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Introduction 

 

This study was initiated after hearing about a hot air balloon accident described at our local 

balloon safety seminar on March 22, 2014, by Dr. Tom McConnell. The accident involved a hot 

air balloon descending on power lines as it attempted to land. What caught my attention was that 

the pilot described his propane levels in the fuel tanks as 15% in one tank and 10% in the other. 

My experience in flying hot air balloons is that when the fuel is that low the balloon does not 

respond as well as it does with higher propane levels, and the balloon performance can 

deteriorate  rather quickly at the lower propane levels. My balloon flight manual describes safe 

operating conditions with propane pressures of greater than 80 psig and less than 160 psig, with 

marginally safe  operations at from 60 to 80 psig, and unsafe operations at less than 60 psig. The 

flight manual also states, “Ensure that fuel pressure at start of flight will be adequate to allow for 

pressure decay during flight.” I have only flown with low propane conditions a few times, and 

these thoughts were based on what I remember. These flights were probably with vapor pilot 

light configurations. I did not monitor the propane pressure during these conditions as I was too 

busy flying the balloon. 

 

Most of my experience over the forty years of flying balloons has been in balloons with vapor 

pilot lights, as the balloon involved in the accident was described to have. In these balloons, the 

pilot light uses vapor delivered through a low-pressure hose from the top of the propane tank. 

The vapor evaporates from the liquid propane in the tank thus reducing the temperature of the 

propane due to evaporation. Liquid propane to the burners is delivered from the bottom of the 

tank through a metal tube inside the tank through a valve at the top of the tank and through a 

high-pressure hose to the burners. My flying experience since October, 2008, has been with pilot 

lights that run directly off the liquid delivered to the burners which is converted to vapor at the 

burner through a vapor converter and regulator; only one high-pressure hose is connected to the 

tank. This configuration should have a reduced impact on the liquid propane temperature in the 

tank since pilot-light vapor is not due to evaporation in the tank; temperature reduction of the 

liquid would only occur due to evaporation of the liquid in the tank to replace the fuel delivered 

to the burner and pilot. As the following development will suggest, the pilot light configuration 

could impact the properties of the propane and the performance of the balloon, especially at low 

propane levels. The main components of the fuel-burner system are shown at the end of this 

article. The propane tank is made out of 304 and 321 stainless steel. 

 

Hypothesis 

 

As propane is used to heat the balloon, evaporation takes place in the propane tank to replace the 

quantity of the liquid used, which causes the temperature and pressure of the liquid propane to 

decrease. As the liquid propane decreases during the operation of the balloon the amount of heat 

to evaporate the liquid is pulled from a smaller volume of liquid causing a more significant 
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impact on the temperature of the liquid and on the pressure in the tank. Vapor pilot lights would 

tend to further lower the temperature and pressure of the propane during the balloon flight. 

 

Calculations of Pressure-Temperature Characteristics of Propane Fuel During the Flight of 

a Hot Air Balloon Assuming Adiabatic Conditions for the Propane 

 

The following theoretical development is based on simple heat transfer calculations. (That is all I 

know how to do.) The concept is that if a gallon of liquid propane is removed from the tank to 

power the balloon, a gallon of vapor must be evaporated to fill the space vacated by the liquid 

requiring heat to be removed from the liquid. The pressure of the propane is determined by the 

temperature of the liquid and the vapor pressure characteristics of propane. The amount of heat 

removed from the liquid is dependent on the heat of vaporization and the mass of the propane 

evaporated. Note that the calculations only relate to evaporation inside the tank; evaporation at 

the burner is supplied by heat from the burner itself at the heat exchanger and does not impact 

the temperature of the liquid in the tank. In my initial set of calculations of the pressure-

temperature characteristics of the propane in the tank, I assume no additional heat is added to the 

liquid from other sources. I use the conditions of the balloon that I fly, that is, 15 gallon, stainless 

steel, propane tanks, which are the same tank sizes in the balloon involved in the accident.  The 

tanks have insulated jackets. As mentioned earlier, the pilot lights in my balloon run off of liquid 

delivered to the burner through  pilot converters. I don’t have data on vapor consumption by 

vapor pilot lights to consider in my calculations at this point. 

 

For the following calculations, the propane tank has a liquid volume (VL) – initial value of 15 

gal. – and vapor volume (VV) – initial value of 2.5 gal. As stated above, I assume an adiabatic 

process, no heat transfer from the outside to the propane.  I will calculate the tank pressure as the 

liquid is reduced in multiple steps of  ΔVL. As the liquid is reduced by ΔVL, the ΔVL is filled 

with vapor by evaporating the liquid; ΔVL = ΔVV. 

 

The energy ΔH required to evaporate the necessary liquid to replace the vapor is described by: 

 (1) ΔH = ΔVV  x ρV  x HV 

 

 Where ρV is density of the vapor 

  HV is heat of vaporization 

  ΔVV  is the volume of vapor necessary to fill the volume of liquid removed. 

