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PREFACE 

A g,reat need exists for basic improvement in both the design 

and operation of the nations 0 tank car fleet, but very little 
. . 

scientific investigation has been directed toward these goals. 

By defining internal conditions in terms of external conditions, 

this paper sets forth a basis on which to make design and operational 

improvements. As a result of this study, the traditional requirement 

of insulation on anhydrous ammonia and LP-qas tank cars has been 

removed. Also as a result of this study, a scientific basis for the 

setting of filling densities has been established. 

The author thanks Phillips Petroleum Qompany for permis·sion to 

use the data from the 1956 series of tank car tests and to reproduce 

the Company reports contained in the appendices. The author also 

thanks Professor J. R. Norton and Dr. Clark Dunn for their most 

valuable guidance and encouragement. 
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CHAPTER,!' 

INTRODUCTION AND HISTORICAL BACKGRQUND 

In the infancy of the petroleum. industry, large wooden tanks set 
. . . 

on flat cars furnished the means of transporting liquid products. As 
. .( -

·more volatile products were manufactured, the wooden tanks were re-

placed with single unit riveted tanks. When production and sale of 

anhydrous amm~nia~ liquefied petroleum. gas (LP-Gas), and other liquid 

compressed gases first began, the .products were transported in small 

pressure cylinders loaded on flat cars. Later, pressure tight versions 

of the single unit, riveted tanks were ust3d. These we~e essentially 
1 

the same as the tank cars in this service today. It v1as the custom 

to insulate the tank cars used for liquefied compressed gases with 
: .. 

·4 inches of cork insulation. Then, under the auspices of the Inter-, 
\ 

. . 
state Commerce Commission, this custom was written into_Federal 

Regulations and became law. ,Later, the original requirem~nt of_ 
. ' 

4 inches of cork was supplemented with an alternate, 4 inches of 
fiber glass. Until the present, no data have been presented either 

to prove or to disprove the need for insulation, but the early con

cept of a pressure vessel completely cover~d with insulation remains 
I 

until the present day. 

However, with ever rising transports. tion · co.sts, and ever increas-

ing capital investments necessary to keep abreast of an expanding in

dustry, the need has arisen to examine the basic design of t~k cars 

1 



in an effort to halt, or·at least slow, the increasing costs of the 

transportation package. The question, "Is tank car insulation 

necessary?" becomes pertinent when.it is realized that thousands 

of trucks.and millions of storage vessels for anhydrous ammonia and 

other liquefied compressed gases do not have insulation on them -

and never did. 

2 



CHAPTER II 

PREVIOUS REPORTS AND PAPERS 

Several small scale tests have been conducted with vessels from 

33 gallons to 1000 gallons in size. A brief description of the tests 

and summary of the results reported in those tests are in order. 
·,. 

1. "Temperature and Pressure Variation in Anhydrous Ammonia 

Containers,'' by N. E. Ziege, Phillips Petroleum Company, 1951. In 

this test, 8 containers, tw~ each of 499~ 325, 44, and 33 gallon 

water capacity, were used. These vessels were placed on the ground 

in a north-south· orientation, and the entire area was faeed with 

oyster shell. 

The 499 and 325 gallon·containers were cleaned to the bare metal 

by sand blasting; the 198 ~~llon cylinders had a very dark galvanized 

sit:rface; and' the 33 gallon cylindiars had badly peeled and checked 

painted surfaces. Some of the containers were filled to 100 per cent 

of allowable capacity with anhydrous ammonia and some were filled to 
. \ 

10 per cent of allowable capacity with anhydrous ammonia. Temperature 

8J'.ld pressure were recorded continuously for about 18 hours a day. A 

summary of conclusions is as follows: 
' ,· 

a. In all cases, the contain~rs of the same size ai1d surface 

conditions which were filled to 100 per cent of allowable 

capacity, experienced higher maximum pressures than those 

filled.to 10 per cent of allowable capacity. 
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h., Ma~imum liquid temperature varied in"7erse1.y with ¢.ylinJ.et' 

.size~ . 

. d.. 'The smaller containers al.ways reac:hed higher interrui.l ptes$ures 

fifled larger containers .. 
·, 

. f •. t;.eneral liquid temperature.s for .(;y1inders filled to 10 pet cent 

of allowable c;a.pacity usually ea.me .in .clos.e ag:t:'eement with the 

anunonia vapor pressure etu:rve bettw:een midnight and sunrise • 

.Annnonia c:'o:ntainets1 t,t. Fhillip.s :Petrbleum Company, 19 53. 

ln this. teStt 8 c:ontaine:rs were filled to allowable tap1:1<¢it:y with 

liquid a.lll11li!1,nia .and placed in the open aunshine for .the peri~d frt?m 

A:ugust 71 1952 through September 241 1952. Two 1000 gA-llo:n, thtee 

499 gallon,, and three 325 gallon pressure vessels were used in this 

test; • . Some were painted glossy white; s.ome wete painted aluminum; 

as. fol lt;,ws : 

a. . Anhydrous ammonia pressure in containers painted whit.e e:i;-



aluminum were always substantially lower than in similar, 

ruste4 containers under the same exposure conditions. 

5 

b. The magnitude of pressure tended to_·,vary inver.s,ely with the 

container size. 

c. Alu,minum paint produced approximately one'-half the benefits 

attributable to white paint. 

d.. Benefits from white versus al~inum paint were most apparent 

under conditions of greatest solar radiation. 

Although these reports pointed out no explicit relationships, it 

was qt1ite apparent that tank temperatures and pressures were, in every 

instance investigated, influenced by tank size, per cent capacity to 

which they:were filled, reflectivity of the exterior, ambient tempera

ture, and sun radiation intensity. ·1 It is certain that several sources 

of error, such as wind velocity, were present and were neglected. 



CHAPTER III 

BASIC,CONSIDERATIONS 

A, Liquid Temperature 

The temperature1 of a liquid confined in a vessel, such as a 

tank car, under conditions of static equilibrium is dependent on the 

specific heat of the liquid, net heat input into the vessel from 

radiation and convection (this is heat input less heat losses) and 

time. The basic unit of time in an uninsulated tank car will be 

assumed, for the time being, to be one day, approximately 12 hours 

of which, in the .summer time, the tank car is absorbing heat, and 12 

hours of which it is radiating heat to the atmosphere, 

Since this study is concerned only with daily maxima and not with 

instantaneous rates of change, and since it is. assumed that a daily 

maximum will occur only once each day, this discussion can be limited 

to one cycle, or day, and time need not enter into the consideration 

as a variable. 

