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In the last decade, Russia’s strategic arsenal has pivoted towards a reliance on exotic nuclear-weapon delivery systems. One
such system, the Burevestnik (NATO: 9M730) is claimed to be a nuclear-powered, nuclear-armed cruise missile capable of nearly
indefinite flight. The air-breathing nuclear propulsion system used in this missile is unique, and its attributes are generally unfamiliar
to both the aerospace and nuclear-security communities. To better understand the Burevestnik, and the potential of air-breathing
nuclear propulsion systems generally, we have developed a nuclear-aircraft modeling toolkit capable of constraining the missile’s
performance characteristics. Using this framework, we conclude that the Burevestnik is a subsonic cruise missile system measuring
9.5±0.32 m in length, with a 5.6±0.18 m wingspan, likely powered by a direct-cycle nuclear turbojet (our calculations almost
entirely exclude the possibility of a nuclear ramjet). Under these assumptions, our models predict a reactor thermal power of
4.3±1.3 MWth at cruise, with peak power demand during climb and terminal maneuvering exceeding 15 MWth, which may be
met with a supplemental chemical interburner. Monte Carlo simulations show that escaping neutrons will generate in excess of
5 TBq of gaseous radionuclides per MW-hr of flight, including isotopes such as 41Ar, 85mKr, 83mKr and 14C, some of which may
be detectable using existing monitoring networks.
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1 Introduction10

Nuclear power for the propulsion of aerospace systems is an old concept, first envisioned by Fermi in the mid-1940s. Between11

the 1950s and the 1970s, the United States and Soviet Union carried out testing of airborne non-propulsion reactors and12

ground testing of nuclear turbojets to evaluate the feasibility of nuclear aircra. Concepts explored during this era included13

crewed unlimited-range bombers1, supersonic low-altitude intercontinental cruise missiles2, unlimited-range submarine14

hunting aircra3, ultra-heavy ground effect vehicles4, and spacecra propelled by means of nuclear detonations5. None15

of these programs resulted in an airborne nuclear-propelled cra,1 and most programs were abandoned by the mid-1970s.16

Publicly-disclosed research on nuclear-powered aircra was sparse following the initial wave of interest 2, with occasional17

paper studies such as the Northrup Grumman–Sandia UP3S program6 and the Phantom Works–Sandia “Extremely Long18

Endurance Covert UAV” concept7. is ebb in research ended in 2018 when Russia announced the development of a nuclear-19

powered cruise missile called the Burevestnik. is return to aircra nuclear propulsion merits a re-examination of the20

potential capabilities and challenges of aerospace reactors.21

Burevestnik is not the first nuclear-powered cruise missile concept. In 1961, the U.S. Air Force sought to develop a22

nuclear ramjet-based supersonic land-aack cruise missile under the moniker Project Pluto. Pluto’s concept of operation was23

1Several aircra have been operated with MW-scale reactors aboard for shielding testing purposes, though they provided no motive power.
2Allegations of the use of nuclear propulsion in theQuartz / AARS have been made, though with lile firm primary-source backing.



to fly at treetop level at Mach 3.5 and dispense nuclear weapons along its flight path by performing “pop up” maneuvers,24

striking geographically separate targets hours or days apart. Both a subscale and 460 MW full-scale engine were tested25

in the Idaho desert, proving the viability of the concept2. Prior to Pluto, a more conservative effort was undertaken to26

perform a design study for a direct cycle nuclear propulsion system for the U.S. Snark intercontinental cruise missile. In27

conventionally-powered guise, the Snark was a 21,840 kg turbojet-powered subsonic ICCM which served between 1959–61. It28

was to be retrofied with the nuclear A129 engine to provide up to 200 hr of duration at 0.9 Mach. ough differing in scale29

from the Burevestnik, this system shares the same general concept of operations, engine layout, engine cycle and approximate30

cruise speed. e A129-Snark study is the only publicly disclosed design of a subsonic nuclear-powered cruise missile system31

prior to Burevestnik. Both the Pluto program and the nuclear Snark projects were abandoned, not for technical reasons, but32

because the U.S. Congress felt nuclear propulsion lacked a well-defined military purpose.33

Today, the bulk of the literature on uncrewed nuclear-powered aircra is published in China8–16suggesting broad-ranging34

interest in the concept. Of the papers published between 2018 and 2026, all have been computational and there have been no35

public references to experiments. ese papers have explored applications of nuclear propulsion ranging from intelligence36

gathering aircra to the propulsion of high-altitude supersonic aircra.37

To beer understand Burevestnik, its capabilities, and the prospect for follow-on systems, we developed a toolkit that38

couples drag estimation, engine cycle modeling, and neutronics. e outputs can place constraints on numerous nuclear39

aircra performance parameters, providing insight into the engineering challenges involved in developing such systems, as40

well as the limitations of their flight envelopes and utility for various missions. e model uses openly available data and41

does not rely on any non-public materials or methodologies.42

2 Background43

2.1 History of Russian Aircraft Nuclear Propulsion44

Russian interest in air-breathing nuclear propulsion dates to the 1950s17, and was fueled by the same aircra range and speed45

concerns that drove contemporary U.S. efforts. e USSR developed a program for nuclear aircra propulsion under the46

design bureaus of Myasischev, Kuznetsov, Lyulka and Tupolev beginning in 1955. is effort began with the development47

of a flying testbed reactor, dubbed the Tu-95 LAL (Letayushchaya Atomnaya Laboratoriya or “flying atomic laboratory”)48

to evaluate shielding18. Designs for a Tu-95-based nuclear-powered bomber, dubbed the Tu-119, were made using the49

shielding measurements performed on the Tu-95 LAL platform. However, the Tu-119 did not progress beyond the design50

stage. Disclosures to the IAEA indicate the existence of two other experimental aircra-propulsion reactors, the VVRL-02 and51

VVRL-03, constructed by NIIP Lytkarino and apparently paerned on a closed-cycle pressurized-water design19. VVRL-0252

achieved first criticality in 1974. Lile else is known about these platforms, except for the fact they used HEU, and were53

decommissioned between 2003 and 2011. IAEA declarations state both are “transportable” pressurized-water type reactors54

with an output of 100 kWth.355

e Burevestnik4 is a ground-based, nuclear-powered, nuclear-armed strategic cruise missile system unveiled in March56

2018, followed by a series of propaganda videos21–23. It is an intercontinental cruise missile (ICCM), a concept not implemented57

since the U.S. Snark missile of the late 1950s and with no precedent in the Russian armed forces. It is a product of the58

All-Russian Scientific Research Institute of Experimental Physics (VNIIEF), the organization primarily responsible for Russian59

3ere exist published claims of programs seeking to develop submarine-hunting aircra using nuclear turboprops well into the 1970s and 1980s. An
AN-22, BuNo CCCP-08838 was allegedly equipped with a neutron source, and later a 3-kW research reactor as part of a program to study the possibility of
extending the range and power budget of ASW aircra. However, these claims are thinly supported: despite several articles on defense aviation websites
declaring the existence of this project, none cite primary sources20.

4Burevestnik is a type of a bird, known as a Storm Petrel in English. e Russian name translates literally to “storm messenger.” Burevestnik has a
symbolic meaning from a famous poem by Maxim Gorky, “The Song of the Storm Petrel” (Песня о Буревестнике, 1901). In the poem, the burevestnik is
portrayed as a fearless creature willing to fly when all other birds hide. It became a symbol of the Russian Revolution indicating fearlessness in the face of
revolutionary upheaval.
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nuclear weapon design. Russian media reports claim that the development program dates to 200124, and that the powerplant60

can trace its technical lineage to the work of M. Lyulka25. e Burevestnik is powered by a compact nuclear propulsion system61

designed by the KB-12 group (special topics division) within VNIIEF26. In contrast to chemical-fuel cruise missile systems,62

Burevestnik nuclear plant gives it the ability to fly for days to weeks. In theory, Burevestnik could loiter, map air defenses,63

and aack via unexpected routes, using terrain to escape radar detection and evade missile defenses. Informal statements64

by military proxies seem to indicate that the system may use some level of autonomy to update trajectory information in65

response to countermeasures. Generally, it is considered that the system is intended to be land-based, though there has not66

been an official confirmation of this design choice.67

e Burevestnik has been characterized in Russian publications as a response to evolving U.S. missile defenses. Informal68

statements by Russian military proxies have characterized it as a “revenge” weapon25, suggesting a second-strike role.69

However, it should be noted that the system’s ability to loiter in radar cluer and strike at a precisely predetermined time70

does not rule out the possibility of a first-strike role. ough no clear statements about the intended warhead, though Russian71

military bloggers and former officials claim it would be a multiple-megaton thermonuclear weapon27.72

Reports from the Nuclear reat Initiative have stated that more than a dozen failed launches were carried out prior73

to 2020, with at least two described as partial successes by the US intelligence community21. In 2019, an accident at the74

