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Abstract

We study the expansion of a rocket exhaust plume in the direction perpendicular to the rocket motion.
We compare numerical calculations with a self-similar approximation for a strong cylindrically sym-
metric explosion and show that, if the rocket velocity V∞ is high enough and exceeds the sum of the
exhaust gas velocity Ve and the sound velocity Vs (V∞ > Ve + Vs), a gasdynamic hole may be formed
for a short time around the rocket flight trajectory in the upper atmosphere, where the plume-gas
concentration is less than the ambient-gas concentration at a given altitude. We calculate the density
and temperature profiles of the transversal plume expansion.
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1. Introduction

Typical values of the pressure of combustion products on a cut of a nozzle of the rocket engine
operating in the upper atmosphere are ∼0.005 MPa. Since the ambient-gas pressure on heights above
120 km is < 10−2 Pa, the underexpansion factor n = Pe/P∞, i.e., the ratio of the gas pressure at the
nozzle edge to the ambient-gas pressure may achieve a value ∼105–107. Such a ratio of the gas pressures
should lead to phenomena typical of the strong explosion in the direction perpendicular to the rocket-
motion direction, namely, the formation of strong shock waves and the gas expansion with velocities up
to 3–5 km/s.

A rocket plume may be schematically divided into three regions (Fig. 1). Region 1 is the closest to
the rocket with a complex structure of the shock waves. This region can extend to several kilometers.

Region 2 is the region of cylindrically symmetric explosion where the pressure of fuel combustion
products is still much higher than the ambient-gas pressure, Pp � P∞. It is characterized by an almost
free gas expansion in the transversal direction and may occupy from tens to hundreds of kilometers.

In region 3, where the pressure of combustion products becomes comparable with the ambient pres-
sure, Pp ≈ P∞, the diffusive processes prevail along with the mixing of all gas components. This region
may extend to hundreds of kilometers.

∗The last paper of Alexander Molchanov.
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Fig. 1. Structure of a rocket plume in
the upper atmosphere: region closest
to the rocket (1), region of cylindrically
symmetric explosion, Pp � P∞ (2),
and region of the sound perturbations
and diffusive mixing with the ambient
gas, Pp ≈ P∞ (3).

Region 1 was studied in detail in [1–3]. In this work, we investigate the rocket-plume structure in
region 2. The plume radial expansion in this region was described in [4] with the help of self-similar
solutions for a cylindrically symmetric point-like explosion. It should, however, be noted that the self-
similar solutions are not appropriate for an accurate description of large central parts of the plume and
large parts of the space where the ambient-medium pressure must be taken into account. Therefore, we
must perform numerical calculations based on 3T 1D gas dynamic equations in a cylindrically symmetric
geometry in order to describe in detail the motion of combustion products.

The nonstationary problem of cylindric explosion and the problem of stationary streamline flow of
bodies are closely related by a common principle of the plane cross-sections [5]. If a body moves with
Mach numbers M∞ � 1, the pulse that is transferred to the ambient gas is concentrated in the plane
perpendicular to the body motion.

A supersonic jet in a wake hypersound underexpanded flow may also be considered as a streamline
flow of a body with the characteristic transversal R and longitudinal X dimensions [6]:
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where re and θe are the nozzle radius and the tilt angle of the exit gas velocity vector, γe and γ∞ are the
exhaust specific heat ratio, and Me and M∞ are the exit and ambient Mach numbers.

At large distances from the vehicle downstream x � X (Region 2 in Fig. 1), in a plane layer normal
to the jet axis, one can consider the gas transversal motion as independent of the motion along the
axis. To avoid gas overflow from the vehicle side along the jet axis, the longitudinal velocity of the
combustion products must be directed toward the rocket, with respect to the ambient gas, and exceed
the sound velocity, i.e., M∞ > Me +1. This condition is usually fulfilled when the rocket enters the upper
atmosphere; here the rocket velocity is ∼6 km/s, whereas the nozzle gas exhaust velocity is 2.5–3 km/s.
In what follows, we assume that Eq. (2) is fulfilled.

