a kilo-
gram of U-235. Thus, manufacturing the 90 kg submarine core would require
18,000 kgSWU of enrichment capacity. A 40 kg core would require 8,000 kgSWU
of enrichment capacity and a 160 kg core would require 32,000 kgSWU of en-
richment capacity.

From media accounts, it appears that the centrifuge plant began produc-
ing significant quantities of enriched uranium in 1991. Since the testing of
the reactor reportedly started around 2000 or 2001, one may assume that the
enriched uranium used in the core was ready by 1999 (assigning one year to
fuel fabrication and assembly). This would imply about 8 years of production,
and therefore an average enrichment capacity of 2250 SWU/y. However, it is
quite likely that the capacity was not a constant and that once the technol-
ogy had been perfected, more centrifuges would have been added, increasing
the capacity.34 Assuming that in 1991 the capacity was 1500 SWU/year (the
midpoint of the 1000–2000 SWU/y capacity mentioned earlier) and that the
capacity increased linearly, an average capacity of 2250 SWU/y would imply a
capacity of 3000 SWU/y in 1999. This, then, is the estimate of the enrichment
capacity needed to produce the 90 kg submarine core. At the upper end, a 160 kg
core would imply a capacity of 6500 SWU/y in 1999. At the lower end, even the
assumed 1991 enrichment capacity of 1500 SWU/y is more than adequate to
produce a 40 kg core. Hence the lower bound on the reactor core provides no real
constraint on the enrichment capacity, and we will not consider it any further.
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An additional demand for enriched uranium might be to test or manufac-
ture thermonuclear weapons. In two-stage thermonuclear weapons enriched
uranium can be used in the primary, in the “spark plug” to aid in initiating the
fusion reaction, or in the “pusher” encasing the fusion fuel.35 Enriched uranium
may also be used to replace the “blanket” surrounding the warhead, which is
usually made of depleted uranium, so as to increase the yield of a thermonu-
clear weapon.36 According to one report, a “modern thermonuclear weapon may
contain only a few tens of kilograms” of U-235.37

The rule of thumb used by the U.S. Enrichment Corporation, which is the
agent for the sale of blended down weapon-grade (90% U-235) uranium recov-
ered from excess Russian weapons, is 25 kg per warhead.38 However, this figure
may not be applicable to the Indian thermonuclear design. The bulk of enriched
uranium used in U.S. and Russian thermonuclear weapons is likely to be for
the blanket in order to increase the yield of the weapon or in the core itself in
order to lower the volume.

According to the official announcement that followed the 1998 tests, “the
yield of the thermonuclear device tested on May 11 was designed to meet
stringent criteria like containment of the explosion and least possible dam-
age to building and structures in neighbouring villages.”39 If this were indeed
the case, it is likely that the blanket may have been made of inert material.
The requirement for enriched uranium may only be a few kilograms used in the
spark plug in this case.40 We will assume this figure to be 5 kg and that about
10 kg of U-235 was produced for the test carried out on 11 May 1998. Apart
from the amount actually used in the device exploded, this would also include
processing losses and material used for conducting laboratory experiments. In
this scenario, the Rattehalli plant should have produced at least 100 kg of
U-235 by 1999 for the submarine core and the thermonuclear device tested on
11 March 1998. Depending on whether India decided to stockpile thermonuclear
weapons, there may or may not be a continuing demand for enriched uranium
for weapons.

Our estimates of enrichment capacity are listed in Table 2. The best esti-
mate of current (2003) capacity from our analysis is 4500 SWU/y. At enrichment
capacities of 3750–9750 SWU/y, the facility could produce about 20–50 kg of
weapons grade uranium (90% enrichment).

One additional demand for enriched uranium might come from India’s nu-
clear power program. However, there is no indication that India is seeking to
fuel any of its Light Water Reactors with indigenous enriched uranium. This is
also borne out by the above estimates of the capacity. A facility with a capacity
of 3750 to 9750 SWU/year could produce 0.94 to 2.45 tons of 3.3% enriched ura-
nium each year. This is to be compared with the initial core loading of 66 tons
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Table 2: Estimates of enrichment capacity.

Average
enrichment Current
capacity Enrichment enrichment

Requirements (1991--1999) capacity in 1999∗ capacity (2003)∗

Submarine core 2250 SWU/y 3000 SWU/y 3750 SWU/y
(90 kg U-235)

Submarine core 4000 SWU/y 6500 SWU/y 9000 SWU/y
(160 kg U-235)

90 kg submarine core 2500 SWU/y 3500 SWU/y 4500 SWU/y
+ 1998

Thermonuclear test
(10 kg U-235)

160 kg submarine core 4250 SWU/y 7000 SWU/y 9750SWU/y
+ 1998

Thermonuclear test
(10 kg U-235)

∗Assuming linearly increasing capacity.

for the VVER-1000 reactors that India is importing from Russia. Thus, at the
estimated range of current capacities, it would take decades for India to enrich
sufficient uranium for even one reactor core.

One may compare these values for the enrichment capacity and WGU pro-
duction capacity with what is known. It has generally been assumed that India’s
enrichment capacity is smaller than Pakistan’s capacity. Since Pakistani enrich-
ment capacity is estimated at 9000-15000 SWU/y,42 our estimates are consis-
tent with this assumption. Our estimates of annual HEU production capacity
are larger than the “at most 10 kg/year” capacity estimated by RAND analyst
Gregory Jones,43 but consistent with the 28 kg/year cited by other sources.44

This estimate of enrichment capacity also has implications for the size of
the nuclear submarine fleet that can be sustained. At 200 SWU/kg-U-235 and
90 kgU-235/reactor core, a 4500 SWU/y facility could produce a reactor core in
about four years. Nuclear strategists have argued that India requires a fleet
of three to five submarines.45 Since each submarine would need a new core in
10 years, the estimated current capacity may be just insufficient to produce the
enriched uranium requirements for a 3-submarine fleet. But since the enrich-
ment capacity can be increased, this may not be a major bottleneck.

Details of uranium enrichment activities have been kept largely secret in
India, even more so than other nuclear activities.46 We have therefore per-
formed these calculations in a transparent manner laying out the methodology
and assumptions explicitly. This allows for the possibility that this can be cor-
rected should better data become available.
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