Nyonoksa military test site brought the system to international aention. In the early hours of August 8th, an explosion took75

place during the recovery of a Burevestnik test article, killing at least five Rosatom scientists and generating a seismic signal76

detected in Norway28. In the hours following the explosion, Roshydromet (the Russian Federal Service for Hydrometeorology77

and Environmental Monitoring) released a statement which was later deleted indicating the detection of short-lived fission78

products in the resulting plume in Severodvinsk29. Norwegian radioisotope measurements were suggestive but not decisive,79

indicating an airborne 131I spike in the days following the accident, but without additional fission product traces. Russian80

CTBTO-IMS detectors were strategically deactivated along the anticipated plume path over the following week30. Doctors in81

contact with the injured Rosatom employees reported to the media that they had been contaminated with 137Cs31, again82

indicative of a reactor accident. e presence of fission products in the radioisotope data released by Roshydromet, combined83

with U.S. intelligence community statements32 strongly supports the assertion that the system was being tested with a reactor84

aboard, and that a criticality accident took place during recovery resulting in the fatalities. is may not have been the first85

failure of the Burevestnik: some have linked the release of Ru-106 in the Urals in 2017 to the testing of the system21.86

In October 2023, e Russian Ministry of Defense (MoD) claimed that they had carried out successful flights under nuclear87

power33–35, though without presenting further footage or technical specifications. Two years later, they again claimed a88

successful Burevestnik flight test, this time specifying that the flight spanned 15 h, and covered a range of 14,000 km34–36.89

Norwegian national security officials later confirmed that a test took place in Novaya Zemlya in that time window, and that90

the system flew “significantly longer than before,”35 though without citing exact range or duration estimates. ese claimed91

test dates also correspond with public ADSB data showing movement of U.S. WC-135 Constant Phoenix aircra to the region.92

2.2 Fundamentals of Nuclear Propulsion93

Air-breathing nuclear propulsion systems generate thrust using the atmosphere as the primary reaction mass, and a nuclear94

reactor as the source of enthalpy. ese systems are distinct from other nuclear-thermal propulsion systems such as nuclear95

thermal rockets in that they do not rely on internal stores of propellant. Air-breathing nuclear engine designs include96

turbojets, turbofans, turboprops, ramjets, scramjets and pulse-jets. To date, the only air-breathing nuclear engines that have97

been built and tested are nuclear turbojets and ramjets.98

Turbine engines generate power using the Brayton cycle. e idealized Brayton cycle entails the isentropic compression99

of a working gas, isobaric heat addition, isentropic expansion, followed by isobaric heat rejection. Work extracted in the100

expansion step is used to drive the compression step and/or an external load. In an open-cycle turbojet or turbofan engine,101

the working fluid is atmospheric air which is expelled to create thrust. While the heat addition step is conventionally102

performed by combusting a hydrocarbon, the heat can be added by any exothermic process including a nuclear reactor.103
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Modern turbomachines typically operate at overall pressure ratios (ratio of the pressure at the compressor outlet divided by104

the pressure at the compressor inlet, termed “OPR”) in the range of 15–60. At the turbine inlet, gas temperatures in such105

systems can range between 1200–1700 K. For smaller turbojet and turbofan engines such as those used in cruise missiles,106

OPRs tend to be under 20, and turbine inlet temperatures under 1600 K.107

For nuclear propulsion, the means of heat transfer to the reaction mass (air) can be classifed as either “direct cycle” or108

“indirect cycle.” Direct-cycle systems use atmospheric air as the primary coolant for the reactor, passing it through the core109

and heating it by direct contact with fuel elements. is approach offers lower total powerplant mass (in most size regimes),110

but irradiates the air, generating an irreducible radiological signature from neutron capture on atmospheric gases and aerosols.111

In direct-cycle systems, fission products may diffuse into the gas stream, and cladding materials can erode, resulting in the112

emission of further radioactive byproducts. Likewise, structural materials subject to neutron flux (for example, compressor113

or turbine blades) may become activated and shed radioactive wear particles. Direct-cycle reactors additionally may be114

vulnerable to neutronic disturbances introduced by moisture, air-density changes and foreign debris in the intake air stream.115

e U.S. Aircra Nuclear Propulsion program tested both turbojets (HTRE series) and ramjets (TORY series) based on the116

direct-cycle layout, with mixed success in maintaining exhaust-gas cleanliness37.117

Indirect-cycle systems use a circulating intermediate heat-transfer medium such as a molten metal, molten hydroxide,118

molten salt, or pressurized gas to transmit heat to the turbomachinery. No direct contact exists between fuel and propellant119

in such designs, and the resulting isolation of the core offers improved fission product retention. is, in turn, allows120

for higher maximum fuel temperatures and potentially higher power densities. However, the added mass of the coolant,121

pumping system, pressure-compensation system, heat exchangers, and pressure vessel typically results in considerably more122

overall mass, a disadvantage in comparison with direct-cycle systems. A wide diversity of indirect-cycle layouts are possible,123

including gas-turbine driven ducted fans38, Rankine-cycle systems, and hybrid-electric layouts16. Early indirect-cycle work124

focused primarily on systems with solid fuel cooled by molten metals (typically Na, K, and Li) and liquid-fuel reactors using125

molten salts. Design work performed by NASA has suggested that megawa-scale, metal-cooled systems are possible with126

reactor and pumping equipment masses around 1000 kg39. In recent years, gas-cooled systems have been examined by both127

U.S.6 and Chinese groups14 for UAV propulsion.128

Most air-breathing nuclear propulsion concepts retain significant commonality with hydrocarbon-based turbomachines129

used in aircra propulsion and power generation. However, there are several notable differences. In contrast to combustion-130

powered systems, nuclear systems tend to see high pressure losses in the heat exchanger since heat must be transferred across131

solid-gas interfaces. Additionally, the materials of the heat exchanger (or reactor fuel) generally tolerate lower temperatures132

than combustion systems, which lowers achievable turbine-inlet temperatures. Finally, reactors change power levels more133

slowly, which leads to slow transient response; to alleviate this issues, many air-breathing nuclear propulsion concepts have134

used chemical-fuel “interburners” positioned behind the reactor to allow for rapid power additions.135

3 Modeling the Burevestnik136

3.1 Flight Parameter Estimation and Engine Sizing137

To beer understand the Burevestnik missile system, we use openly available data coupled to a modeling pipeline to estimate138

its size, mass, thrust, engine layout, and likely radiological signatures. We assume that the publicity videos of the Burevestnik139

faithfully represent the size and shape of the missile system, and that the system derives most of its motive power from140

nuclear energy. e body of openly-available information on the Burevestnik consists of a small handful of Russian Ministry141

of Defense (MoD) official statements, four MoD video clips showing missile hardware, amateur photographs of recovery142

equipment following the August 2019 criticality accident, and a handful of satellite images taken of the Pankovo and Nyonoksa143

test sites during missile testing campaigns 5.144

5To dimension and model the missile within this limited information environment, we draw data from the following sources: amateur photographs of
accident debris republished by Radio Svoboda, Russian MoD video no. 1 containing: “close-up launch” footage (0-2 s), “distant launch” footage (4-12 s), and
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Figure 1. Left: A direct cycle nuclear propulsion system replaces the combustor in a conventional turbomachine with a
reactor, and offers the simplest means of creating a nuclear propulsion system. Right: An indirect cycle system replaces the
combustor with a heat exchanger driven by a reactor. is design has improved isolation of fuel from the propellant, and
therefore has a likely improved safety profile, as well as less exhaust radioactivity, though at the cost of complexity and mass.

3.1.1 Missile Dimensions from Fiducial Objects145

e first step in our analysis was to build a dimensionally accurate model of the Burevestnik from videos and photographs146

using photogrammetry40. ese measurements were based on fiducial objects, among them work benches, standardized147

fire extinguishers, and a manual pallet truck. We identified the manufacturer of each object and obtained dimensions from148

which we established perspective grids. ese grids were then used to measure the missile and its surroundings, as illustrated149

in Figure 2. e bulk of the airframe dimensions were extracted from the “factory tour” video, as it provides multiple150

views of Burevestnik test prototypes in a consistent seing. Not all relevant portions of the geometry are visible in the151

video as the result of drop-cloths which obscure certain parts of the airframe. However, these unknown dimensions can be152

constrained using low-resolution imagery in the “flight” and “distant launch” clips, combined with reasonable assumptions153

about geometry. For example, transportation canisters shown in the factory provide one such constraint: the width of the a154

fuselage cannot be wider than the missile canister width, nor can the body height plus the prominence of the fixed intake155

exceed the interior height of the canister. Our estimates of the vehicle’s dimensions are shown in Table 1.156

From the in-flight footage, we conclude that the missile uses a boom-mounted horizontal stabilizer, a boom-mounted157

air intake6 and a top-mounted horizontal stabilizer. Further, in-flight footage allows redundant estimation of wing shape,158

wing-root location and wing sweep to bolster our prior “factory” measurements. While the flight and launch videos are159

subject to blur and washout from movement and booster flair, and therefore are less precise than the factory footage, they160

allow us to build a complete and consistent picture of the dimensions of the system from multiple views. A subset of the161

extracted system measurements are given in 1.162

e overall planform we reconstruct from the video footage strongly suggests that Burevestnik is a subsonic system. It163

“flight” footage (12-14 s), Russian MoD video no. 2 containing “factory” footage (12-86 s), and Planet Labs and Airbus DS overhead imagery provided by both
the James Martin Center for Nonproliferation Studies and in blog posts by Tony Roper.