2. Model of Cylindrically Symmetric Explosion

For a point-like cylindrically symmetric explosion, where the ambient-gas pressure can be neglected,
the coordinate, velocity, and pressure of the gas immediately after the shock wave obey the self-similar
equations [5]: r = C1t

1/2, V = C2t
−1/2, P = C3/t, where C1,2,3 are constants determined by the initial

conditions. Time t of the explosion problem is related to the longitudinal coordinate x of the rocket
exhaust plume problem through the equation t = x/V∞.
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In order to estimate the fields of applicability of the self-similar solution, we compare it with numerical
calculations of the transversal rocket-plume expansion in cylindric geometry. In numerical calculations,
we assume that the exhaust plume is concentrated, initially, in a cylinder of the nozzle radius re, and the
density is determined from the exit gas velocity Ve and the known value of the fuel-consumption rate.
Figure 2 shows, as an example, the results of calculations of the position and velocity of the contact
surface motion for the Saturn IVB rocket-exhaust plume at an altitude of 250 km. The composition of
the combustion products was the same as in [7], i.e., 30% H2 and 70% H2O with an initial concentration
of 2 · 10−2 kg/m3 and temperature 1400 K. The density and temperature of the ambient atmosphere
were, respectively, 1 · 10−10 kg/m3 and 980 K.

Fig. 2. Temporal dependence of the contact sur-
face velocity Vc and coordinate Rc at an altitude of
250 km. The self-similar approximation is shown by
dashes.

From the calculations, one can see that the veloc-
ity of transversal plume expansion reaches ∼4 km/s
during the first few seconds, and the motion itself is
sufficiently accurately described by the self-similar ap-
proximation (3). But after 25 s of expansion, a strong
difference in the numerical solution, which takes into
account the ambient-gas pressure and the self-similar
approximation, takes place. It should be noted that in
our numerical calculations we did not consider the in-
fluence of the magnetic field of the Earth on the plume
expansion. In principle, this influence can be taken
into account for the ionosphere. The Reynolds mag-
netic number, in this case, is RM = 4πσ∞RcVc/c2, and
it can exceed unity if the specific electrical conductiv-
ity of the ambient gas in this region during the plume expansion is σ∞ ∼ 5 · 1011 s−1. This means that
despite the small value of the specific electrical conductivity in the plume, σp < σ∞, the time of plume
filling by the magnetic field tM = 2π(σ∞ + σp)R2

cc
−2 can be greater than the characteristic time of the

plume expansion. Nevertheless, the magnetic field does not affect the qualitative picture of density and
temperature distributions inside the plume because the magnetic-field pressure does not exceed a value
of ∼10−3 Pa.

The results of calculations of the density and velocity transverse profiles of the exhaust plume and
ambient gas motion at three time instants for the above-mentioned initial conditions are shown in Fig. 3.
From the calculations, we see that about 10 s after the rocket transit moment, near the rocket’s trajectory
axis, a specific region with decreased gas concentration is formed. We call this region the gasdynamic
hole. In contrast to the ionospheric hole, where the electron concentration decreases and can exist for
a few hours, the gasdynamic hole exists for a few minutes and is not connected with the presence or
absence of electrons.

Similar calculations were performed for the parameters of a plume produced by the second step of
the Proton-K rocket at an altitude of 150 km. The main components are 27% H2O, 31% CO2, and
34% N2 at the initial temperature 1500 K and nozzle dimensions ρe = 3.6 · 10−2 kg/m3, re = 1.5 m, and
Ve = 2.5 km/s, ρ∞ = 2.5 ·10−9 kg/m3, and T∞ = 800 K [8]. The qualitative distribution of densities and
velocities proved to be the same as in Fig. 3, but the radial and temporal scales decrease about threefold.
As in Fig. 3, one could observe, inside the gasdynamic hole near the contact surface, a comparatively
narrow ring-like structure with a heightened gas density; inside the plume axis, a comparatively low
temperature is maintained for quite a long time.
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a)

c)

b)

Fig. 3. Calculated cross-section profiles of the density,
motion velocity, and temperature of the exhaust plume
and ambient gas in 10 s with contact surface at 24 km (a),
in 50 s with contact surface at 37 km (b), and in 100 s
with contact surface at 26 km (c) after the rocket transit
at an altitude of 250 km.