The reduction in temperature of the propane ΔTP due to the evaporation is given by: 

 (2) ΔTP = ΔH / [(VL - ΔVL) x CPL x ρL +  (VV + ΔVV) x CPV x ρV] 

 

 Where CPL is the specific heat at constant pressure for the liquid 

  ρL is the density of liquid 

  CPV is the specific heat at constant pressure for the vapor 

  ρV is the density of vapor  
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I cycled through iterations of the calculations with ΔVL equal to one gallon per cycle, calculating 

after each cycle the new temperature of the propane and corresponding pressure in the tank
1
. The 

tank pressure can be determined from Pressure-Temperature data for propane obtained from 

NIST tables on the internet at: http://webbook.nist.gov/cgi/fluid.cgi?ID=C74986&Action=Page  

The Heat of Vaporization was obtained from “Handbook of Physics and Chemistry” published 

by the Chemical Rubber Publishing Co. (See Figs. 2 and 3). 

 

These data were fitted with second order polynomial regression trendlines in a Microsoft Excel 

spreadsheet  for use in the calculations; all of the equations fit the data with R
2
 values of at least 

0.9997. The parameters of interest: 

 (3) ρV = 0.0054 T
2
 + 0.0.2726 T + 10.446; (T in 

◦
C; ρV in kg/m

3
) 

  (4) HV = -0.0018 T
2
 – 0.271 T +89.623; (HV in cal/g) 

 (5) ρL = -0.0051 T
2
 – 1.3215 T + 528.56; (ρL in kg/m

3
) 

 (6) CPL = 2e
-5

 T
2
 + 0.0016 T + 0.5988; (CPL in cal/g-

◦
C for liquid) 

 (7) PV = 0.031 T
2
 + 1.9888 T + 69.151; (PV is absolute vapor pressure in psia) 

 (8) CPV = 3e
-5

 T
2
 + 0.0019 T + 0.4168; (CPV in cal/g-

◦
C for vapor) 

 (9) Teq = -0.0009 PV
2
 + 0.5418 PV – 32.61; (Teq is equilibrium temperature-

◦
C) 

For the following calculations, the volume units are gallons. 

 
Te mpe ra ture  

(F)

Te mpe ra ture  

(C)

He a t of Va p 

(c a l/gm)

30 -1.1 90.00

40 4.4 88.33

50 10.0 86.67

60 15.6 85.00

70 21.1 83.06

80 26.7 81.11

90 32.2 79.17

100 37.8 76.94

110 43.3 74.44  
 

Figure 1. Heat of Vaporization for Propane 

                                                 
1
 In actual flight the propane to the burners is delivered in short bursts of 1-3 seconds, with time between bursts of 

about 10 seconds or more depending on the flight requirements. It was not practical to simulate that degree of 

fidelity in the calculations.  ΔV of one gallon was chosen because that required only 14 cycles of calculations, and 

the thought was that the fidelity would be accurate enough given the assumption of  thermal equilibrium over the 

time it takes to withdraw one gallon during flight 

http://webbook.nist.gov/cgi/fluid.cgi?ID=C74986&Action=Page
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Liquid Phase Data

Data on Saturation Curve

Te mpe ra t

ure  (F)

Te mpe ra t

ure  (C)

Pre ssure  

(psia )

De nsity 

(kg/m3 )

Volume  

(m3 /kg)

Inte rna l 

Ene rgy 

(kc a l/g)

Entha lpy 

(kc a l/g)

Entropy 

(c a l/g*K)

Cv 

(c a l/g*K)

Cp 

(c a l/g*K)

Sound 

Spd.  (m/s)

Joule -

Thomson 

(F/psia )

V isc osity 

(uPa *s)

The rm.  

Cond.  

(W/m*K)

Surf.  

Te nsion 

(N/m)

Pha se

32.0 0 68.819 528.65 0.0018916 0.047587 0.047801 0.23901 0.37782 0.59816 884.63 - 0.002685 125.65 0.106000 0.010126 liquid

35.6 2 73.118 525.94 0.0019014 0.048776 0.049005 0.24335 0.37945 0.60178 871.59 - 0.0025211 123.09 0.104970 0.009867 liquid

39.2 4 77.615 523.19 0.0019113 0.049971 0.050216 0.24768 0.38111 0.60551 858.53 - 0.0023509 120.58 0.103960 0.009609 liquid

42.8 6 82.313 520.42 0.0019215 0.051174 0.051434 0.25201 0.38279 0.60933 845.46 - 0.0021738 118.14 0.102940 0.009352 liquid

46.4 8 87.219 517.61 0.0019319 0.052383 0.05266 0.25633 0.38448 0.61325 832.37 - 0.0019895 115.74 0.101940 0.009097 liquid

50.0 10 92.338 514.78 0.0019426 0.053598 0.053894 0.26064 0.38620 0.61729 819.26 - 0.0017974 113.39 0.100950 0.008843 liquid

53.6 12 97.676 511.91 0.0019535 0.054821 0.055136 0.26495 0.38794 0.62145 806.13 - 0.0015971 111.09 0.099960 0.008590 liquid

57.2 14 103.24 509.01 0.0019646 0.056052 0.056386 0.26926 0.38970 0.62573 792.98 - 0.001388 108.83 0.098980 0.008338 liquid