6ere is some disagreement as to whether the intake is on the top or boom of the fuselage. ere is an intake-like cavity visible in some overhead
shots in the factory video. However, the in-flight footage shows a boom-mounted intake. We interpret the cavity on the top as the port through which the
reactor is installed. As the factory shown is not suitable for nuclear operations, it must happen at a later assembly step.
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Figure 2. is series of figures illustrates the process by which fiducial objects, perspective grids, and modeling soware
have been used to construct dimensionally-accurate 3D representations of the Burevestnik. Top-left: Fiducial objects
identified in the “factory” video include the MEB-MET VS-3-21 utility desk, a 1220 mm manual pallet jack (comparable to the
Blue Giant FPT-55), and an OU-5 multipurpose fire extinguisher. Bottom-left: e perspective grid containing the fiducial
objects has been extended to include the missile support structures. Top-right: Our extracted geometry measurements are
shown with uncertainties derived from the distribution observed when repeatedly measuring the selected object using
differing video frames and perspective grids. Bottom-right: A dra CAD model derived from the factory measurements is
shown superimposed on the flight footage to check consistency.

6/29

https://web.archive.org/save/meb-met.ru/verstak-metallicheskiy-vs-3-21-s-ekranom.html
https://web.archive.org/web/20250802211246/https://www.bluegiant.com/products/ergonomics/industrial-trucks/manual-pallet-trucks/fpt-55/
https://web.archive.org/web/20230606130617/https://pozhtechnika.com/production/co2-carbon-dioxide-fire-extinguishers-inei/co2-carbon-dioxide-fire-extinguisher-inei-5kg-bce-4489/


has long, relatively high aspect ratio wings and a control surfaces with moderate sweep angles. e fuselage is blunt, and164

has a relatively constant cross-sectional area as shown in Table 1. ese features are consistent with subsonic flight, and a165

traditional cruise missile “nap of the earth” trajectory. e planform we reconstruct strongly resembles existing subsonic166

systems such as the Kh-69, which shares a blunt squared-off cross section, and the Kh-101, which has a similar empennage167

and wing shape. By contrast, an efficient supersonic design would have a thin, highly-swept, low aspect ratio wing, and an168

area-ruled fuselage. We also tracked booster-exhaust disturbances in video footage, which suggest that the prototype missile169

was flying around 0.79 Mach (see the appendix for further details).170

Figure 3. e model of the Burevestnik extracted from video evidence measures approximately 9.5 m in overall length, with
a wingspan of approximately 5.6 m. SRBs have been included here for clarity, though they are not included in the following
drag-workup procedures. Note that this diagram (and the following descriptions) assume a boom-mounted intake, which
matches the available evidence best.

Based on the launch video evidence, we judge that the Burevestnik shares a relatively conventional start sequence.171

Frame-by-frame review of both launch clips show that the missile leaves its canister propelled by a single a-mounted solid172

rocket “kicker.” Most ground-launched cruise missiles use a similar hot-launch arrangement to provide enough time and173

airspeed for their turbofan engines to spool up and begin providing thrust. In the Burevestnik in-flight footage, the kicker is174

now absent, and twin solid rocket boosters (SRBs) are shown actively burning. ese may be intended to get the missile to a175

safe distance from the launch complex before the nuclear propulsion system reaches criticality, or to allow time for a gradual176

engine spool-up. Alternatively, the SRBs shown in the video footage may be stand-in propulsion for aerodynamic testing177

without a nuclear powerplant. is sequence is illustrated in Figure 4.178
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Figure 4. e notional Burevestnik concept of operations consists of launch using a kicker, then transitioning to solid
rocket booster power. is then allows a slow spool-up to nuclear cruise at high-subsonic speeds. Alternatively, the SRBs
may be for testing purposes only, and the nuclear engine system may instead use hydrocarbon fuels to slowly taper from
conventional power to nuclear power.

3.1.2 Drag Modeling179

To estimate of the aerodynamic characteristics of the Burevestnik we use the “Delta Method,” a semi-empirical drag buildup180

technique developed by Lockheed and NASA that is valid in the high sub-sonic regime41. e li and drag are defined as:181

L =
ρV 2CLSre f

2
and D =

ρV 2CDSre f

2
, (1)

In which ρ is the air density,V the airspeed, Sre f the reference area, andCL andCD the coefficients of li and drag, respectively.182

e Delta method estimates the drag coefficient by aggregation of individual contributions, and is a function of the li183

coefficient:184

185

CD =CDF +∆CDC +∆CDF +∆CD︸ ︷︷ ︸
drag at zero li

+∆CDP +
C2

L
πAR︸ ︷︷ ︸

drag due to li

(2)

CDF is the drag due to viscous shear stresses of turbulent flow across flat-plate approximations for the body, wing and tail;186

∆CDF is a set of corrections to account for real-world skin friction arising from factors such as surface roughness; ∆CDC is the187

sum of compressibility drag on the wing and fuselage (with interference terms); and ∆CD miscellaneous drag from elements188

such as antennae, which is neglected for our purposes. For the li-based components, ∆CDP is wing pressure drag, which189

depends on both ∆M (deviation from design Mach) and ∆CL (deviation from design li coefficient). roughout, AR represents190

wing aspect ratio, with an Oswald efficiency factor assumed to be unity (as required for this method). Each drag buildup191

term can be extracted graphically from semi-empirical relations given in Feagin et al.41 that relate physical parameters to192

each drag term. Since the Delta Method method was designed for manned aircra, we validated it for cruise-missile-like193

planforms by applying it to Boeing’s Long Range Conventional Strike Weapon (LRCSW) and to the AGM-109A Tomahawk194

Land Aack Missile (TLAM). Agreement with empirical flight data were good. Details are given in Appendix A.195

Application of the Delta Method to the Burevestnik requires assumptions to be made about the flight regime and certain196

aerodynamic parameters. ese assumptions introduce error that are not easily quantified. We have assumed that (1) the197
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Burevestnik uses a supercritical airfoil, (2) the horizontal stabilizers have a chord equivalent to the vertical stabilizer, and (3)198

the low-mounted engine intake has been skillfully designed with a pressure recovery factor near unity. ese factors have199

been listed in order of decreasing impact on the drag polar. In the drag polar result presented in Figure 5, a 3% methodological200

uncertainty has been added to CD to represent the typical deviation between flight-test data from subsonic aircra and drag201

values predicted by the Delta Method. Uncertainty from the photogrammetry measurements (Table 1) have been propagated202

and results are presented in Table 2 alongside a calculation of the minimum drag.203

Table 1. Table of measurements of Burevestnik
developed using the approach described in 2.
Note: we assume that the sweep angle of the
horizontal stabilizer (marked with *) is equal to
that of the vertical stabilizer.

Component Measurement
Fuselage length 9.51 ±0.32 m
Fuselage width 0.846 ±0.04 m
Fuselage height 0.561 ±0.01 m
Wingspan 5.60 ±0.18 m
Wing mean chord 0.595 ±0.02 m
Sweep angle 14.8 ±3.8◦

Wing T/C 6.46 ±.015 %
Vert. stab. length 1.18 ±0.16 m
Vert. stab mean chord 0.393 ±0.16 m
Vert. stab sweep 18.6 ±3.5◦

Horz. stab span 2.38 ±0.24 m
Horz. stab mean chord 0.393* ±0.12 m*

Table 2. Table of the Delta Method drag buildup terms
calculated from the measurements in the table at le.
Values shown have been calculated near design Mach.