Since the spE!Cific heat of the liquid can be assumed to remain 

constant over the short range of temperatures under consideration, 

1It must be pointed out that the temperature of liquid in a tank 
ca:r.·varies from the shell to the center, and from the bottom to the 
top., · . When the . term "liquiq. temperature" is. used in this paper, it im
plies the uniform temperature that would be obtained if the thermal 
energy in the liquid were Jniformly distributed, The liquid temperature 
was measured experimentally by averaging 6 temperatures read at 1 foot 
intervals up from the bottom of the tank, See page 2 of Appendix A, 
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this quantity. also ne:ed nQt ti!.ppear as a variable.. '!'his leave:s daily 

ma2timum liquid temperature .as .a function ,of only the net.. heat input .•. 

()byiqusly the absorpth:rn of radiant energy f:tom the .sun is the 

major spur¢e of heat. . Therefore,- anything that. will 1:tmit this absorp ... 

tion of thermal energy will be eapab1e of limiting t.he .daily ma,rimum 

liquid temperature in a tank ear.. )'.ns:ulation is e,iipa.ble c1f retar,iing 

this flow .of thermal energy (both int.o. the tank .and out of the tank) .• 

l'he theory on whi(;h these tests were based was that a.¢aat of light 

colored paint :on the .. outside .of the tank c('>uld poissibly also do an 

ac::ceptable Jpb of limiting heaJ::. abs;erption .• 

B ~ G'as :Pressu-x:e 

llu:e to the greater specific he.itt of the liquid, the. liquid mass 

in a tank ear aet.s as a heat sink inside the tank and tends t.o retard 

the pre.ssute build up1-

P::revious stuctie:s have .. shown that1 in the .ahs.enee of internal 

agitati.on1 the pressures in anhydrous annnonia tontainer:s are higher 

than WQuld he e:xpe~ted from the given a:ver.age liquid tempe:taJ:ure. 

To explain this,,, it mus.t be .a.ssumed that s.ome stratifieation takes. 

place. in the ga,s phase and the liquid phase and,- t.hat under ~.ertaJn 

conditions:;,: the. layer of gas. ne~ to the liquid ai.ts as a. layer .of 

insul~J:;ion between the vapor phase and the liquid phase. 

In the case under ¢ons.ideration1 the worst condition was. assumed! 

that is, no internal agitation.;. In this ¢.ase:; the vapor pressure is. 

nearly proportional to the .ave.rage .absolute temperature .. of the 

vapor over the temperature range under consideration~ Eo-r 
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reasons set forth in Se¢titm 1 of Chap. III, the gas temperature (and 

the:refo:re the gas pres.sure) will be. co.nside:red to be a functi:on of net 

abs.orbed radiant energy. . Since the worst c:onditions are being .consider .. 

ed by assuming no agitation,. any error £tom this assumption will be on 

the s.afe .side .• 

. C. . A$$umpt ions 

By making .several .simpli~ying assumptions,- it has been shown 

that both maximum liquid temperature .and.maximum vapor pressure .are 

functions of net heat absorptfon. It has be.en pointed out that the 

primary source of the heat is .the .sun .. A correlation of .obsetved 

maximum liquid temperatures and maximum vapor pressures with measured 

.sun radiation would undoubtedly be very high. However, the purpose o.f 

this study is to develop ~· method to predict tempe.rature a.nd pressure 

maxima .r.e.adily. Sinee sun radiation .values are .not readily available:, 

a,nd ambient .t.emperature data are available, it is going to be .assumed 

that the ambient tempera.t;ure is proportional to sun .radiation i:nt.ensity •. 

This is admittedly a radical .assumption; however, the resulting empiri.-

cal equations proved to ha'V'e very high correlat.ian coefficients (see 

Figs" 8 and 9). In view .of this fact" the author be1ieves that the 

assumpticms stated. herein .are justified./ 



CHAPTER IV 

DEVELOPEMENT OF THE FO~ OF THE EQUATIONS 

Following is the develop'ement of the forms of the equations 

showing daily maximum liquid temperature and vapor pressure in 

uninsulated tank cars as a function of ambient conditions. 

1A. Liquid Teill!)erature 

Assumirl~ a uniforni liquid temperature at any given time, and 

neglecting end eµid film effects 

Where Q := heat flow ,, 
C ~ wetted periphe;r-y 
L ~ length of tank 
T6 : skin tempera~ure on the outside of the shell, 

below the liqui~ level at a particular time, 
deg. F. 

Ta :::( temperature of the liquid ammonia at that same 
time, deg. F. 

K = Qoefficient of conductivity for the shell 
t = time 

Assuming a constant tank length and a constant liquid level, 

and therefore a constant wetted periphery 

~~ ;:: k1(Ts '"" Ta). 

Where k1 ~ a c9nstant. 

Ass~ing Ts::: k2Tb I, k3Tc t k4S t k5 on a particular day 

Where k2, 3, ••.•••. are constants 

9 
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Tb= average ambient temperature for that particular day, 
deg. F. . , 

Tc: maximum ambient temperature for that particular day, 
deg. F. 

S : reflectivityl of the outer surface of the·.tank, 
per cent. 

~~ :::: ~ = (k6Tb f k7Tc f k3S /, k9 ..,,. k1Ta) 

lim6t~O 

Setting~~· :::: O, and solving for Ta 

(1) 

Where Ta is now maximum liquid temperature on a particular day. 

Equation (1) shows the relationship between maxillium liquid tempera-

ture, surface reflectivity and ambient conditions. 

2. Vapor Pressure 

6. Q : ~1L(Ts1 -Tv~ ~t 

Where C1 ~ 2'lfR -C:::: dry periphery where R ~ tank radius 
Tv: temperature of the gaseous a.mnionia at a particular 

time 
'1'61::: skin temperature o'r the shell above the liquid 

level at that particular time. , 

~Reflectivity is a measure of the energy that is reflected 
from the surface. In this study all reflectivity measurements were 
taken with a Photovolt reflection met,r and were based on freshly 
sc'r&ped magnesilltn carbonate as 97.5%. . 



-····. -~~- z ~~ = k14(k15Tb f 'k16Tc f k17S, t k1a -Tv} 

lim6t70 

Setting·gg,: 0 and solving for Tv 
dt 

Tv ± k19Tb f k20Tc f k21S t k42 
\ 

11 

Where Tv is now maximum temperature of the ammonia vapor. 

Pv:: k.43Tv 

Where Pv is maximum pressure of the ammonia vapor. 

(2) 

Equation (2) gives the r~l~tionship between maximum vapor pressure 

and ambient con~itions. Sine.a size of :vessel has not entered into 

the final equations, the applications of the empirical formulae 

developed will be limited to vessels of'a size close to those from. 

which the data were taken. 



CHAPI'ER V 

TEST PROCEDURE 

A. Test Cars 

A standard ICC 105 A=400 W tank oar (Number GATX 67534) was 

obtained and, by special· permission, the outside insulation was removed. 