60.8 16 109.03 506.08 0.001976 0.057289 0.057644 0.27356 0.39148 0.63014 779.80 - 0.0011695 106.62 0.098008 0.008088 liquid

64.4 18 115.06 503.11 0.0019876 0.058535 0.058911 0.27786 0.39328 0.63470 766.59 - 0.000941 104.45 0.097044 0.007839 liquid

68.0 20 121.33 500.10 0.0019996 0.059787 0.060187 0.28216 0.39510 0.63941 753.36 - 0.0007015 102.32 0.096087 0.007592 liquid

71.6 22 127.85 497.05 0.0020119 0.061048 0.061472 0.28645 0.39694 0.64428 740.09 - 0.0004505 100.23 0.095138 0.007346 liquid

75.2 24 134.62 493.96 0.0020244 0.062318 0.062767 0.29075 0.39881 0.64932 726.78 - 0.0001869 98.17 0.094197 0.007102 liquid

78.8 26 141.65 490.83 0.0020374 0.063595 0.064071 0.29504 0.40070 0.65454 713.44 9.03E- 05 96.15 0.093263 0.006859 liquid

82.4 28 148.95 487.65 0.0020506 0.064881 0.065384 0.29934 0.40261 0.65997 700.06 0.000382 94.16 0.092336 0.006618 liquid

86.0 30 156.52 484.43 0.0020643 0.066176 0.066708 0.30363 0.40455 0.66562 686.64 0.0006897 92.21 0.091417 0.006378 liquid

89.6 32 164.36 481.15 0.0020784 0.06748 0.068043 0.30793 0.40651 0.67150 673.17 0.0010146 90.29 0.090506 0.006140 liquid

93.2 34 172.49 477.82 0.0020928 0.068794 0.069389 0.31224 0.40850 0.67763 659.65 0.0013582 88.39 0.089601 0.005904 liquid

96.8 36 180.91 474.44 0.0021078 0.070117 0.070745 0.31655 0.41051 0.68405 646.08 0.0017223 86.52 0.088704 0.005670 liquid

100.4 38 189.63 471.00 0.0021232 0.07145 0.072114 0.32086 0.41256 0.69077 632.46 0.0021088 84.68 0.087813 0.005437 liquid

104.0 40 198.65 467.49 0.0021391 0.072794 0.073494 0.32518 0.41463 0.69783 618.77 0.00252 82.86 0.086929 0.005206 liquid

Vapor Phase Data

Data on Saturation Curve

Te mpe ra t

ure  (F)

Te mpe ra t

ure  (C)

Pre ssure  

(psia )

De nsity 

(kg/m3 )

Volume  

(m3 /kg)

Inte rna l 

Ene rgy 

(kc a l/g)

Entha lpy 

(kc a l/g)

Entropy 

(c a l/g*K)

Cv 

(c a l/g*K)

Cp 

(c a l/g*K)

Sound 

Spd.  (m/s)

Joule -

Thomson 

(F/psia )

V isc osity 

(uPa *s)

The rm.  

Cond.  

(W/m*K)

Pha se

32.0 0 68.819 10.345 0.09667 0.12649 0.13745 0.56722 0.34188 0.41606 221.25 0.3114 7.4475 0.015742 vapor

35.6 2 73.118 10.970 0.09116 0.12700 0.13798 0.56672 0.34457 0.42046 221.02 0.3070 7.5071 0.015971 vapor

39.2 4 77.615 11.624 0.08603 0.12750 0.13851 0.56624 0.34728 0.42497 220.75 0.3027 7.5675 0.016204 vapor

42.8 6 82.313 12.310 0.08124 0.12801 0.13902 0.56578 0.35002 0.42962 220.44 0.2986 7.6288 0.016442 vapor

46.4 8 87.219 13.027 0.07677 0.12851 0.13954 0.56534 0.35279 0.43440 220.09 0.2946 7.6910 0.016684 vapor

50.0 10 92.338 13.777 0.07258 0.12900 0.14005 0.56492 0.35559 0.43932 219.71 0.2908 7.7543 0.016930 vapor

53.6 12 97.676 14.562 0.06867 0.12950 0.14055 0.56451 0.35841 0.44440 219.28 0.2872 7.8187 0.017182 vapor

57.2 14 103.24 15.383 0.06501 0.12999 0.14105 0.56412 0.36127 0.44963 218.80 0.2836 7.8843 0.017439 vapor

60.8 16 109.03 16.242 0.06157 0.13049 0.14155 0.56374 0.36415 0.45504 218.29 0.2802 7.9512 0.017701 vapor

64.4 18 115.06 17.139 0.05835 0.13097 0.14204 0.56337 0.36705 0.46062 217.73 0.2769 8.0194 0.017969 vapor

68.0 20 121.33 18.078 0.05532 0.13146 0.14252 0.56301 0.36998 0.46639 217.13 0.2738 8.0890 0.018244 vapor

71.6 22 127.85 19.058 0.05247 0.13194 0.14300 0.56266 0.37293 0.47235 216.48 0.2707 8.1602 0.018525 vapor