Drag term Value
CDF−wing 7.67E-03 ±1.29E-04
CDF− f us 1.55E-02 ±5.85E-04
CDF−tail 2.74E-03 ±1.71E-05
∆CDC−wing 1.98E-03 ±5.32E-04
∆CDC−int ———–
∆CDC− f us 1.20E-03 ±7.37E-04
∆CD ————
∆CDP−wing 3.50E-03 ±1.63E-03
CDmin = 0.03639 ± 0.0038
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Figure 5. Drag Polar estimate for the Burevestnik (with propagated uncertainties) at 0.85 Mach. e CL/CD properties are
slightly beer than the Tomahawk cruise missile, but somewhat less than proposed advanced cruise missile designs42. Clbo is
the predicted li coefficient at buffet onset. Our benchmark suggests the Delta Method may under-predict CL/CD beyond
this point (see Appendix A).
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3.2 Powerplant Requirements204

Given the planform, we judge the flight envelope of the Burevestnik is likely similar to that of conventionally powered205

cruise missiles, differing only in range/endurance. Under this assumption, we can draw on the existing cruise missile design206

literature to establish approximate thrust requirements. In A Conceptual Design Study for a Joint-Service Cruise Missile, Feifel207

and Kerkam42 identify the limiting maneuvers that drive wing and powerplant sizing in heavy, long-range cruise missiles to208

be:209

1. Climbing at a 6◦ angle at optimal Mach, at sea level, in hot-day conditions.210

2. Maintaining level flight at 6,000 m in hot-day conditions to clear high terrain.211

3. Performing a 1,500 m radius turn during terminal phase at sea level in hot-day conditions.212

e thrust needed to perform each of the above maneuvers is calculated using the drag polar as a function of the system213

mass, following Marchman43. Results are given in Figure 6. Note that the system mass is a free parameter.214

Figure 6. rust requirements for the 3 limiting maneuvers as a function of vehicle mass. e dashed area highlighted in
the plot represents the most likely range of mass and maximum thrust values for the Burevestnik resulting from this analysis
(±1 σ region), with the median denoted by a star on on the x-axis. Note that the propulsion requirements for the
1.5 km-radius turn could be met using a chemical interburner or aerburner, and is thus not a strict requirement of the
nuclear system. e nuclear system must at minimum provide for cruise and sustained climb. e error in the drag polar
driven by design uncertainties has been propagated through in this analysis. As the drag polar uncertainties grow rapidly at
high CL values, we do not quantify them in the 1.5 km-radius turn curve. A reasonable range for Clmax is likely between
0.9–1.3. We have also indicated the predicted buffet onset for high-altitude flight (Clbo−Delta), based on the Delta Method.

3.3 System Mass215

We estimate a plausible system mass based on an empirical wing-load relationship that we derived by regression analysis of 13216

missiles with similar planforms and wing-aspect ratios using a methodology similar to Ekker44. is analysis yields a best-fit217
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systemmass based of 3340±804 kg, in which the uncertainty includes both wing-area estimation error and regression-related218

error.7 As before, we benchmarked this method using data from the BGM-109M program, showing robust agreement.219

From the system mass budget, one must accommodate the airframe, powerplant, and shielding. e last component220

requires an estimate of component radiation tolerances, which in turn requires a fairly detailed design. A very approximate221

upper bound on the nuclear-propulsion system mass can be made by arguing from similarity with conventional systems.222

Literature on hydrocarbon-powered long-range cruise missiles44 suggests that the upper limit on the fuel + powerplant mass223

is approximately 40% of the total system mass. Under the assumption that no chemical fuel is needed aboard Burevestnik,224

but shielding is; this yields a propulsion-system with shielding mass of approximately 1340 kg. Subtracting 250 kg for225

turbomachinery and auxiliary systems (from an informal survey of similarly sized engines) leaves approximately 1090 kg226

(32%) for the reactor core and shielding.8227

3.4 Propulsor Choice228

e propulsor design (ramjet, turbojet, turbofan, or propfan) provides a key constraint on reactor thermal output, footprint,229

and system performance. Russia’s choice for Burvestnik has not been made public, therefore we evaluate the options here.230

ough frequently discussed, a ramjet propulsor is likely infeasible. Ramjets require inlet conditions that generate231

significant compression and thus are most efficient in the Mach 3–4 range, and generally need at least Mach 1 for reasonable232

thrust. e planform of Burevestnik, however, limits the cra to subsonic speeds. For a ramjet to fly Burevestnik at subsonic233

speeds would require a reactor with >50 MWth output. Given the available space, that translates to a power density of234

>1kW/cc—a value achieved only in liquid hydrogen-cooled nuclear thermal rockets, exceeding any known air-cooled reactor235

by a factor of 3–5. Figure 7 illustrates this challenge.236

Between turbojet and turbofan options, the use of a fan results in moderate energy-efficiency gains over the turbojet.237

However, the need for a bypass region for the fan flow reduces the volume available for the heat-exchanger and reactor238

by a factor of two or more, greatly reducing space efficiency and increasing the reactor-engineering burden. Given that239

nuclear fuel has extraordinary energy density, but power density is limited by material temperatures, space efficiency rather240

than energy efficiency is likely to be the deciding factor (the opposite is usually true in hydrocarbon systems). When241

nuclear powered, it would therefore be more sensible to favor a turbojet. e exception to this might be if the designers242

chose to use a high-efficiency closed-cycle system to reduce radioactive emissions associated with direct-cycle engines.243

In such a case, a ducted fan driven by an extremely compact high-temperature inert-gas-cooled reactor would mitigate244

some material challenges and allow very high energy efficiency (perhaps >30% compared to a turbojet). However, such a245

complex system has not been demonstrated in ground tests by any country, and the materials and mechanical engineering of246

ultra-high-temperature systems remain formidable. We therefore judge that the most likely choice is a direct-cycle turbojet,247

which is less complex, lighter, and fits beer into a narrow fuselage of Burevestnik. Other trade-offs are summarized in248

Table 3. Cycles are discussed further in Section 3.5 and Table 4.249

7Alternatively, assuming wing loading similar to the Kh-101 which draws on shared design personnel and serves a similar strategic role, we calculate a
system mass of 3194±242 kg.

8As a comparison point, we can look at the much larger nuclear-powered variant of the Snark missile. It used the A129 powerplant with a 1.04 m
diameter UO2-BeO-fueled ceramic reactor that weighed 1470 kg. e core weighed approximately 1470 kg, and the total powerplant mass was around
4100 kg—approximately 25–30% of the system weight3 e Snark’s planform was radically different from Burevestnik, so the extent to which this is a
validating datum is uncertain.
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Figure 7. e thrust required for cruise for a conservative ramjet design is almost a factor of ten larger than for a turbojet.
Note that the thermal output of the ramjet required to sustain flight at the observed airspeed (≈ 0.79 M) is in excess of
50 MWth. Under these assumptions, 6◦ climb at sea level as shown in Figure 6 would require in excess of 115 MWth from a
ramjet powerplant.

Table 3. Properties of various propulsors for endoatmospheric flight.

Engine cycle Complexity Mass Mopt Limitations
Ramjet very low low 0.9–4 M Very high minimum speed, poor efficiency
Turbojet moderate moderate 0–2.5 M Moderate energy efficiency
Turbofan high moderate 0–1.5 M Restricts reactor volume, total power
Closed-cycle fan very high moderate 0–1.0 M Materials, coolant loss, complex turbomachinery
Propfan high high 0–0.9 M Poor radar cross-section, packaging

3.5 Reactor Design250

is section develops a plausible reactor concept for the Burevestnik by proceeding from overall cycle selection to core251

configuration, fuel choice, and thermohydraulic performance. Across all engine-cycle calculations, we consider reactor252

outlet temperatures bounded by the likely limits of candidate structural materials, including SiC, BeO, Rh, and HfC. We253

also note that the propulsion system may be hybridized, with additional thrust supplied by hydrocarbon combustion during254

brief high-thrust maneuvers such as launch or terminal obstacle avoidance. Under that interpretation, the reactor need not255

be sized for peak transient thrust, but rather for the cruise and climb conditions that dominate the vehicle’s flight profile256

(Figure 5). Accordingly, the thermal-power and radiological analyses that follow are based primarily on the expected cruise257

thrust requirement.258

Given the tight dimensional and mass constraints implied by the observed vehicle geometry, a direct-cycle reactor is the259

most plausible configuration. e remainder of this section therefore focuses on direct-cycle cores.260

3.5.1 Fuel-System Options for a Direct-Cycle Core261

Within a direct-cycle architecture, fuel form strongly constrains both neutronic feasibility and achievable thermohydraulic262

performance. Table 5 summarizes the principal fuel classes considered here. ese options are evaluated assuming an outer263

reactor diameter compatible with the observed fuselage width of roughly 85 cm.264
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Table 4. Properties of various cycles coupling reactors to propulsors. “Safety” is used here as an inclusive term indicating
safety to ground personnel as well as fission product leakage hazards during flight. e mass hierarchy is for small engines
(<10 MWth), and does not hold for very large systems.

Cycle & Coolant Mass Exhaust Rad. Power Conv. Eff. Complexity Safety
Direct cycle (solid fuel) + - - low very poor
Indirect cycle (liquid fuel) - + + high poor
Indirect (molten metal or salt coolant) - + + moderate good
Indirect (helium coolant) - + ++ high good

Table 5. Table of direct cycle fuel options for the Burevestnik turbojet. In referring to criticality limitations, we are
assuming a system outer diameter which can fit within the observed Burevestnik fuselage width of around 85 cm. e
GE-ANP program tested CERMETS (NiCr+UO2 and BeO–UO2 ceramics), while the NERVA and equivalent Soviet nuclear
thermal rocket program tested graphite composite fuels and carbides.