A second, conventional tank car. (Number PSfX 17643) of about the same 

size was obtained for use as a comparison (see Figs. 5 and 6 in 

Appendix A). The insulated tank car was shipped.to the test site 
. . ~ 

full of anhydrous ammonia. However, Interstate Commerce Commission 

regulations forbade shipping of anhydrous ammonia in an uninsulated 

tank car, so the uninsulated tank car was shipped to the test site_ 

empty. Then anhydrous ammonia was trucked to the test site and pump

ed into the uninsulated tank car. (The ammonia was also shipped from 

the test site by tank truck at the end of the test. 

The uninsulated tank car had a water capacity of 87597 pounds. 

The allowable filling densityl by I C C regulation was 55%. So the 

amount to be loaded into the tank car was 87597 x .55::: 48128 pounds. 

,When the tank trucks actually weighed in, it- was found that 

4E490 pounds had been loaded intq the . tank-:. This represented an ex

cess of 362 pounds, and a filling density of · 

48420 = 55.3% 
87597 . 

1 .. ' ' - ' 
' Filling density ;s the per cent of water cape:c'ity of a vessel by 

weight, to which it Ill8¥ be le~lly filled. This figure is set for various 
products in various types of vessels by- the Interstate Commerce __ Commission'.. 

12 
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It was believed that a clo~er estimate of weight was impossible 

under the fie ld conditions, so no attempt was made to correct the 

error . (Since this vessel was not going to be transported over 

railroads while filled, no federal regulations were involved). 

B. Location of the Test 

A study of available test locations indicated the most desirable 

location was Borger, Texas . Borger has a record of a high percentage 

of clear days, which maxi mized sun radiation, and a north~south spur 
, 

track was available, which maximized exposure. Complete facilities 

were available at Borger for tank car repair, instrument repair and 

maintenance, and the building of special fixtures. A source of an-

hydrous ammonia is also close by, which minimized shipping and hand-

ling. 

C. Instrumentation 

By means of an adapter, 8 thermocouples, spaced at 1 foot inter-

vals from the bottom of the tank, were mounted in the uninsulated tank 

car (see Fig. 4 in Appendix A) . Three thermocouplesj spaced at 2 feet, 

5 feet, and 8 feet from the bot tom, were placed in the insulated tank 

car. A pressure recorder was connected to each tank car, and a 

thermocouple was placed outside in t he shade to measure ambient 

temperature. A 12 po int Leeds and Nor thrup temperature recorder 

continuously recorded all temperatures and a 2 pen Taylor pressure 

recorder continuously recorded all pressures . 

In addition an Epply Pyr heliometer, a sun radiation measuring 

device , was used to record sun r adi ation intensity. 
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D. Color of Tank 

In consecutive test runs, the uninsulated tank car was painted 

(1) white (reflectivity 84%) (2) gray (reflectivity 27%) and (J) 

black (reflectivity 5%). 

E. Other. Data, 

l?r~cipitation was measured at the test site and, in addition, 

copi.~s <1>f,. the standaI'd weather observation sheets containing such 

standard weather data as wind direction and velocityy relative 

humidity and temperature were obtained from the Borger airport (see 

Appendix D). Figu:ve 1 shows a comparison of the temperatures taken 

at ti:}~ tiast site w,a.th the temperatures recorded at the Borge;t' Airport. 

·Ek Duration: o.f the Test 

The uninsulated tank c;;ar was filled with anhydrous ammonia on 

July 4, 1956. By July 19, all the instruments were recording properly. 

Approximately 2 weeks of data were taken with the uninsulated tank car 

painted each of the 3 colors. The test was terminated August 31, 1956. 



CHAPTER VI 

TREATMENT 'OF DATA 

The purpose of the field tests was to supply data from which to 
, 

calculate the constants for the equations developed in Chapter IV of 

this paper. After the de~~rmination of the form of the equations 

(1) 
.z\ ••.• 

a.pd 

(2) 

a least squares line-az: regres5,ion was utilized to calculate the 1 ki. 

A. Det~~ination of Constants in Equation (l) 

The left hand side of -Eq. (lJ. is.-the· observed maximum liquid 

temperature for a particular day, and the right hand side of the 

same equation is the calculated value of the quantity. It is in-

tended to choose constants that will 9ause the calculated values 

to ''approach the observed values. 

The least squares linear regression routirfe accomplishes this 

purpose by minimizing the squares of the differences between the 

observed and the calculated values. Thus, we write the equation 

(3) 

Since Ta, 1b, · To-, .. , an.d S are observed value.s (see Appendix B 
.... . - ,, 

·ror the observed values of Ta, Tb, T0 , and S) we may consider the 

15 
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ki to be the unknowns •. Considering the ki to be unknowns, we ~ay write 

. Jz(Ta = ki_oTb - kllTc - kl2S - k13)2 : 0 
a k10 

c:;)~(Ta= k10Tb - k11Tc - k12S ~ k13) 2 = 0 
Jk11 . 

c12(Ta = k10Tb - k11Tc - k12S - k13)2 ::: 0 

t)k12 

c;);E:(Ta = k10Tb - k11Tc = k12S - k13) 2 = O 

dk13 

(4) 

(5) 

(6) 

(7) 

Thus we have 4 equations and 4 unknowns, the solutions of which 

are lengthy but routine. This type of problem is excellently suited 

.. for electronic computer handling. 

B. Determination of Constant~ in Equation (2) 

By the same reasoning as set forth above we may write 

~(Pv ~ k24Tb - k25Tc = k26S = k27) 2 ~ 0 (8) 

and 

c::j~(Pv - k2!Tb ~ k22Tc = k26S = k27)2 
1§: 0 (9) 

dJk24 

c)~(Pv = k24Tb - k25Tc - k26S - k27)2 

dk25 
gg 0 (10) 

J;}2_(Pv = k24Th~- k25Tc = k26S = k27) 2 
~ 0 (11) 

. lJ-k:26 

J2(Pv = k24Tb-= k25Tc = k26S = k27)2 :a::. 0 (12) 
a-k27 
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Again using the observed values of Ta,. Tb, Tc, and S as recorded 

in Appendix B, and solving Eqs. (9), (10), (11), and (12) simultaneously, 

the constants for Eq. (2) ··were obtained. 

C. Handling of Calculations 

An electronic computer was utilized for the solution of these two 

sets of simultaneous equations. When the values of the ki were sub

stituted in Eqs. (1) and (2), the resulting first order equations 

expressed maximum liquid temperature and maximum vapor pressure as 

functions of the maximum ambient temperature, average ambient tempera~ 

ture and color reflectivity. Being ·of the first order these equations 

are considered accurate for moderate extrapolation. 