75.2 24 134.62 20.084 0.04979 0.13242 0.14346 0.56232 0.37589 0.47853 215.79 0.2678 8.2330 0.018813 vapor

78.8 26 141.65 21.155 0.04727 0.13289 0.14393 0.56199 0.37887 0.48493 215.05 0.2651 8.3077 0.019108 vapor

82.4 28 148.95 22.276 0.04489 0.13336 0.14438 0.56166 0.38185 0.49156 214.26 0.2625 8.3842 0.019412 vapor

86.0 30 156.52 23.447 0.04265 0.13383 0.14483 0.56133 0.38484 0.49846 213.42 0.2600 8.4627 0.019723 vapor

89.6 32 164.36 24.672 0.04053 0.13429 0.14527 0.56100 0.38783 0.50564 212.53 0.2577 8.5435 0.020044 vapor

93.2 34 172.49 25.954 0.03853 0.13474 0.14569 0.56067 0.39082 0.51313 211.59 0.2555 8.6266 0.020374 vapor

96.8 36 180.91 27.294 0.03664 0.13519 0.14611 0.56033 0.39382 0.52098 210.60 0.2534 8.7122 0.020715 vapor

100.4 38 189.63 28.697 0.03485 0.13563 0.14652 0.56000 0.39684 0.52923 209.56 0.2515 8.8005 0.021066 vapor

104.0 40 198.65 30.165 0.03315 0.13607 0.14692 0.55965 0.39987 0.53794 208.46 0.2498 8.8918 0.021429 vapor

10.000

15.000

20.000

25.000

30.000

35.000

 

Figure 2 Pressure-Temperature Characteristics of Propane 

Following the reduction of the liquid propane by ΔVL, the heat loss in the liquid propane 

necessary to evaporate ΔVV (equal to ΔVL) gallons of vapor can be calculated by substituting the 

above equations in: 

 (10) ΔHL = 3.79 x ΔVV  x ρV  x HV; (ΔH in calories) 

The decrease in temperature in (VL - ΔVL) gallons of  liquid becomes: 

 (11) ΔTP = ΔHL / [3.79 x {(VL - ΔVL) x CPL x ρL + (VV + ΔVV) x CPV x ρV}]; (ΔTP in 
◦
C) 
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The new temperature of the propane is then given by 

 (12) TP2 = TP1 -  ΔTP 

The resulting equilibrium vapor pressure can then be calculated by: 

 (13) PV2 = 0.031 (TP1 -  ΔTP)
2
 + 1.9888 (TP1 -  ΔTP) + 69.151 

where TP1 is the  initial temperature of the propane. 

The gauge pressure, PG, is calculated by subtracting the absolute ambient atmospheric pressure 

of 12.5 psi from the absolute pressure PV; 12.5 psi is the atmospheric pressure at Albuquerque’s 

altitude above sea level. 

The reduction in the volume of liquid due to the evaporation, ΔVLE, of ΔVV gallons of vapor is 

given by 

 (14) ΔVLE = ΔVV x ρV/ρL 

Following thermal equilibrium, which I will assume occurs rapidly with respect to the time that 

the liquid is removed, the calculation cycle can be repeated using the starting conditions 

determined by the previous calculations, with a volume of liquid, VL2, equal to  the previous 

volume reduced by (ΔVL + ΔVLE), a new temperature equal to the previous temperature reduced 

by ΔTP, and a new pressure of PV2. 

 

Adiabatic Results – Propane Only 

These calculations were made using the above equations with the initial volume of propane of 15 

gallons, and ΔVL steps of one gallon. Initial gauge pressure was assumed to be 100 psig 

equivalent to 112.5 psia, corresponding to an equilibrium temperature of 62.5 
◦
F. The 

calculations were carried through 14 cycles, and the results are presented in Fig. 3 and Fig. 4. 

Thermal equilibrium was assumed to take place over the time required to removed the propane 

due to the short bursts of propane withdrawal and time in between bursts. 
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Figure 3. Calculated propane pressure vs. % propane  remaining in the tank.  

Propane only included in calculations. 

 

 

Figure 4. Calculated propane temperature vs. % propane remaining in the tank.  

Propane only included in calculations. 

Another result of the calculations was that 0.42 gal. of propane was evaporated in the process of 

replenishing the tank with vapor as the liquid propane was used, leaving the tank with 0.58 gal. 

remaining after 14 cycles of the calculations.  

While these results demonstrate the effect initially proposed in that the temperature and pressure 

of the propane decrease during operation of the balloon due to evaporation of the propane 
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necessary to replace the volume of liquid removed during operation, the effect would be less if 

heat from the stainless steel tank was considered. So the next set of calculations were made to 

include the temperature of the tank. 