Fuel Material Coat/Clad Notes
SiC-matrix composite None Small critical dimensions, excellent thermal properties
SiC-matrix particle None Improved FP retention, but lower fissile loading than composite fuel
CERMET Coating Criticality limited in assumed geometry w/o exotic matrix material
BeO-UO2 dispersion None Criticality requires high U fraction, compromising material properties
Graphite composite Coating Criticality limited in assumed geometry, likely poor durability
UN, UC, etc pellet Clad Requires cladding, geometry therefore poses heat transfer issues

3.5.2 Neutronic and Thermohydraulic Considerations265

For a direct-cycle engine, the dominant geometric tradeoff is the core open fraction. Increasing open fraction permits greater266

airflow and lowers pressure drop, but it also removes fuel-bearing volume and makes criticality more difficult to achieve.267

To bound this trade space, we modeled a representative Burevestnik reactor in OpenMC using a right-circular cylindrical268

core populated by hexagonal fuel elements with cylindrical axial flow channels. is configuration follows the general form269

of historical air-breathing nuclear propulsion reactors such as HTRE-2, Tory-IIA/C, and XNJ-140, as well as more recent270

conceptual studies9.271

Both fast-spectrum and thermal-spectrum variants were examined. ermal cases used YH1.5 moderation, whereas all272

designs employed a 10 cm BeO reflector and eight B4C control drums in order to represent an optimistic but plausible upper273

bound on neutronic performance. Criticality was evaluated with all control elements in the fully withdrawn position. To274

ensure adequate margin for fuel burnup, we require ke f f = 1.05.275

e design variables explored were core diameter, open fraction, fissile isotope (235U, 233U, or 239Pu), fuel composition (see276

table 5). For each neutronic configuration, we use thermo-hydraulic and engine-cycle modeling tools to estimate the optimal277

flowpath L/D ratio, core pressure drop, specific thrust, and overall thermal efficiency. e propulsion model assumed an278

6Al-4V compressor and Inconel-738 turbine, which are common material choices for modern turbomachines. is combined279

approach identifies the subset of reactor designs capable of satisfying the propulsion requirements established in Section 3.2.280

We found that fast-spectrum cores are generally superior for this application because they devote more of the available281

volume to heat-producing fuel rather than moderator. e resulting reference geometry is shown in Figure 8, and the overall282

fast-spectrum trade space is summarized in Figure 9.283

We found that ANP-style 235UO2-BeO fuel cannot achieve criticality within the volume available. A UO2-BeO dispersion284

design becomes feasible in this size regime only with 233U, a fissile material for which Russian stockpiles are believed to be285

limited. By contrast, a 95% enriched 235UN-SiC dispersion fuel can maintain criticality for core masses below 500 kg. is286
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Figure 8. Using OpenMC, we modeled the Burevestnik reactor as an inline direct cycle system (similar to the cores used in
historical direct-cycle air-breathing propulsion engines). is graphic demonstrates the layout of the engine with a fast-flux
overlay (mesh tally) from a ke f f search performed as part of parameter-space investigations. ough only a fast-reactor
layout is shown here, we explored both fast reactor cores with SiC−UN fuel and thermal reactors using Y H1.5 moderation.
e fast and thermal flux source terms from these Monte Carlo simulations were used to determine shielding and air
activation.

makes SiC-matrix nitride fuel the most credible HEU-based option among the candidates examined.287

Other fuel systems, including some CERMET variants, may approach the same lower mass bound, but SiC remains288

aractive because it combines good manufacturability, favorable neutronics, and oxidation resistance at temperatures above289

1400 K. If 233U or 239Pu were available, the feasible open fraction would increase further, exceeding 70% for the SiC-based290

designs considered here.9291

3.5.3 Reference Reactor for Detailed Analysis292

For the detailed thermohydraulic and engine-performance calculations below, we adopt a representative point near the293

middle of the feasible design space shown in Figure 9. is reference reactor has a 50 cm core diameter, a 70 cm reflector294

outer diameter, and a 50% open fraction. For a 235U-fueled system this choice lies near the upper open-fraction limit allowed295

by criticality, while still remaining comfortably within the measured fuselage dimensions.296

is reference design is not intended as a reconstruction of the actual reactor, but rather as a plausible and relatively297

conservative design point within the admissible parameter space. It provides a consistent basis for estimating reactor pressure298

loss, achievable heat transfer, and overall propulsion performance.299

9Using 233U in lieu of 235U allows critical configurations using 80%-wt-233UO2 in UO2-BeO dispersion fuel. is represents performance somewhat
beer than a 235U-SiC core. As UO2-BeO has been used and characterized extensively in air-breathing nuclear propulsion studies dating to the 1950–1960s,
a 233UO2-BeO core could be a safe option from an R&D risk perspective, though extremely expensive.
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Figure 9. We bound the design space for a fast-spectrum, direct cycle propulsion reactor using neutronic and
thermohydraulic modeling. We have highlighted the likely parameter space for a HEU-fueled Burevestnik core, and ploed
the open-fraction/diameter specification of the reactor we use for subsequent modeling tasks. e design space is bounded in
the low-open-fraction limit by thermohydraulic considerations. is constraint is set by the choking condition for inviscid
flow with heat addition (Rayleigh flow). e curve shown has been drawn for a reactor with an outlet temperature of 1400 K,
with a thermal power in intervals of 3, 6, and 9 MWth. ese are roughly appropriate for a 3400 kg cruise missile for
sea-level cruise, climb, and maneuver respectively. At the high-open-fraction limit, the design space is bounded by criticality
limitations for each fissile fuel choice. We model the core in OpenMC as containing hollow hexagonal prisms of SiC-UN or
SiC-PuN fuel, with a 10 cm circumferential BeO reflector and eight boron carbide faced control drums. e compressor and
turbine have been modeled as homogenized 6AL-4V titanium and Inconel 738, respectively. e OpenMC k-effective search
module was used to evaluate the maximum open fraction for each core diameter.

3.5.4 Heat Transfer and Component Efficiency Assumptions300

For a given reactor design, engine performance depends strongly on heat-exchanger performance, compressor efficiency,301

turbine efficiency, and pressure loss through the reactor itself. Although the underlying Brayton cycle is the same as in302

a combustion-heated turbojet, nuclear-heated systems differ in one important respect: the pressure recovery through the303

reactor is much poorer than through a conventional combustor. Standard gas-turbine cycle models are therefore not directly304

applicable, and we instead use a dedicated modeling framework for direct-cycle nuclear turbojets.305

Based on a review of compact axial turbomachinery representative of current technology, we adopt isentropic efficiencies306

of:307

ηc = 85.4%–82.8%, ηt = 81.4%–78.8%

over the pressure-ratio and turbine-inlet-temperature range of interest (1400–1600 K). ese values are intended to represent308

the performance realistically available to a compact missile-scale system.309

To model pressure losses in the reactor, we follow Landram’s treatment of one-dimensional, steady compressible flow310

with friction and uniform wall heat flux45. A simple Rayleigh-flow approximation is insufficient because wall friction is311
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significant in the narrow heated channels of a direct-cycle core. Landram expresses the evolution of the squared Mach312

number, y = M2, as a function of the stretched axial coordinate ξ = 4 f x
Dh

:313

dy
dξ

=
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1+ γy
1
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]
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2 y]
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Here the subscript “1” denotes inlet conditions and “o” denotes stagnation conditions. e friction factor f is treated as a315

free parameter and is taken to be approximately 0.01 for ceramic fuel channels in the Reynolds-number regime of interest,316

consistent with earlier nuclear propulsion studies1. e expected range here is approximately Re ≈ 10,000–200,000.317

3.5.5 Flowpath Optimization and Pressure Recovery318

Using this wall-heated flow model, we calculate pressure, velocity, and temperature distributions along a representative319

reactor channel. For the fixed-open-fraction reference core, the flowpath L/D ratio is then varied to maximize specific320

thrust at sea-level cruise inlet conditions (M = 0.79). is procedure is repeated over a range of maximum turbine inlet321

temperatures to evaluate sensitivity.322

e results indicate that specific thrust is only weakly sensitive to the exact reactor pressure recovery factor, with323

performance peaking near a recovery factor of 0.86–0.88 for the assumed reference design. is corresponds to channel324

L/D values of approximately 160–180, or physical channel diameters on the order of 3–5 mm for a 70 cm reactor. ese325

dimensions are consistent with existing prismatic fuel-element manufacturing approaches, especially if the fuel is segmented326

axially.327

is result supports two conclusions. First, a reactor within the inferred Burevestnik size envelope can transfer the328

required heat to the airflow at cruise. Second, the fuel geometry needed to achieve that performance is manufacturable using329

established high-temperature reactor fabrication concepts. Additional details of these calculations are provided in Figure 12330

in Appendix B.331

3.5.6 Resulting Cruise Power Requirement332

e cycle calculations imply that a Burevestnik-like nuclear turbojet requires approximately 1200–1300 kWth per kN of thrust333

at cruise for fuel temperatures in the range 1200–1600 K. Combining this with the thrust requirement inferred from Figure 6334

yields an estimated cruise reactor power of335

4.3±1.3 MWth.