The cross-section of the gasdynamic hole increases with altitude and can achieve about a hundred
kilometers. The plume cross-sections observed must be determined by the contact surface, but in many
experiments, at altitudes above 100 km, one can observe a fast transverse plume expansion with velocities
2–3 km/s, far beyond the calculated contact surface.

The formation of the condensed phase upon sharp expansion of the combustion products occurs
practically instantaneously behind the engine nozzle — at distances of 50–200 m from the nozzle [7, 12].
From our calculations, it follows that, if the condensed particles are in the combustion products, they
can be accelerated to speeds of 2–3 km/s in the transversal direction with respect to the direction of
the rocket movement only in the first seconds. The superposition of the rocket movement in the upper
atmosphere with a speed of �6 km/s and expansion of particles lead to the formation of characteristic
cone-shaped “clouds” that are observed under twilight conditions as a result of sunlight scattering on
disperse components of the combustion products (see Fig. 4). It is obvious that the corner at the cone
point is determined by the relation between the speed of the rocket movement and the radial speed of
disperse components.

3. Conclusions

The performed calculations of transversal expansion of the rocket exhaust plume products demonstrate
the complex internal structure of the plume in the upper atmosphere. In particular, we showed that near
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Fig. 4. Cone-shaped cloud of disperse particles observed in twilight conditions at a height of ∼140 km at the
launch of the “Minotaur” on September 23, 2005. The characteristic size of the cloud is ∼30 km.

the rocket trajectory, gasdynamic holes can be formed, in which the gas concentration is less than the
ambient-gas concentration, at a given altitude. In space, such regions should follow the rocket forming
a gasdynamic bubble whose cross-section increased with altitude. The total volume of this region with
decreased gas concentration can achieve 104–105 km3. By considering the composition of the rocket
exhaust plume and the conditions of its expansion in the second step of the Proton-K rocket, one can
notice that this composition, excluding an excess of water molecules, is almost an ideal medium for
the radiation amplification at a wavelength of 10.6 μm in a CO2 molecule. The excess fraction of the
absorbing water molecule can be compensated by the process of its condensation and withdrawal from
the plume during transversal expansion. In any case, it is of interest to investigate the intensity of this
line in the rocket plume.

References

1. J. S. Draper, F. Bien, R. E. Huffman, and D. E. Paulsen, AIAA J., 13, 825 (1975).
2. J. S. Draper and E. A. Sutton, J. Spacecraft, 10, 682 (1973).
3. F. P. Boynton, AIAA J., 5, 1703 (1967).
4. L. S. Ivlev and V. I. Romanova, Opt. Atmos. Okeana, 6, 458 (1993).
5. V. P. Korobeynikov, Problems of the Theory of Point Explosion [in Russian], Nauka, Moscow (1985).
6. G. A. Khramov and S. F. Chekmarev, Izv. Akad. Nauk, Ser. Mekh. Zhidk. Gaz, 4, 113 (1982).
7. B. J. C. Wu, AIAA J., 13, 797 (1975).
8. C. W. Allen, Astrophysical Quantities, University of London, The Athlone Press (1973).
9. V. V. Adushkin, S. I. Kozlov, and F. V. Petrov (eds,), Ecological Problems and Rocketry Risk Effects

on the Environment [in Russian], Ankil Press, Moscow (2000).
10. V. D. Karlov, S. I. Kozlov, and G. N. Tkachev, Kosm. Issled., 18, No. 2, 266 (1980).
11. Y. V. Platov, S. A. Chernouss, and M. J. Kosch, J. Spacecraft Rockets, 41, 667 (2004).
12. Yu. V. Platov, A. I. Semenov, and B. P. Filippov, Geomagn. Aeronom. (2010, in press).

414


	GAS DYNAMICS OF A ROCKET PLUMEIN THE UPPER ATMOSPHERE
	1. Introduction
	2. Model of Cylindrically Symmetric Explosion
	3. Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.66667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.66667
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