Calculations of Pressure-Temperature Characteristics of Propane Fuel During the Flight of 

a Hot Air Balloon Assuming Adiabatic Conditions for the Propane and the Stainless Steel 

Tank 

 

In the following calculations I will assume the stainless steel tank and the propane remain in 

thermal equilibrium under adiabatic conditions. The heat lost due to evaporation in eq. (1) is now 

dispersed in the propane and the stainless steel tank, and eq. (2) become 

 

 

 (15) ΔTP = ΔH / [(VL - ΔVL) x CPL x ρL +  (VV + ΔVV) x CPV x ρV + Mss x Css] 

 

 Where Mss is the mass of stainless steel 

   Css is the specific heat of stainless steel 

 

In this example I used heat capacity for 304 and 321 stainless of 54.2 cal/lb-
◦
C with a mass of 40 

lbs. Eq. (11) for the change in temperature of the propane becomes 

 

 (16) ΔTP = ΔHL / [3.79 x {(VL - ΔVL) x CPL x ρL + (VV + ΔVV) x CPV x ρV} +  54.2 x 40]  

A new set of calculations were then performed using Eq. (10), Eq. (12) through Eq. (14), and Eq. 

(16) to calculate the temperature, pressure and volume of the propane including the thermal 

effects of the stainless steel tank. Typical values for ΔH were about 5000 cal. for each gallon of 

evaporated vapor, and ΔTL ranged from about 0.5 to 7 
◦
F. The results are shown in the following 

figures. 

 

 

Figure 5. Propane Pressure vs. % Propane Remaining for two adiabatic calculations: with propane 

only, and with propane and 40 lb. stainless steel tank. Initial propane pressure = 100 psig. 
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Figure 6. Propane Temperature vs. % Propane Remaining for two adiabatic calculations: with 

propane only, and with propane and 40 lb. tank. Initial propane pressure = 100 psig 

 

 

Figure 7. Change in temperature of the propane per gallon removed, ΔTP (
◦
F), vs. % Propane 

Remaining for two adiabatic calculations: with propane only, and with propane and 40 lb. tank. 

Initial propane pressure = 100 psig. 

Another set of calculations was performed with an initial propane pressure of 90 psig, a starting 

pressure within the safe operating conditions for the balloon. Those results are presented in the 

next two figures. 
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Figure 8. Propane Pressure vs. % Propane Remaining for two adiabatic calculations: with propane 

only, and with propane and 40 lb. tank. Initial propane pressure = 90 psig. 

 

 

Figure 9. Propane Temperature vs. % Propane Remaining for two adiabatic calculations: with 

propane only, and with propane and 40 lb. tank. Initial propane pressure = 90 psig. 



10 

 

Comparison of Calculations with Experiment (April 12, 2014) 

 

To compare these calculations with real balloon operations, I monitored a flight on my balloon, 

an Aerostar S55A with vapor-converter pilot lights, on April 12, 2014. The tanks were not heated 

overnight because the ambient temperature had been in the low 80’s the day before, and the 

propane pressure remained satisfactory for the early morning flight. The flight began about 0730 

with an ambient temperature of about 47 
◦
F. The propane pressure after inflation was 100 psig in 

both propane tanks, 15 gal., steel tanks with thermal insulation jackets. Propane pressure and 

percent propane in both tanks were monitored and recorded at several points during the flight. 

The flight was terminated at about 0840 after several take-offs and landings, one more like a 

“crash and drag”. One tank showed 47% propane remaining with a pressure still at 100 psig, and 

the other tank was at 35% with pressure of 93 psig. After tipping over the basket and detaching 

the envelop from the gondola, the basket was set back in the upright position, and the burner 

using the tank with the lower pressure was operated in several bursts over next 20 minutes until 

the propane level reached about 7.5% with pressure of 80 psig. At 0900 the ambient temperature 

had increased to 54 
◦
F. These data are summarized in the following table. 

Time

Measured 

Press 

Tank 1 

(psig)

Percent 

Propane 

Tank 1

Measured 

Press 

Tank 2 

(psig)

Percent 

Propane 

Tank 2

Calculated 

Propane 

Temp. ( ◦F) 

Tank 2

Ambient 

Temp. ( ◦F)

0730 100 100 100 100 62.5 47

0800 100 100

0820 100 57 100 54 62.5

0825 100 55 98 40 61.3

0840 100 47 93 35 58.2

abt.0850 90 15 56.2

abt.0855 90 10 56.2

0900 80 7.5 49.5 53  

Figure 10.  Recorded data for balloon flight on 4/12/2014. Note the level of propane in the tank does 

not register until it is less than 60%. 

 

The data for Tank 2 are plotted in the next two figures along with the calculated results for 100 

psig propane pressure in a 40-lb. steel tank. The calculated propane temperature is the 

equilibrium temperature based on the tank pressure as shown in Eq.(9). Note the pressure in 

Tank 1 did not vary over the first 70 minutes of flight, indicating that external air temperature 

was not a factor in the tank pressure. I failed to record the Tank 1 pressure at the end of the 

experiment at 0900. 
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Figure 11. Propane pressure vs. percent propane remaining. Experimental data during balloon flight 

on April 12, 2014, and calculated adiabatic results for propane in 40 lb. steel tank . The solid curves 

are regression trend lines calculated in a Microsoft Excel spreadsheet. 