is estimate is based on the median inferred system mass and is intended to characterize the sustained cruise condition,336

which is the dominant operating point for the vehicle. Higher power would likely be required for climb, altitude changes, or337

aggressive maneuvering, but those cases may be met in part by hybrid chemical augmentation rather than by increasing338

reactor design-point power.339

3.5.7 Powerplant Conclusions340

Taken together, the neutronic, thermohydraulic, and engine-cycle results indicate that the most plausible Burevestnik341

powerplant is a compact direct-cycle nuclear turbojet using a ceramic-fueled, fast-spectrum reactor. Within the available342
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fuselage diameter, this architecture offers the best combination of low system mass, acceptable flow capacity, and achievable343

criticality; alternative indirect-cycle concepts appear substantially less compatible with the inferred size and power constraints.344

For the estimated vehicle mass and drag characteristics, the propulsion system would require about 3.45±0.99 kN of345

cruise thrust and a mean cruise reactor power of roughly 4.3±1.3 MWth, with significantly higher power needed for climb346

and maneuver. ese results imply that the reactor must be sized to sustain cruise on nuclear heat alone if the system is to347

achieve effectively unlimited range. However, the projected maneuvering power requirement does not necessarily compel348

the use of a chemical interburner, since a sufficiently aggressive direct-cycle core may be capable of meeting at least part of349

that demand without chemical augmentation.350

More broadly, our analysis narrows the range of credible propulsion interpretations. In particular, while other layouts351

such as turbofans or indirect-cycle systems may remain marginally feasible under more optimistic assumptions, a subsonic352

nuclear ramjet appears highly unlikely. Given the poor efficiency of ramjets in this flight regime and the limited reactor353

volume available, such a system would require power density and heat-transfer performance well beyond what is plausible354

for a Burevestnik-sized airframe.355

Finally, these design conclusions carry an important radiological implication: the same compactness that favors a direct-356

cycle turbojet also limits the shielding mass available to suppress air activation and other operational source terms. e357

inferred propulsion architecture is therefore not only the most plausible from a reactor-design standpoint, but also one358

consistent with the substantial airborne radiological signature examined in the following section.359

3.6 Powerplant Signatures360

e operation of nuclear propulsion systems within the atmosphere will generate a radioisotopic trace from three sources:361

activated air, activated structural material released by erosion, and—for direct-cycle systems—fission products escaping362

from the fuel. In this paper, we quantify only the first of these. Fission-product release is likely important, especially for363

noble gases, but depends strongly on fuel form, temperature, and geometry.10 Likewise, estimating signatures from eroded364

structural materials would require design details that are not presently available. e analysis below therefore focuses on365

activation products generated in air.366

To estimate this source term, we modified the OpenMC reactor models developed for the neutronic design study. We adopt367

the same representative reactor geometry used in the preceding section: a 50 cm core diameter with 50% open fraction. We368

examine both fast-spectrum (SiC-UN) and thermal-spectrum (YHx-moderated UN) reactors, each in direct- and indirect-cycle369

form, giving four total cases. e direct-cycle models retain the full core-flow geometry described earlier; the indirect-cycle370

models omit the compressor and turbine materials and do not model a coolant. In the direct-cycle cases, the core flow is371

represented as atmospheric air at 1400 K and 15 atm.372

Each model is surrounded by a variable mass of 6LiH treated as idealized 4π neutron shielding, spanning 0–1000 kg, and373

then by a 10 km spherical volume of STP air to capture neutron leakage into the atmosphere. We tally the principal activation374

reactions—including (n,γ), (n,2n), and (n, p)—in both the surrounding air and, for direct-cycle cases, the air passing through375

the core. e resulting isotope production rates are listed in Table 6.376

ese simulations indicate that both direct- and indirect-cycle reactors would produce a detectable atmospheric activation377

signature at MW-scale power. Across the shielding range considered, total activation exceeds roughly 5 TBq per MW-hr in378

all cases. e dominant short-term signature is 41Ar, which accounts for at least 95% of the activity one hour aer production379

and should remain detectable for many hours. Longer-lived products such as 85mKr and 14C are produced in smaller quantities380

but may also be useful tracers.381

e fast-spectrum design generally produces the larger total activation signal in the surrounding air. However, activation382

of the direct-cycle core flow is lower for the fast reactor because high-energy neutron capture cross sections are smaller.383

Although we did not explicitly tally the spatial distribution of production, the simulations indicate that most activation occurs384

10In any case, it is highly likely that the bulk of the noble-gas fission product inventory will leak during operation.
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Table 6. OpenMC simulations allow the estimation of activation products resulting from nuclear flight. is table presents
those with half-lives long enough to act as viable detection signatures, with values are given as a function of 6LiH shielding
mass surrounding the reactor in 4π . All values are reported as Bq of product produced per MW-hr. e “core flow” value
represents production in the air flowing through the reactor core in a direct cycle design at 15 atm and 1400 K. We have
excluded very short half life and low total activity isotopes unlikely to be detected. Note: Due to cross-section inconsistencies,
we have excluded 13N and 35S.

14C 37Ar 39Ar 41Ar 79mKr 83m2Kr 85mKr 125Xe

Shielding 5730 y 35 d 303 y 1.81 h 50 s 1.83 h 4.48 h 16.9 h

None 2.86E+08 1.76E+09 1.67E+04 3.15E+13 1.24E+10 9.62E+10 2.69E+09 1.45E+08
250 kg 6.73E+07 4.11E+08 5.41E+03 7.33E+12 2.95E+09 2.25E+10 6.48E+08 3.38E+07
100 kg 9.55E+07 5.74E+08 3.86E+03 1.02E+13 4.40E+09 3.36E+10 1.00E+09 4.88E+07
500 kg 5.47E+07 3.35E+08 3.15E+03 5.97E+12 2.36E+09 1.80E+10 5.09E+08 2.71E+07
1000 kg 5.21E+07 3.20E+08 3.01E+03 5.69E+12 2.21E+09 1.71E+10 4.88E+08 2.57E+07
Core flow 4.80E+05 2.36E+06 2.23E+01 4.25E+10 1.92E+07 1.14E+08 4.68E+06 1.55E+05

None 4.29E+08 2.64E+09 2.48E+04 4.70E+13 2.01E+10 1.54E+11 4.52E+09 2.26E+08
100 kg 1.65E+08 1.04E+09 9.82E+03 1.86E+13 8.19E+09 6.20E+10 1.85E+09 9.02E+07
250 kg 9.87E+07 5.99E+08 5.63E+03 1.07E+13 4.76E+09 3.56E+10 1.07E+09 5.17E+07
500 kg 8.02E+07 4.88E+08 4.59E+03 8.71E+12 3.86E+09 2.89E+10 8.75E+08 4.19E+07
1000 kg 3.89E+07 2.35E+08 2.21E+03 4.20E+12 1.88E+09 1.40E+10 4.22E+08 2.03E+07
Core flow 2.15E+05 1.13E+05 1.04E+00 4.23E+09 4.84E+06 3.81E+06 1.51E+06 4.76E+03

Th
er

m
al
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within roughly a kilometer of the vehicle. Overall, these results suggest that atmospheric air activation alone would provide385

a substantial and persistent signature for a Burevestnik-like nuclear propulsion system.386

4 Strategic Implications387

Open-source information about the basing, readiness posture, command-and-control plans, and intended strategic purposes388

are extremely limited. We can speculate as to possible strategic implications based on the physical characteristics of the389

system. Most notably, as a nuclear-powered system, it has the potential for extreme flight duration and thus range. is390

could allow the missile to travel along circuitous flight paths to help evade radar and make missile interception difficult. Long391

duration flight could also allow for early launch during periods of strategic warning, reducing or eliminating counterforce392

options of Russia’s adversaries. e same could also be framed as a delayed-aack option, such as a dead-hand-like system in393

the event of leadership decapitation. ese are all speculative.394

What Burevestnik does not do is obviously transform Russia’s ability to conduct nuclear strikes or overcome its deterred395

state by giving Russia a decisive advantage. Russia already fields a large and diverse strategic nuclear force that includes396

intercontinental ballistic missiles, submarine-launched ballistic missiles, and . Despite the recent degradation of Russia’s397

strategic arsenal, existing and near-future missiles, bombers, and both air- and sea-launched cruise missiles. Even though398

some of these systems have seen stress or degradation in recent years, and even though the United States has deployed399

increasing missile defenses, experts do not assess that there is an imminent collapse in Russia’s ability to inflict a deterring400

second strike.?401

e rationale for developing Burevestnik is thus twofold. First, hedging against future missile defenses by improving on402

what Russia already achieves with traditional cruise missiles, namely approaching from unexpected azimuths, terrain hugging403

for long periods of time, and other strategies that complicate tracking but are fuel inefficient. e nuclear propulsion system404

allows Burevestnik to implement these strategies more comprehensively. But this should not be overstated: the Burevestnik405
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does not appear to incorporate any novel design features which decrease its detectability below that of conventionally-406

powered cruise missile in the field of view of a radar system. Indeed, its large size may create additional signal. Because it407

appears to rely on solid rocket boosters, its launch may be visible to space-based infrared sensors, which can queue a variety408

of tracking modalities such as radar moving-target indication. If Burevestnik is detected and tracked by some means, the409

subsonic flight envelope means Burevestnik is subject to interception.410

e second logic appears to be psychological. Burevestnik descends from a long-line of “prestige weapons,” including411