CHAPTER VII 

TEST RESULTS ON THE UNINSULATED TANK CAR 

A. }:laximum Liquid Anhydrous Ammonia Temperature 

Upon solving Eqs. (4), (5) ,- (6) ~d (7) simultaneously for 

k10, k11, k12, and 01k13 the following values were 9btainedi 

k10:: 0.35 

k11:: 0.43 

k12 :a; -0.l 

k13 :;;;: 18.0 

Substitutlng these values intg Eq. (1) 

Ta ~ • 3 5 Tb } • 43 Tc - • lS t 18 (13) 

Where Ta: maximum liquid anhydrous ammonia temperature on any given 
day, degrees·F • 

. ·'"' Tb :::: average ,ambient temperature for that day, degrees F. 
Tc~ maximum ambient·temperature for that day, degrees F. 
S !::!. reflectivity of the paint on the tank or as measured by 

a Photovolt Reflection Meter, per cent. 

This empirical equation was, of courser; checked for reliability. 

Utilizing the observed Tb, Tc and S values, Ts values were calculated 

for each day of the test. Figure 4 shows the excellent agreement ob

tained between the observed ma:icim.um liquid temperatures and the cal-
'· 

culated maximum liquid temperatures. Since Eq. (13) j.s a first order. 

equation, it is considered sufficiently accurate for mo~rate extrapolation. 

18 



If a set of extreme values for ambient conditions 1 and ref1ectivity2 

are .assumed a .Mmaximum•• temperature condition can be calculated. 

Assume 

Tb '=:. 115 F 

Tc = 130 F 

s :!: 40 

Ta= 035(115) + ,43(130) .,. .1(40) + 18 

- 100 F 

Th:i.s value represents a 11design'' value. In all probability it 

would never be reached in the .normal operation of a white,, uninsulated 

tank car in this service in the .United States .• 

B, .. Maximum Ammonia Vapor Pressure in .an Uninsulated Tank Car 

Upon .solving ,Eqs. (9), (10)1 (11) and (12) simultaneously for 

~4:, ~51 ~6, and k:21, the following values were .obtained 

~4 0.81 

~5 ·- L.66 

~6 .:::: 0~72 

~7 - 2.,.0 

1A search of United .States Weatlher Bureau records covering the 
pa.st 30 years has shown that the assumed .ambient conditions are more 
severe than anything on record in the United States. As a :rule, 
places experiencing very high maximum temperatures have low minimum 
temperatures and consequently, moderate average temperatures. 

· 2Actual reflectivity readings taken on light colored tank cars 
in service indicate that a reflectivity of 401., .represents .an ex
tremely dirty white tank car (see Appendix C for actual observed 
values) .. 
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Substituting these values into Eq. (2) 

. Pa= .• 81 Tb t 1.66 Tc - .72 -S t 2 
', 

(14) 

Where Pa: maximum vapor pressure on any given day, psig. 

This empirical equation was also checked for reliability. Utilizing 

the same values of Tb, Tc, and S, Pa values were calculated daily 

values of Pa. Substituting the same set of extreme values as used 

in the calculation of a "maximum" liquid temperature condition 

Pa~ .81(115) f 1.66(130) - .72(40) t 2 

~ 282 psig 

This figure also represents a 11design11 value. In all probability, 

it would never be reached in the normal operation of a white, unin= 

sulated tank car in this service in the United States. 

C. Data Correlation 

When the e:rnpiricar equations were constructed, the observed 

ambient temperature data were fed back and, for each day, a maximum 

liquid temperature was·calculated. These calculated. values were 

compared with the observed values,, and the correlation coefficient 

calculated as follows~ 

~(observed values - calculatea values) 2 
R :;;; , 1 = n ( standard deviation) 2 

Where. R ::;; correlation co,eff1cient 
n - number of days 

This coefficient is a measure of the combined importance of the 
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independent variables. It varies bet-ween O and 1. Zero means the 

independent variables make no explanation of .the observed results; 

one means th~ independent variables completely explain the observed 

results. 

· For these tests, the correlation coefficients were as follows: 

For Eq. (13), R: .92 

For, Eq. (14), R ~ .86 

The coefficient of correlation is very difficult to picture 

graphically, but the concept is ·conveyed in Figs. 4 and 5 which 

show plots of calculated and observed maxima for liquid temperature 

and vapor pressure and Figs. 8 and 9 which show plots of observed 

versus calculated values for the same quantities. 



CHAPTER VIII 

DISCUSSION OF RESULTS 

A. Maximum Liquid Temperature ,, 

A method of predicting maximum liquid anhydrous ammonia temperature 

in an uninsulated tank car is now available. Maximum liquid temperature 

has now been defined as a function of average ambient temperature, maxi-

mum ambient temperature and reflectivity. This function can now be 

utilized with suitable ambient temperature data to calculate design 

temperatures on which to base filling: densities. 

Figure 6 as well as Eq. (13) shows that the color of the tank is 

of considerable importance, and that the lighter the tank color, the 

lower the maximum liquid temperature to be expected. However, it 

will be noted that Fig. 6 was plotted for a sin~le average ambient 

-._temperature. In practice, the average ambient temperature varies 

greatly from place to place and from time to time. Therefore, graphs 
-

such as Fig. 6 cannot be relied on to predict accurately maximum · 

liquid temperature. These predictions will have to be based either 

on equations such as Eq. (13) or on nomographs constructed from such 

equations. 

B. Maximum Vapor Pressure 

Design and material selection problems are solved most economi-

cally when conditions to be encountered are known within close limits. 

Maximum anhydrous ammonia vapor pressure in an uninsulated tank car 
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has now been defined as a function of average ambient temperature, 

maximum ambient temperature, and reflectivity. This function can 

now be utilized with suitable ambient temperature data, to calculate 

design pressures. 

Figure 7 and Eq. (14) show that the color of the tank is 

quite important in the determination of maximum vapor pressure. 

Figure 7 is a plot of ·Eq. (14) with average ambient temperature 

held constant. Figure 7 shows that the lighter the ~olor, the 

smaller the pressure rise. When the extreme assumed values for 

amgient temperature were substituted into Eq. (14) the resulting 

calculated extreme pressure for a white tank was below the safety 

valve setting of JOO psig. Thus, the. original purpose of this 

series of tests was accomplished. It was shown that light colored 

paint could sufficiently reduce the absorption of radiant energy 

to permit the safe operation of uninsulated tank cars in anhydrous 

ammonia service . 

C. General Discussion of Results on the Uninsulated Tank Car 

Figure 3 shows a comparison of observed maximum pressures in the 

uninsulated and the insulated tank cars. It will be noted that fluc

tuations in the uninsulated car were more violent, indicating that a 

great deal of "cooling off" took place at night. Also, the insulated 

tank car, during most of the test, increased at a steady rate. The 

implication is that the insulated tank car, if exposed to the right 

conditions, might gain in press~e until it reached the same maximum 

pressure as that in the uninsulated tank car. 



Toward the end of the test period, an unseasonably cold front 

moved into the test area (see Fi g . 1). This accounts for the 

slight down tu r n noted i n Figs . 31 4, and 5. In one way, this turn 

of the weather was unfortunate . It interrupted a pressure build 

up, and prevented the obtaining of maximum readings that would 

probably have othr rwise been obtained . On the other hand, the week 

of unusually cold weather permitted us to obtain a much wider range 

of data . 