 

 

Figure 12. Calculated equilibrium temperature of the propane [Eq. (9)] for experimental flight tests 

and theoretical results. Also shown is the ambient temperature at beginning and end of the balloon 

flight. 
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Comparison of Calculations with Experiment (May 12, 2014) 

Following the experimental balloon flight on April 12, I decided to do a more controlled 

experiment that was not restricted by the vagaries of a balloon flight. This entailed monitoring 

the propane properties during operation of the burner-propane system with the balloon gondola 

in a stationary position. We had flown the balloon the day before on May 11, so the propane 

tanks needed to be refilled. After refilling the tanks at about 3:00 pm on May 12, I began a series 

of operating one of the burners for Tank 1 for about five seconds every 15 to 20 seconds and 

monitoring the pressure at the burner. The other tank, Tank 2, and burner were not operated 

except for checking the pressure periodically to determine if other factors were influencing the 

data  taken on the first burner, such as pressure changes due to non-adiabatic effects. 

The data from these tests are shown in the next figure. 

 

Time

Meas. 

Press 

Tank 1 

(psig)

Percent 

Propane 

Tank 1

Meas. 

Press 

Tank 2 

(psig)

Percent 

Propane 

Tank 2

Cal. 

Propane 

Temp.   (
◦
C) 

Tank 1

Cal. 

Propane 

Temp.   (
◦
F) 

Tank 1

Ambient 

Temp. ( 
◦
F)

1510 110 100% 110 100% 20.25 68.5 62

1515 110 abt. 85% 110 100% 20.25 68.5

1525 102 57% 110 100% 17.63 63.7

1530 102 50% 110 100% 17.63 63.7

1535 100 39% 110 100% 16.95 62.5

1540 95 30% 110 100% 15.23 59.4

1543 92 24% 110 100% 14.18 57.5

1545 90 20% 110 100% 13.47 56.2

1547 90 15% 110 100% 13.47 56.2

1549 90 10% 110 100% 13.47 56.2

1550 90 8% 110 100% 13.47 56.2

1552 87 5% 110 100% 12.39 54.3

1553 85 4% 110 100% 11.66 53.0 62  

Figure 13. Experimental data taken on May 12, 2014.  

From these data, we see that the pressure on Tank 2 remained constant indicating no impact on 

the propane pressure due to external thermal effects; i.e., adiabatic conditions prevailed over the 

time of the experiment. During operation the pressure on Tank 1 decreased from 110 psig to 85 

psig as the percent propane remaining in the tank decreased from 100 percent to four percent. 

The calculated equilibrium propane temperature decreased from 68 
◦
F to 53 

◦
F. Ambient 

temperature remained constant at 62 
◦
F. 

These data are plotted in the next two figures along with the theoretical calculations for an initial 

propane pressure of 110 psig.  
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Figure 14. Propane pressure vs. percent propane remaining. Experimental data and calculated 

adiabatic results for propane in 40 lb. steel tank . The solid curves are regression trend lines calculated 

in a Microsoft Excel spreadsheet. Stationary test conditions on May 12, 2014. 

 

 

Figure 15. Calculated equilibrium temperature of the propane [Eq. (9)] for experimental and theoretical 

results. Also shown is the ambient temperature at the beginning and end of the test sequence. 
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These test results agree very nicely with the calculations indicating that thermal equilibrium was 

maintained as the burner was operated. So what is the difference between these test results and 

the earlier results for the balloon flight where thermal equilibrium was not achieved until the 

very end of the test? In the first test the propane tanks were loaded into the truck on a warm 

afternoon and  left overnight exposed to the outside temperature which decreased from the low 

80’s to 47 
◦
F. This exposure created thermal gradients in the liquid propane with warm propane 

at the top of the tank and cooler propane at the bottom. So during flight the colder propane at  the 

bottom of the tank was used first leaving the warmer propane at the top which determined the 

vapor pressure. The propane did not reach equilibrium until the end of the test when all of the 

heat necessary to replenish the vapor in the tank had been extracted from the liquid. In the case 

of the test on May 12 , the propane had not had time to set up thermal gradients after refilling the 

tanks only a few minutes prior starting the tests. In this case, thermal equilibrium was maintained 

throughout the test. 

Estimate of the Impact of Thermal Diffusion in the Liquid Propane on Balloon 

Performance 

The difference between the experimental results and the calculations for the April 12 test is 

probably due to the assumption of thermal equilibrium for the liquid propane during operation. 

The difference narrowed as the propane level was reduced, probably because the smaller volume 

of propane was more closely approaching thermal equilibrium. 