Avangard and Poseidon. ese systems are build on the legacy of psychological deterrence going back to Tsar Bomba.412

Because they provide genuinely novel effects, they can instill fear in the adversary—even if those capabilities are not decisive413

or practical.414

e extent to which Burevestinik will manifest these gains is an open question. While it is true that reactors provide415

enormous fuel density, they do not enable truly indefinite flight. Reactors will eventually burn enough fuel to lose reactivity,416

and materials will eventually degrade to limiting conditions—likely long before the fuel is exhausted. In particular, radiation417

damage such as radiation-assisted creep46, embrilement, or void formation can occur to structural materials in the core,418

engine turbine, and airframe. ese phenomena will limit the mechanical lifetime of the missile. Radiation damage to419

electronics may also limit the functional life of command and control systems. Finally, the exhaustion of consumables (e.g.,420

lubricants, chemical fuels), including the damage of these consumables by radiation, is also a consideration. We still assess421

the vehicle is likely able to fly for tens to hundreds of hours, sufficient for basic radar-evasion tactics, but these limitations422

will curtail loiter-based tactics.423

e strategic-stability consequences of long-duration flight are mixed. To the extent that such a capability improves424

Russia’s ability to penetrate missile defenses and preserves its retaliatory strike, the weapon can be argued to be stabilizing425

within theories that treat mutual vulnerability or assured second-strike capability as central to deterrence. At the same time, a426

weapon whose flight path and arrival time are unknown may aggravate crisis instability by increasing fears of surprise aack,427

encouraging escalation in the face of uncertainty. If Burevestnik were launched early as a survivability measure—much428

like the dispersal of road-mobile missiles and submarines—such an action could serve as a clear deterrent signal to check429

escalation, but it could also heighten tensions and be interpreted as preparation for aack. On balance, the weapon’s effects430

on stability appear ambiguous rather than clearly stabilizing or destabilizing.431

Where Burevestnik presents a definite challenge is in testing and fielding of the system without an intention to aack.432

As shown, the operation of a direct-cycle nuclear propulsion system within the atmosphere will create sizable radioactive433

source terms resulting from air activation, erosion of activated structural materials, and diffusion of fission products out of434

the fuel. Even under the assumption of complete fuel encapsulation, operation and testing near human habitation poses435

hazards from airborne radionuclides. e risk of a crash is also significant—as demonstrated by the August 2019 Nyonoksa436

accident—with dramatic and long-lasting human health impacts. ese risks frame Russia as an irresponsible and dangerous437

actor even during peacetime, and they create incentives for population-protective interception of test articles that could, in438

turn, generate unintended escalation risk.439

While the Burevestnik is the only nuclear aircra claimed to be operational, it is unlikely to represent the totality of defense440

air-breathing nuclear propulsion R&D in Russia. Ultra-long-duration flight enables missions unachievable with conventional441

propulsion3,16. Beyond strike roles (as in the Burevestnik), missions in intelligence, surveillance and reconnaissance (ISR)442

may also benefit from such extreme persistence. is may enable the deployment of advanced radars, communication relays,443

or other high-power-requirement payloads for weeks or months without refueling. Given the proliferation of antisatellite444

capabilities, indefinite-duration systems may serve a useful role as pseudo-satellites, a way to rapidly deploy functional445

replacements for space-based capabilities that could be degraded or lost early in a conflict. Burevestnik is likely to be seen as446

a stepping stone to broader aerospace nuclear capabilities.447
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5 Conclusions448

Based on planform, we assess that Burevestnik flies at high-subsonic speed. Aerodynamic and engine cycle modeling suggests449

that the Burevestnik most likely uses an inline, direct-cycle nuclear turbojet with a turbine-inlet temperature in the range of450

1200–1600 K. However, we cannot conclusively state whether the system is direct or indirect cycle, or narrow down fuel451

choices between CERMETs or ceramics. Based on heat transfer and flight regime limitations, it is almost certainly not a452

ramjet. In this configuration, heat would be supplied by a compact reactor with a core diameter of around 50 cm. At cruise,453

we estimate achievable reactor thermal power of 4.3±1.3 MWth, with peak power demand during climbing and terminal454

maneuvering exceeding 15 MWth, which may require chemical thrust augmentation. In all designs, we find that neutrons455

escaping the reactor and being captured in air will generate a significant radioactive trace, at least 5 TBq per MW-hr of456

activation products alone (exclusive of any leaked fission products or activated structural materials).457

Taken as a whole, Burevestnik does not appear to be a strategic game-changer, nor is there evidence that it gives Russia458

a decisive new warfighting advantage beyond the retaliatory capability provided by its existing nuclear forces. Its most459

plausible significance lies instead in the margins: as a hedge against future missile defenses, a psychologically potent “prestige460

weapon,” and a potentially useful niche capability for complicating warning, tracking, and defense planning. ose effects461

are real enough to merit aention, but they do not obviously overturn the basic structure of deterrence or strategic stability,462

and its net consequences remain ambiguous. e most serious issue may be that nuclear-powered cruise missile introduces463

unusual peacetime risks arising from environmental and political hazards associated with testing, accidents, and recovery of a464

flying nuclear reactor with no containment. In that sense, Burevestnik is best understood not as a revolutionary weapon, but465

as a costly, hazardous, and symbolically charged system with the potential to kick off a broader aerospace nuclear-propulsion466

race.467

21/29



A Drag Workup Validation468

We benchmarked the Delta Method for cruise missiles by applying this drag buildup procedure to the AGM-109A / BGM-109A469

/ TLAM airframe using published data on the planform, airfoil, mass and propulsion system47. As shown in 10, the agreement470

is excellent between flight measurements and the Delta Method, which tends slightly conservative (underestimates CL/CD).471

To provide an additional benchmark using a heavy cruise missile using a supercritical airfoil, we repeated this workup472

procedure for the Boeing Long Range Conventional Strike Weapon (LRCSW) entrant using the wing, body and airfoil data473

presented in Feifel and Kerkam42. In this case, the method slightly under-predicts zero-li drag at design Mach by around 6%474

( CDmin−Delta = 0.0382,CDmin−meas = 0.0401), but accurately captures the shape of the drag polar to high CL values.475

Table 7. Drag workup inputs for the TLAM from Craig47 and Lewis48 (le), and Burevestnik (right). Note that for the
Burevestnik, Swet−body has been estimated from our CAD model, and may vary based on empennage design. We establish an
upper limit by assuming the maximal case in which the empennage has the same cross-section as the canister interior, and
does not taper.

Factor Value (TLAM)
Swet−wing 2.23 m2

Swet− f use 9.12 m2

Swet−tail 0.84 m2

ARwing 5.74
Fineness ratio 9.73
Wingspan 2.59 m
Wing mean chord 0.43
Sweep angle 0◦

Wing, tail T/C 8.2 %
Vert. stab. length 0.42 m
Horz/Vert stab mean chord 0.25 m
Horz/Vert. stab sweep 0◦

Vert. stab. length 0.42 m

Factor Value (Burevestnik)
Swet−wing 5.59 ±0.83 m2

Swet− f use 21.40 ±4.3 m2

Swet−tail 2.22 ±0.39 m2

ARwing 9.25 ±.56
Fineness ratio 10.79 ±1.9
Wingspan 5.60 ±0.18 m
Wing mean chord 0.595 ±0.02 m
Sweep angle 14.8 ±3.8◦

Wing T/C 6.46 ±.015 %
Vert. stab. length 1.18 ±0.16 m
Horz/Vert stab mean chord 0.393 ±0.16 m
Horz/Vert. stab sweep 18.6 ±3.5◦

Horz. stab span 2.38 ±0.24 m

B Measurement of Airspeed using SRB Exhaust Disturbances476

During the flight video, frame-by-frame viewing shows irregularities in the solid rocket booster exhaust which appear as puffs477

of black vapor. Literature suggests that for most solid rocket boosters, the plume is close to fully mixed and in equilibrium478

with the surrounding atmosphere aer 50-80 nozzle diameters. Under the assumption of a 10 cm nozzle 11, the exhaust479

should be static with respect to the surrounding air by the time it is approximately 5-8 m behind the aircra. Prior work480

has established the length of the missile as approximately 9.5 m. erefore, by tracking the movement of these puffs from481

frame to frame (once they are beyond this mixing distance), and using the fuselage as a ruler, we can estimate the airspeed482

of the missile. Using this analysis technique on the best series of frames (953–955), we arrive at an airspeed estimate of483

