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2.25 PROBLEM 1.9: DICUSSION AND SOLUTION 

Ain Sonin, MIT 

The net upward lift force on a helium-filled balloon under quasi-static conditions is 

L = (� � �He )gV �mg (1)air 

where �air is the density of the ambient air around the balloon, �He is the density of the 
helium inside the balloon, V is the balloon’s volume, and m is the total mass associated 
with the balloon, cargo, personnel, equipment, etc. In what follows, we assume that the 
atmosphere and balloon are at constant absolute temperature T, which is given, and the 
gases are perfect. Pressure and density are then related by 

pM 
� = (2)

RT 

where R is the universal gas constant (8.31 J/mol K) and M is the molar mass of the gas 
being referred to (0.029 kg/mol for air, 0.004 for helium). 

The hole at the bottom of the balloon prevents balloon rupture by ensuring that the 
helium pressure inside is the same as the air pressure just outside. Using (2) and pressure 
equality, we find the density of the helium inside the balloon as 

M He= 
Mair 

�air (3)�He 

For a balloon filled with helium at the local atmospheric pressure, (1) and (3) yield 

L = �1�

M� 

M He �
��airgV �mg (4) 

air � 

The atmospheric density distribution is 

�air (z) = �0e
�z H  (5) 

where �0 is the air density at sea level, z=0, and 

RT 

M
H = (6) 

airg 

is the e-folding distance�a characteristic thickness�of the atmosphere. Inserting (5) 
into (4), we find that for a helium-filled balloon, that net lift is 
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M� 
L = �

� 
1� 

MHe 
��0e

� z HgV � mg (7) 
air � 

where z is the balloon’s altitude. 

Equation (7) provides the lift force at sea level, where z=0, and also the altitude z0 at 
which the net upward force on the ascending balloon is zero: 

��� 
 �0V 
z0 = H ln 1� 

MHe 
� � . (8) 
m ��� Mair � 

As the balloon rises, the local ambient pressure drops and the pressure inside the 
balloon follows it. The helium inside expands as the pressure drops, and the excess flows 
out via the hole at the bottom and is lost to the atmosphere. Since the rising balloon has 
upward momentum, it will generally overshoot the equilibrium altitude z0 somewhat and 
find itself at the lower pressures where the net lift is negative. The balloon slows, stops, 
and begins descending. At the moment descent begins, the helium inside the balloon is 
trapped. The pressure increases as balloon descends and the helium trapped inside the 
balloon shrinks in volume, accumulating at the top of the balloon due to its buoyancy, 
and outside air is drawn in through the hole at the bottom to fill the void. The incoming 
air has the same density as the ambient atmosphere and is neutrally buoyant, causing 
neither upward nor downward net force. The trapped helium is the sole source of upward 
force, compensating in part for the downward force mg. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents suitable for reliable viewing and printing of business documents. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