One explanation of the lack of equilibrium over the time scale of the balloon flight could be due 

to the differences in thermal diffusivity values for liquid and vapor propane, and stainless steel, 

about 7.5 x 10
-4

 cm
2
/s for liquid, 6.4 x 10

-3
 cm

2
/s for vapor, and 0.042 cm

2
/s for stainless. These 

values would indicate that the liquid would lag the other two constituents in reaching 

equilibrium. This can be seen in the following graphical displays of solutions to the one-

dimensional diffusion equation for the different materials given by   

 (17) E(x,t) = Φ/(4πDt)
1/2

 exp(-x
2
/4Dt) 

 

where E(x,t) is energy density in the material (cal/cm
3
) 

x is distance into material from the surface at x=0 (cm) 

t is time (sec) 

Φ is energy flux deposited in the material at x=0 (cal/cm
2
) 

D is thermal diffusivity (cm
2
/sec) 

 

Results for two calculations at t= 1 sec. and t=5 sec. are shown in the next two figures for the 

three materials, liquid propane, propane vapor and stainless steel. With about 5000 calories 

withdrawn with the evaporation of one gallon of vapor, the energy flux at the surface of the 

liquid would be about negative 5 cal./cm
2
 with a tank diameter of 14 inches. 

 



15 

 

 
 

Fig. 13. Heat loss distribution in liquid propane, propane vapor and stainless steel at t=1 

sec after removal of 5 cal/cm
2

 at x=0 and t=0. 

 

 
 
Fig. 14. Heat distribution in liquid propane, propane vapor and stainless steel at t=5 sec 

after removal of 5 cal/cm
2

 at  x=0 and t=0. 

  

From these figures, we see in Fig. 13, in one second, the heat loss is distributed in the liquid 

propane to about 0.1 cm., for propane vapor about 0.2 cm, and for stainless about 0.5 cm. In Fig. 

14, at five seconds, the depths respectively are about 0.2 cm, 0.5 cm and one cm. The walls to 

the stainless steel tank are 0.19 centimeter thick, so the heat to the wall would be conducted 

along the walls of the tank in a two-dimensional manner through the wall and along the vertical 

axis. Given the dimensions of the tank, thermal gradients would persist for much longer periods 

than those depicted here. The slowest to reach equilibrium would be the liquid propane. The time 

necessary for the propane to reach a heat loss distribution of 10% of the surface value, t0.1, at 

depth d cm. can be determined using Eq. (17) 
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(18) E(d,t0.1)/ E(0,t0.1) = 0.1 = exp(-d
2
/4Dt0.1) and solving for t0.1 giving 

 

(19) t0.1 = 144.7 d
2
 for the liquid propane.  

 

Or solving Eq.(19) for d gives 

 

(20) d = (t0.1 / 144.7)
1/2 

 

Applying this equation to the conditions in Fig. 14, gives d = 0.19 cm., compared to the visual 

estimate of about 0.2 cm. 

 

During a 100 min. balloon flight, the heat loss in the liquid propane due to diffusion would 

extend only about 6.4 cm. from the liquid surface. Assuming the original height of the 15 gallons 

of propane in the tank to be about 30 in. or 75 cm, a gallon of propane would occupy a height of 

5 cm. in the tank.  So the heat removed from the propane during the flight would be concentrated 

in the last gallon or two left in the tank, assuming all the liquid removed came from the bottom 

of the tank and the heat loss due to evaporation was propagated in the liquid by diffusion. The 

temperature of the steel tank would be more reflective of the bulk of the  liquid propane and 

remain higher than the surface temperature of the liquid during the early portion of the flight. 

The pressure in the tank would be determined by the average temperature of the propane and 

remain higher than would be expected based on the temperature of the liquid surface. These 

unbalanced temperatures are reflective of the lack of thermal equilibrium in the overall system. 

They would converge only near the end of the flight at low propane levels. Of course, any 

mixing of the liquid propane or convection currents would also reduce the thermal gradients in 

the propane. 

 

However, using this approximation is instructive in helping to understand the original test results 

when thermal gradients were present in the liquid prior to flight. Schematic depictions of the 

propane with thermal gradients in the tank are shown in Figs. 15 through 17. Figure 15 depicts 

the tank conditions prior to the flight; vapor is shown at the top of the tank, warm propane is 

shown below the vapor in the upper portion of the tank, and cool propane is depicted at the 

bottom. (The picture is graphic only; there would not be a sharp delineation of warm from cool 

propane as shown, but a gradual change over the depth of the tank). Figure 16 depicts the 

propane distribution when the tank is about half full. A cool layer of propane is shown at the top 

of the liquid due to evaporation of the vapor to fill the top half of the tank. The cool propane has 

been removed from the bottom and the warm propane has moved down. The pressure in the tank 

would reflect the warmer temperature of the propane and remain higher than it would have been 

without thermal gradients in the propane. Figure 17 depicts the propane near the end of the flight, 

where even most of the warm propane has been removed, and the cool layer at the top of the 

liquid is deeper than earlier in the flight. In this situation the pressure would reflect the cooler 

conditions of the propane and could be significantly lower than earlier in the flight. This is 

shown in the measurements of April 12 where the pressure remained higher than is predicted 

under equilibrium conditions, and dropped faster during the last part of the tests compared with 

the earlier time in the flight and what would have been the case with thermal equilibrium. 
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Figure 15. Tank, full, with thermal gradient. 

 

Figure 16. Tank, half full, with thermal gradient. 