Figure 1 of Appendix A ~hows a relat~onship between maximum 

ambient temperature and presrure rise . .A,lthough this relationship 

i~ not constant, and therefore not well ~uited to the type of corre

lation undertaken in this study, it is present. Note that the curves 

on Fig. 1 in Appendix A converge at the lower ambient temperatures . 

This reflects the expected lowering of ~verage .ambient temperature 

with the lowering of maximum ambient temperature . On the other hand, 

Fig . 6, calculated from Eq. (13) with a constant average ambient 

temperature, shows the three color cun.res as parallel. This dis

cussion mc,.y be surmnarized by saying thf t it is not possible to 

correlate accurately the relationships between ambient temperature, 

reflectivi ty and pressure rise (or temperature rise) with a simple 

curve having 2 dimension~ . 

. D. Sources of Erro+ 

During the process 9f taking datf , several sources of error were 

noted . Showers, cloudy days, wind, etc . all affected the results . 

Showers c~used an ~prupt cooling and a drastic lowering of 

24 



pressure· in the uninsulated tank. Cloudy days produced a somewhat 

smaller pressure build up than clear days, even though average and 

maximum ambient temperatures were comparable. 

Although no attempts were made to confirm the effects of wind, 

it is known that wind aids the dissipation of heat from tanks, 
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and thus reduces maximum liquid temperature and retards the pressure 

build up. This means that a stationary tank represents a more severe 

condition that a moving tank. 

Even with these errors, however, the resulting equations have 

very high correlation coefficients. 

E. Limitation-s 

It has been pointed out . earlier that vessel size has a dire.c·t 

bearing on the temperature and pressure behavior. Since this variable 

does not appear in the developed equations, these equations can be 

applied only to vessels of the approximate size of the test vessel, 

about 10,000 gallons . 

While the empirical equations herein developed have very high 

correlation coefficients, they must be considered accurate only in 

the range of the data taken. Any extrapolation of more than a few 

degrees above or below the range of data taken would have to be re-

garded as very unreliable . 

This in no way casts doubt on the quality of the data taken, but 

is merely a fair appraisal qf the limitations present, and means that 
-

while the equations herein presented are satisfactory for the calcu-

lation of summer maxima, they are in al~ probability, unreliable for 



calculating conditions to be expected in th, winter months or in. a 

location having general ambient conditions quite different from 

those found in the southwestern United States·. 
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CHAPrER IX 

COMPARATIVE RESULTS ON THE INSULATED TANK CAR 
' , '~ 

When an attempt was ma.de to evaluate the·data from the insulated 

tank car in the same manner as that used with the ·uninsulated·, a very 

lo:w correlation coefficient, • 25, waa. obtained. Further exper!mentation 

with curv-e fitting procedures showed that a ~inear equation expressing 

maximum liquid. temperature, or vapor pressure, conditions for a given 

dB37 as a function of ambient conditions would have to be of the form 

(i = O t~ n) (15) 

Where Ki, K0 and K" are constants, and 

Tb : the average ambient temperature for the day under 
O consideration, degrees F. 

~l = the average ambient temperature for the dB37 previous 
to the day under consideration, degrees F. 

Tb :::: the average ambient temperature for the day two days 
2 previous to the day under consideration, degrees F. 

Tb ::: the.average:ambient temperature for the day lldeys 
n previous to the day under consideration, degrees F. 

While the uninsulated tank car operated on a cyclt of approximately 

l day, the insulated c·ar operated on a cycle of 1 year, with average 
. ' 

liquid temperature increasing all summer and, presumably, decreasing 

al:J.. winter. 
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The layer of insulation, retarding the transfer of heat caused the 

delay in temperature change, and required that a larger s'egment of data 

than 1 day be considered in the correlation of liquid temperature and 

vapor pressure with ambient conditions. Since a large mass of liquid, 

or a liquid with a relatively high specific heat, could also be expected 

to ~etard temperature change, it would logically be expected that a large 

mass of liquid, or a mass 6i' liquid 4aving a relatively high specific 

heat value would .require the same mathematical treatment,.as the data 

from the insulated tank. Therefore, if uninsulated vessels of large 

size or vessels containing liquids of relatively high specific heat 

values are to be examined in the mann:'er here.:i'.n,described, it is expected 
I ; ! 

that the equations satisfacto:ril:y relating the maximum tenperature and 

, pressure in the vessel under study to ambient, conditions would have . to 

be of the fbrm. of Eq. (15). 



CHAPTER X 

CONCLUSIONS AND APPLICATIONS 

This study was originally undertaken by Phillips Petroleum 

Company, Bartlesville, Oklahoma, to show the feasibility of operating 

light colored tank cars in anhydrous ammonial and LP-Gas service without 

the customary insulation jacket. In ~ppendix A is the report that was 

written recommending the changes in the ICC regulations. 

By showing that, even under ambient conditions more severe than 

any on record, the maximum pressure to be expected in a light colored, 

uninsulated tank car was below the danger level, it was proved that 

light colored tank cars would be safely operated in anhydrous ammonia 

and LP-Gas service without the insulation. On the basis of this report, 

the Interstate Commerce Commission altered the applying regulations. 

After the original purpose was acc?mplished, a second goal was 

set, the establishing of maximum safe filling densities. 

Based on Phillips Petroleum Companyvs Engineering Department Report 
' I. 

390, Supplement I (see Appendix A), the Interstate Commerce Commission 

adopted a new filling density for tank cars in anhydrous ammonia service. 

The basis of the new filling density was the maximum liquid temperature 

calculated by Eq. (14) of this study. 

lAnhydrous ammonia has the higher vapor pressure in the temperature 
range anticipated. Therefore, if tank cars could be proved to be safe in 
anhydrous ammonia service, the same tank cars would certainly be safe in 
propane service. For this reason the tests were conducted using only 
anhydrous ammonia. 
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CHAPTER XI 

FIELDS FOR FURTHER STUDY 

In any growing industry, each small step opens the door to a 

Ill1;1l:t!t,ude of laI'ger steps. Once a technique is perf_ected, hundrecis of 

applications for this technique can be seen. This report has shown 

that light colored tank cars in anhydrous ammonia or LP-Gas service 

could be operated without insulation. 

There are many compressed gases which, at present, are required 

to be shipped in insulated tank cars. Vast amounts of capital could 
' 

be released for use elsewhere if these products could be shown to be 

safe in uninsulated tank cars. Using the method of study outlined in 

Phillips Petroleum Company 0 s Engineering Department Report 390, Columbia-
, 

' . 
Southern Chemical Corporation is currently conducting tests to evaluate 

the effects of'ambient conditions on uninsulated tank cars in chlorine 

service. 