0.79±0.13 M, as shown in 11. Averaging subsequent measurements in which we only have two data points, we arrive at an484

airspeed estimate of 0.83±0.28 M. ese values are entirely consistent with the missile planform and phase of flight shown485

in the video. It should be noted that we are performing these estimates assuming no video-speed manipulation, and that the486

plume is fully in equilibrium during the measured frames.487

11is cannot be easily measured in the images available, and is based on comparison to similar solid rocket boosters in the 500 kg thrust class
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Figure 10. Left: To establish the consistency of the Delta method when applied to modern cruise missiles, we benchmarked
our procedure and code using the published AGM-109A (equivalent to BGM-109A/TLAM-N) drag polar from Kuchta et al49.
As can be seen in the figure, the calculated and measured drag polars are highly consistent before buffet onset (horizontal
line). Right: Using the drag polar and knowledge of the system mass, we can extract thrust requirements for the maneuvers
identified in Feifel and Kerkam. is has been performed as a benchmarking exercise for the TLAM-N to verify the
applicability of the method to Burevestnik. As can be seen in the plot, the missile has sufficient thrust for the mission, but is
only capable of performing a steep terrain avoidance maneuver with less than 2/3 fuel load.

C Reactor Neutronic and Thermohydraulic Modeling Assumptions488

Based on airframe measurements, we estimate a reactor core of no more than 64 cm in diameter, assuming a 10 cm thick489

beryllium oxide external reflector. is yields a total outside diameter of 84 cm, without accounting for the engine casing.490

e goal of this modeling is to establish the limits of the reactor parameter space: our OpenMC simulations determine the491

upper limit of the core “open fraction,” 12 which is constrained by the need to create a critical assembly. e open fraction is492

limited on the lower edge by thermohydraulic limits imposed by flow choking. Our OpenMC simulations assume a simplified493

cylindrical core design with external boron carbide-faced control drums and a fixed-thickness reflector. e axial pass-through494

for the turbosha has been fixed as a 7.5 cm Be cylinder, as beryllium has excellent nuclear and mechanical properties, and495

has been used in prototype gas turbines50. We have modeled the compressor as a 6Al-4V titanium cylinder in front of the496

reactor, which has been homogenized to a representative density to approximate the length of a typical compressor (≈ 40 cm).497

e turbine is modeled as a similarly homogenized Inconel 738 cylinder behind the reactor.498

As lile information is available on the reactor fuel design, we bound the design space using two designs: a fast reactor499

using UN (or PuN)-SiC “CER-CER” fuel, and a thermal reactor design using yrium hydride (Y H1.8) moderator and UN (or500

PuN) fuel dispersed in SiC 13. In both cases, we model the core as consisting of hexagonal fuel elements with cylindrical501

flow paths composed of homogenized fuel, SiC matrix and moderator (if applicable). is perforated hexagonal element502

design follows HTRE-2, XNJ-140, TORY-IIA, TORY-IIC, and the designs proposed by Wen8 and Lu13. Based on a literature503

review of CER-CER fuels, the fuel:matrix volume ratio has been taken as 1:1 throughout this investigation for both fast504

and thermal designs. Note that fissile loadings of 235U,233U, and 239Pu have been used in Figure 9 and that all models use505

a reactor geometry of a right equilateral cylinder. We have selected these fuel and matrix materials based on maximizing506

neutronic and thermal performance. UN and PuN offer some of the highest fissile material densities for materials capable of507

12Which we define as the volume of the air flowpaths divided by the core volume
13To determine the optimal moderator to fuel ratio in the thermal design, an additional iterative criticality search step was performed for each reactor size

and open fraction increment.
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Figure 11. Exhaust disturbances observed in the solid-rocket booster plume have been tracked across multiple frames to
yield estimates of airspeed. Frames 953 and 954 are shown here for illustrative purposes, and airspeed estimates are
displayed with respect to frame number at right.

24/29



high temperatures. While other fuel and matrix/cladding material selections are possible, this material selection is highly508

neutronically efficient, and likely to be very near the lower limit for core size using currently-known materials.509

To estimate a reasonable range of values for the core open fraction, we have used OpenMC to iterate the open fraction at510

each reactor core diameter increment using the criticality search capability. In evaluating the limit on this parameter, we use511

a threshold of ke f f = 1.05, as the use of structural materials in the core, sensors and other engineering practicalities will512

erode the reactivity margin. All core components have been modeled at 1600 K, and the core air flow has been taken as dry513

1600 K air at 15 atm. e reflector and central reflector/turbine sha element have been modeled at 800 K.514

OpenMC modeling showed that the fast/intermediate reactor design had a considerably higher maximum open fraction515

than the thermal reactor design at all core sizes. For a 235U-fueled fast reactor using UN in a SiC matrix (50% UN by volume),516

the maximum open fraction is 52.5% for a 50 cm core diameter. Using 233U, the same 50% volume fast UN-SiC system is517

critical to 68.0% open fraction. e 239Pu-nitride-fueled core allows a 70.4% open fraction at the same diameter. While these518

open fractions are physically possible from a criticality standpoint, it should be noted that open fraction is also subject to519

manufacturing constraints. e TORY reactor program found that an open fraction of greater than 50% was not possible520

with their optimized flow path diameter of 0.249 in (6.32 mm). For flow paths in the near-optimal range for this reactor size521

(3-5 mm), manufacturing and structural constraints make open fractions above 60% likely unfeasible. As our models show522

that the fast reactor designs allow higher open fractions, the core diameter versus open fraction curves ploed in Figure 9523

use the fast reactor model only.524

One alternative design has been investigated, using BeO-UO2 dispersion fuel with 233U fissile loading. is design retires525

most of the material science risks, as BeO dispersion fuel with up to 80% UO2 by mass was tested in the ANP program with526

considerable success. In our simulations, this design shows open-fraction performance intermediate between the 235UN-SiC527

core 233UN-SiC cores. However, like all 233U cores, the cost of producing fissile material without excessive 232U would be528

exceptionally high. A HEU-fueled version would not be critical with a reasonable open fraction until a core diameter of529

greater than 70 cm, ruling it out as an option for the Burevestnik.530

In reactor air activation simulations, we have used the SiC-matrix core models described above, though with a geometry531

fixed at 50 cm diameter and 50% open fraction. As the leakage fraction varies by a few percent between the upper and lower532

limits of the reactor design parameter space, we do not anticipate that this reactor geometry choice will modify the results533

significantly.534

We have also conducted thermohydraulic analysis to determine the optimal flowpath geometry for a fixed open fraction.535

Using Landram’s treatment of wall-heated flow as detailed in 3.5.2, we evaluate the aspect ratio of channels with respect to536

pressure drop and overall cycle efficiency, as shown in Figure 12. For these calculations, we fix the maximum fuel surface537

temperature to the maximum turbine entry temperature (1200–1600 K) 14.538

ese calculations of optimal heat-exchanger pressure recovery can be used to estimate the efficiency of the Burevestnik539

powerplant in converting heat to thrust. As the metric of thrust-specific fuel consumption (TSFC) is not meaningful for540

nuclear powered systems, we define an thrust efficiency metric of kWth/kN. e results of this analysis are shown in 12. In541

the analysis of thrust efficiency, we have fixed the reactor pressure recovery to the iteratively determined optimal value,542

and used cycle modeling tools to calculate the thrust efficiency metric with respect to turbine inlet temperature. We bound543

the performance envelope by using the upper and lower limits of turbine and compressor efficiencies identified in our prior544

literature review.545

14As the fuel elements are relatively small, the difference between fuel centerline and surface temperature is relatively small. Omiing this part of the
analysis has a small impact on the result
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Figure 12. Left: By varying reactor flowpath L/D, the influence of the reactor pressure recovery factor, πr , can be studied
with respect to specific thrust. To simplify analysis, we have fixed the turbine and compressor efficiencies at median values
of the le figure. e engine’s thrust per unit flow is highly sensitive to turbine entry temperature, and has limited
sensitivity to pressure recovery factor. e nozzle diameter assumed here is 35 cm, within the range of possible values given
observations of the Burevestnik.Right: e conversion of thermal energy to thrust in combustion-powered turbomachinery
is generally characterized by thrust-specific fuel consumption (TSFC). For a nuclear propulsion system, this metric is not
meaningful, and can instead by stated as thrust per unit of thermal power (kWth/kN). As shown here, the efficiency of this
conversion is highly sensitive to turbine entry temperature and weakly sensitive to compressor and turbine efficiencies.
Based on reactor material constraints, we anticipate a turbine entry temperature of several hundred kelvin lower than the
maximum fuel centerline temperature.
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