 

Figure 17. Tank, low, with thermal gradient.
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Impact of Temperature and Pressure on Propane Flow Rate 

The impact of temperature and pressure on propane flow can be estimated by assuming viscous 

flow of a liquid in a tube. The tube would consist of the coil heat exchanger between the blast 

valve and around the burner to the nozzle. The pressure drop through the coil is assumed to be 

the pressure at the valve indicated by the pressure gauge. Pressure at the outlet of the burner is 

assumed to be zero psig. These assumptions simplify the problem and differ somewhat from the 

real situation since the liquid propane is heated during the burner operation to produce vapor at 

the outlet, but the calculation probably gives a ball park estimate of the propane flow rate. 

The mass flow rate of the liquid, RM, in kg/sec through a tube of radius a and length L is given 

by 

 (21) RM = (π a
4
/ 8 L) ρΔP/η 

Where ΔP is the pressure drop along the tube in Pascals, ρ is the density of the liquid, and η is 

the viscosity of the liquid propane in Pascal-seconds. The ratio ρ/η for liquid propane at 60
◦
F is 

4.74 and at  50
◦
F is 4.54 (kg-μPa)/(m

3
-sec). Thus the mass flow rate of the propane will decrease 

about 4% if the temperature of the liquid drops from 60
◦
F to 50

◦
F. Assuming the pressure drop in 

the burner is determined by the pressure indicated on the gauges, the experiments reported here 

would indicate a decrease in propane flow rate of about 20 to 25 percent during the course of a 

flight where most of the propane was consumed. 

 

Conclusions 

The calculations are rather simple compared to the complexity of the problem; however, the 

calculations and experiment support the hypothesis that propane pressure will decrease during 

operation of the balloon due to evaporation of the propane in the tank. The decrease in pressure 

and temperature over the course of a flight appears to depend to some extent on the initial 

conditions of the liquid propane, i.e., whether on not thermal gradients existed in the liquid prior 

to the flight. The pressure decrease will be accentuated at the lower levels of propane if there is a 

thermal gradient prior to the flight because the thermal gradient will disappear and the liquid 

propane will approach equilibrium conditions, an effect that was observed in the experimental 

flight results. In the case of initial thermal equilibrium in the liquid for the May 12 tests, the 

experimental results were consistent with the equilibrium calculations, where the rate of decrease 

in propane pressure during a flight would be more constant than the flight with the thermal 

gradient. 

Lower initial pressure will result in lower final propane pressure and temperature. Even though a 

90 psig beginning pressure is within the safe operating conditions for the balloon, calculated 
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final pressure values at the 10% propane level fall below the recommended safe operating 

pressure of 80 psig. 

Evaporation of the liquid in the tank reduced the volume of liquid propane by about 0.4 gal. over 

the 14 cycles of the calculations.  

The stainless steel tank had a moderating effect on the temperature variation during the tests 

because of its mass and specific heat. By comparison, an aluminum tank of the same dimensions 

would have a smaller (about 70% of that of stainless steel) moderating effect due to its lower 

density combined with its higher specific heat. Titanium would have an effect of about 60% of 

that of stainless. So the pressure and temperature changes for these materials would be 

somewhere between those for the propane-only calculations and the propane-plus-tank 

calculations. 

Vapor pilot lights will contribute to evaporation of propane in the tank and probably impact the 

operating conditions of the balloon in a more dramatic way at low propane levels than for 

balloons  equipped with pilot converters operating with liquid propane. A calculation of the 

impact of vapor pilot lights could be made if propane flow rates were made available. 

The assumption of adiabatic conditions for the propane and tank appears to be justified based on 

the first 70 minutes of flight data on the one tank where the percent propane did not drop to the 

level of impacting the tank pressure of 100 psig; i.e., the pressure decrease in tank 2 was due 

only to reduced propane in the tank even though the outside temperature was less than the tank 

temperature until the very end of the experiment. The stationary experimental results were also 

consistent with adiabatic conditions. 

Decreases in propane pressure during the course of a flight can be over 20 per cent, indicating a 

corresponding reduction in propane flow rate through the burners. What might be a four second 

burn at the beginning of a flight to provide the correct performance of the balloon might become 

a five second burn at the end of the flight. 

Given these calculations and measurements, a balloon pilot should be aware that when the 

propane in the tank is down to the last ten or fifteen percent, that propane will be cooler than the 

original full tank, and the pressure in the tank can drop off rather precipitously during the last 

few minutes of the flight if thermal gradients were present in the liquid propane prior to flight. 

Even though the propane pressure is still in what is considered a safe operating condition, the 

balloon performance could change rather suddenly in the last few minutes of the flight, 

especially if the flight had not been interrupted by “touch and goes” or “crash and drags” that 

could lead to mixing of any thermal layers in the liquid propane. The difference between 

operating with a 15% level in one tank compared with using the tank with a 10% level could be 

noticeable in the balloon performance. 
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Figure 18. Propane Tank. Two tanks in the 

balloon connected independently to each 

burner with high pressure hoses. 

     

     

     

     

 

 

 

 

 

 

 

Figure 19. Dual Burner 

     

     

     

     

     

      

 

Figure 20. Pilot Vapor Converter and 

Regulator; one per burner. 

 