A related field of study- is the accurate determination ef maximum 

safe filling densities for insulated tank cars in liquid compressed 

gas service. Experimental work is being done by the author at present 

in the field of insulated tank cars for LP-Gas· and anhydrous ammonia 

service. This work involves the gathering of sufficient data td supply 

constants for an equation of the form of Eq. (15), and the determination 

of a "maximum" liquid temperature to be expected in in~ulated tank cars. 

The study is being based on longer range test information and 11high 
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temperature location" weather information. A difficulty lies in 

the determination of suitable ambient temperature values to use for 

winter calculations. 

With equations of the form of Eq. (15) it is important to obtain 

very accurate weather data for use in design condition calculations. 

Assuming ultra-conservative ambient temperature values for 1 da:y is 

quite different from assuming the same values to be true for a 10 or 

15 day period. The assumption for the longer period would be so con-

servative as to constitute severe penallzation. Considerable weather 

research will be necessary to supply suitable "maximum" ambient tempera-

ture values for equations of this form. 

It is quite possible that, as larger tank cars are built, the 

equations for uninsulated tank cars will be considered too conservative. 

With larger masses of liquid, the empirical equations contained in this 

paper do become more conservative. Correlations having volume, and 

perhaps specific heat, as variables will be necessary. Although, as 

stated before, the correlations· resulting from this test were very good, 

" the large constant at the end of Eq. (13) indicates that correlation 

could be better. It is quite probable that the 10,000 gallon size 

tank is about the largest that can be considered on a 1 day basis. 
;. . 

-

Tanks over that ·size will probably require equations of the form of 

Eq. (15) to satisfactorily relate internal and external temperatures. 

Separate summer and winter filling densities are specified by law 

for some products, but others do not have this advantage. (The advantage 

consists of carrying more pounds of product in the cooler months, when 
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liquid expansion is le,s, than in the warmer months of the yetir). 

Studies similar to this one should be undertakell to investigate 

the feasibility of separate summer and winter filling densities for 

many other liquefied compressed gases~ to guarantee that the present 

national tank car fleet is being used to the fullest advantage. 

With additional data on tank cars, and better co,rrelations -in

volving formulas of the form of Eq. (15) better tabulations of weather 

history will be necessary. 

Correlations of this type will require many and varied types of 

weather history reports. Some of the typical questions that will haye 

to be answered soon are as follows: 

1. What are the average ambient and maximum ambient temperatures 

for the warmest 11 consecutive days on the North American Continent 

for the past 25 years'? What was the location? In continental 

United States? What was the location? 

2. Sa.me information as above for the winter months. 

3. What is the maximum number of consecutive days for which 

average ambient temperature has exceeded 100 Fat a single location 

on the North American Continent? What location? In continental 

United States? What location? 

4. What is the maximum number of consecutive days for which 

max:lmum ambient temperature has exceeded 130 Fat a single location on 

the North American Continent in the past 25 years? What location? In 

continental United States? What location? 
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When these questions are answered, there will be others of similar 

magnitude and difficulty. However, progress is not to be feared or 

shunned; if the problems are difficult, the more is the satisfaction 

received with their successful solution. The problem of utilizing to 

the fullest the country 0s petroleum product transportation system, and 

at the same time, forging ahead with improvements in that system is 

indeed a challenge worth accepting. 
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APPENDIX A 

EFFECTIVENESS OF PAINT VERSUS INSULATION FOR 

LIMITING PRESSURE INCREASE IN TANK CARS 

1.00 SUMMARY 

.01 Current and long standing ICC regulations require that tank 

cars used in LP-Gas and anhydrous ammonia service be insulatedo However, 

considering the results of tests run in 1950 and 1953 by Phillips 

Petroleum Company·,, and also the information gained in 35 years of operat

ing experience 9 the decision was made to experimentally determine the 

effect on tank car pressure of replacing the insulation and jacket with 

reflective paint on the bare tanks • 

• 02 An uninsulated ICC l05A-400W tank car (10 9 518 gallon water 

capacity) was filled with anhydrous ammonia, and internal temperature 

and pressure data were taken with the car painted white, gray and black 

successivelyo Results were compared with data taken from a conventional 

insulated ICC 105A-300W tank car filled with anhydrous ammonia from the 

same source. 

003 Maximum pressures in the uninsulated car were as followsg 

Paint Max. Tank Car Max. Ambient Temp. 
Color Reflectivity Pressure Measured in Shade 

White 84% 216 psig 105 F 

Gray 27% 265 psig 109 F 

Black 5% 295 psig 108 F 

Noteg These pressures are about 10% high due to air in the vapor space • 
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Maximum pressure during this time in the insulated tank car 

used for comparison was 185' psig • 

• 04 Extrapolated data shows that with 300 psig considered the max-

imum allowable pressure, pa.int reflectivity could drop as low as 13% and 

.still be adequate to prevent overpressuring at an ambient temperature of 

115 F. (13% represents an extremely dirty white pa.int.) 

.05 Based on these facts, it was concluded that uninsulated tank 

cars with a relief valve setting of 300 psig could be painted any light 

color and be safely operated in LP...Gas and anhydrous allllllonia service. 

2.00 INTRODUCTION 

.Ol The problems of tank car operation and maintenance are numerous 

and complex, and since Phillips Petroleum Company operates the largest, 

pressure tank car fleet in the worldp it is fitting that the Company 

should be always seeking newer and better methods for building and main-

taining tank cars • 

• 02 With this in mindv it was decided to conduct an extensive test 

program to determine the feasibility of operating tank cars in LP-Gas 

and anhydrous allllllonia service without insulation • 

• 03 From the results of previous tests1 and information gathered in 

35 years of experience 9 it was believed that the absorption of heat from 

the sun could be reduced sufficiently by the application of a reflective 

paint to allow pressure tank cars with a 300 psig relief valve setting 

1Temperature and Pressure Variation in Anhydrous Allllllonia Containers, 
by N. E. Ziege. 1951. 
EDR-350. The Effect of Painting on the Pressure Rise in Liquid Anhydrous 
Ammonia Containers 9 by N. E. Ziege. 1953. 
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to be operated safely without insulation. Both tank trucks and stationary 

storage vessels have been operating on this principle for many years. 

Consequentlyi this series of tests was conducted to determine experiment

ally the effect of paint reflectivity on uninsulated tank car pressures 

and to compare t hese pressures with those developed in conventional in

sulated tank cars under identical conditions of exposure • 

• 04 An uninsulated ICC 105A- 400W (10,518 gallon water capacity) test 

car was obtained, and, aft er a study of weather data, a north-south spur 

track i n the Borger , Texas 9 area was chosen for the test site. The 

nor t h-sout h orient ation was chosen to maximize exposure. The area was 

chosen because of sun radiation intensity and the high percentage of 

clear days . A convent ional , insulated ICC 105A-JOOW tank car (llj070 

gallon water capacity ) fil l ed wit h anhydrous ammonia was used as a com

parison • 

• 05 Although t he results of t hese t ests j in generalj were intended 

to appl y t o both LP-Gas and anhydrous aIIDilonia tank cars j ammonia was 

chosen for t he test because it had t he higher vapor pressure in the an

t i cipated temperature r ange . 

3 .00 CONCLUSI ONS 

. Ol A t ank car wit h a relief valve sett ing of 300 psig can be 

operat ed safely wit hout insulati on when painted a light color. 



39 

.02 An extension of the data curves indicates the following: 

Paint Max. Pressure at Max. Pressure at 
Color Reflectivity 115 F Amb. Temp. 130 F Amb. Temp. 

White 84% 235 psig 270 psig 

Gray 27% 280 'psig 340 psig 

Black 5% 3.20 psig 380 psig 

Noteg These pressures are about 10% high due to air in the vapor space 
of the test car • 

• 03 With a filling density of 55.3% the slip tube gauge would 

indicate 011 outage of 130 F liquid temperature. (This would still 

leave the space in the manwayi so even here 1 the tank would not be 

liquid full.) 

4.00 RECOMMENDATIONS 

oOl It is recommended that uninsulated tank cars with a relief 

valve sett ing of 300 psig be approved for LP-Gas and anhydrous ammonia 

service 9 and that these cars be painted with a light colorp self clean-

ing1 paint. 

5.00 TEST SETUP AND PROCEDURE 

.01 The test car used was a standard ICC 105A-400W tank car with 

the insulation and j acket removed • 

• 02 An instrument adapter was placed in the usual location of the 

safety valve 9 and the safety valve was moved to a l ocation on the 

adapter. See Figure 4. A Fisher Governor Company Level-Trol was 

mounted in the top of the adapter and adjusted to measure level change. 

In addition to level data taken wit h the Level-Trol 9 periodic level 

measurements were made with the slip tube on the test car . 
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.03 Eight thermocouples were mounted in the adapter and spaced down 

through the tank at 1 1 intervals from the bottom to measure temperature • 

• 04 After the test car was outfitted, it was moved to the test site 

and filled with anhydrous ammonia to a density of 55e3%. The ammonia 

was trucked in from the Ammonia Plant in Cactusp Texas. A conventional 

tank car full of ammonia from the same source was shipped to the test 

for use as a comparison • 

• 05 Additional thermocouples were installed to measure temperature 

in the insulated vessel and also to measure ambient temperature. 

Ambient temperat,µ-e was measured on the north (shaded) side of the in

strument house. See Figure 6. Sun radiation intensity was measured by 

an Epply Pyrheliometer. This instrument generates a voltage proportional 

to the intensity of sun radiation striking a horizontal plane. All in

struments were connected to indicator-recorders in the instrument house 

(see Figure 7) and data recorded 24 hours a day • 

• 06 Precipi tation was measured daily at the test site, and wind 

direction and velocity and other weather information was obtained from 

the Central Air Lines office at the Borger Airporte 

.07 rata were obtained with the test car painted white (duPont 

Northern Tank White)p then gray (duPont Horizon Gray), then black 

(duPont Utility Black). 

6.00 RESULTS 

.01 Figure 1 shows the relationship that existed between ambient 

temperature and tank car pressure throughout the test. 



(1) A maximum ambient temperature of 105 F and a maximum 
tank pressure of 216 psig was obtained with the tank 
painted white. 

(2) A maximum ambient temperature of 109 F and a maximum 
tank pressure of 265 psig was obtained with the tank 
painted gray. 

(3) A maximum ambient temperature of 108 F and a maximum 
tank pressure of 295 psig was obtained with the tank 
painted black. 
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,02 The temperature-pressure data were conservatively extrapolated 

to obtain pressures to be expected up to 130 F ambient temperature • 

• 03 Figure 2 is a plot showing the relationship of the paint 

rtflectivity to the maximum tank car pressure for three maximum ambient 

temperatures. These curves were produced by taking the tank pressures 

from Fig. 1 at the desired ambient temperatures and plotting them 

against the known reflectivities of the paint. This curve permits 

one to assume a desired maximum tank pressure and, knowing the maximum 

ambient temperature to be encountered,' predict the paint reflectivity 

required to keep the tank pressure below the desired maximum. 

I 

Example: If it were required to keep a tank pressure 
below 300 psig in an ambient temperature of 
115 F~ the minimum reflectivity would be 13,%. 

,94 ·Also shown in Fig. 2 are the corrected tank pressures vs. 

reflectivity. These ar~ the values that would be obtained if there 

were no air in the vapor space • 

. 05 Figure 3 shows the relationship between liquid temperature 

and liquid level. The curve is based on slip tube readings and merely 

serves to confirm the calculated filling density . 

• 06 Maximum variation of liquid level recorded was 3 1/4". The 
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maximum level occurred at a liquid temperature of 91 F and was recorded 

at 9 1/4" of outage. The minimum level occurred at 64 F and .was re

corded as 12 1/211 of outage. 

7,00 DISCUSSION 

·,C)l Ideally, the pressure of a confined gas depends primarily on 

temperature. In the case of a closed vessel such as a tank car, the 

temperature is largely dependent on the absorption of radiant energy 

from the sun. Therefore, anything that would limit this absorption 

would be capable of limiting the pressure. Some doubt might ..ariise 

over the ability of any light colored paint to retain enpugh reflecti-

vity to accomplish this purpose. However, white storage tanks have 

been in operation in the Borger, Texas, area for many years and this 

area has two carbon black plants. Excellent opportunity has been 

available for these tanks to darken, but they have not. Furthermore, 

Fig. 2 shows that for a maximum pressure of 300 psig to be reached 

even in 115 F weather, the reflectivity would have to drop to 13%, 

This combination represents an almost impossible set of conditions. 

Therefore, it is believed that a high reflectivity paint such as that 

used in these tests would be quite capable of permanently reducing the 

amount of sun radiation absorbed by pressure tank cars • 

. 02 One source of error that entered into the tests was a small 

amount of air that was present in the tank car and not eliminated in 

the process of loading from the tank trailers. However, this was on 

the safe side; that is, it tended to make the test conditions more 

severe than actual conditions. A study of data showed that the .pressure 
,-; .... . 
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was runni~g'slightly higher than the meastn'ed temperatures wquld have 

indicated. This indicated the presence of another gas. A spectro

analysis of the vapor in the test car confirmed this. It tested 13% 

air. This would cause an approximate 10% increase in pressure in the 

range encountered in the test . 

. 03 The Level=Trol was somewhat affected by the sun. As the 

pilot got warm, the Bourdon tube tended to react in the same manner 

as when the liquid level dropped. Therefore,,in studying the data, 

only Level=Trol data taken after sundown or slip tube readings were 

considered . 

. 04 Showers, cloudy days, wind, etc.all affected the data. 

(1) Showers caused an abrupt cooling and a drastic lowering 
of pressure in the uninsulated vessel. 

(2) Cloudy days produced a somewhat smaller pressure build 
up than clear days, even though ambient temperatures 
were comparable. 

(3) Although no attempts were made to confirm the effect of 
wind, it is known that wind aids the dissipation of heat 
from tanks and thus retards the pressure build ups, (this 
would mean that a stationary tank would represent a more 
severe condition than a moving tank car). 

All the,se factors were reflected as a scattering of points on 

the pressure vs. ambient temperature curves (Fig. 1), and when the 

curves were extrapolated it was assumed that atmospheric conditions 
' . 

encountered in the tests were typical. It is believed that the hot, 

dry climate of the Borger area made this a safe assumption. 
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FIGURE 2 
TANK. :.CAR PRESSURE VS REFLECTIVITY OF. THE PAINT 
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FIGURE 3 

LIQUID TEMPERATURE VS. LIQUID LEVEL 
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PHILLIP$ PETROLEUM co 
,........ • .:a, TANK TAR TESTS 

FIGURE 4 G-3963 

THE UNINSULATED iEST CAR 
SHOWING THE INSTRUMENT ADAPTER AND 

THE RELOCATED SAFETY VALVE 

F,IGURE 5 G-3964 

THE TEST SITE LOOK,NG W~ST 
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FIGURE 6 G-3960 

THE TEST SITE LOOKING SOUTH 
NOTE THE PYRHELIOMETER BULB ON TOP 

AND THE AMBIENT TEMPERATURE THERMOCOUPLE 
ON THE NORTH SIDE OF THE INSTRUMENT HOUSE. 

FIGURE 7 

A CLOSE UP VIEW OF THE 
INDICATOR - RECORDERS 

<;;•,•frJ.;;A1/()IJ 

G-3962 
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1. Maximum Temperatures of Liquid Anhydrous Ammonia and Propane 
in Uninsulated Tank Cars 

INTRODUCTION~ 

APPENDIX A9 1uEffectiveness of Paint vs. Insulation for Limiting 

Pressure Increase in Tank Cars 1n9 was presented to establish the feasi-

bility of operating uninsulated tank cars in anhydrous ammonia and 

propane service. After the completion of APPENDIX A~ the second phase 

of data evaluation9 the development of information concerning liquid 

temperatures in uninsulated tank cars began. This was required if full 

advantage were to be taken of information presented in APPENDIX A, 

Maximum summer and winter liquid temperatures of ammonia and 

propane were required. Summer maximums were required for filling 

density calculations. Winter maximums were required to pave the way 

for the establishing of separate sUilllller and winter filling densities. 

It was believed that considerable saving could be realized if separate 

summer and winter filling densities could be established. 

Therefore 9 this supplement was written to present a design liquid 

temperature for uninsulated dual service tank cars, and temperatures on 

which to base filling densities for both sunnner and wintero 

CONCLUSIONS: 

Maximum liquid ammonia temperature in an uninsulated dirty tank 

car would not exceed 108 Fin 125 F maximum ambient temperature. 

Maximum liquid propane temperature under the same conditions would 

not exceed 112 F. 

Maximum liquid temperatures during winter months would not exceed 

$8 rand 93 F for ammonia and propane respectively. 
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RECOMMENDATIONS i 

It is recommended that 115 F be adopted as the design liquid tem-

perature for uninsulated dual service tank cars, and that summer fill-

ing densities be based on this temperaturee 

It is f'urther recommended that winter filling densities be estab

lished for uninsulated dual service tank cars, and that 95 F be adopted 

as the basis for their calculationo 

MAXIMUM LIQUID AMMONIA TEMPERATURE : 

Adequate data were gathered during the summer of 1956 to determine 

the temperature behavior of liquid ammoniao By means of an electronic 

compu.ter and a linear regression curve fitting routine, an equation to 

fit the experimental data was determinedo It is 9 

Ta :aa: o.35 Tb + o4'J TtCJ =.,l S + 18 (1) 

where Ta= Maximum liquid ammonia temperature in an uninsulated tank 
any given day9 ,degrees Fo 

Tb = Average ambient tempera tu.re .for tha.t day, degrees F. 
Tc= :Maximum ambient ·temperature .for that day9 degrees F. 
S = Reflectivity o.f the paint on the tank car as measured by a 

Photovolt Reflection Meter 9 per cento 

Using the above equation!) and the extreme summertime conditions, 

'l'b =.110 F 
Tc = 125 F 
S = 30% 

Ta = 108 F 

The value of S was an actual reading taken .from an extremely dirty!) 

gray tank caro A light ©olored paint would pr~bably never get this 

low. 

MAXIMUM LIQUID PROPANE TEMPERATURE: 

The value obtained .for maximum liquid ammonia temperature ~ould 
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not be applied directly to propane since propane has~ lower specific 

heat and would, therefore 9 get hotter with the same heat input. 

To arrive at a liquid propane temperature, a mathematical approach 

utilizing the very complete data taken on ammonia was used. 

It was assumed that liquid propane temperature would bear a con-

stant re~ationship to liquid ammonia temperature such that, 

Tp =Ta+ K(Tc = Ta) (2) 

Where T~ =Maximum liquid propane temperature in an uninsulated tank 
car on any given dayp degrees Fo 

K = A constant. 

To evaluate the constant9 data from a series of tests1 run in 1932 

were usedo In these tests, temperature and pressure measurements were 

made on an 85itl I.Do x 40 1 white uninsulated propane storage tank. A 

maximum. liquid temperature of 90 F was obtained with a maximum. ambient 

temperature of 105 F and an average ambient temperature of 86 F. 

Knowing these conditions 9 a Ta could be:calculated from equation 

(1) 9 and then K could be determined from equation (2). 

K = Tp = Ta = 90 = 85 = .25 
Tc= Ta 105 = $~ 

Combining equ.a.tioris (1) and (2) 

Tp = .26 Tb + /57 Tc .,,; .,08 S + 14 

Using the above equation9 the extreme case was examinedo 

(3) 

lWSummary of Recorded Temperatures and Pressures on Propane 
Storage Tank at Rockrlllep Maryland1n9 by We z. Frienp.9 l935o Reference 
file WZF=25=35D9 Research and Development Department Library9 Phillips 
Petroleum Company. 



Tb = 110 F 
Tc = 125 F 
S = .30% 

Tp = 112 F 

DESIGN LIQUID TEMPERATURE AND SUMMER FILLING DENSITIES: 
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The maximum liquid ammonia and propane temperatures obtained indi-

cate that 115 F could be safely used as a design liquid temperature on 

uninsulated dual service tank carso 

Furthermore 9 past experience has proved 115 F to be a safe design 

figure for tank trucks 9 and the larger the vessel the s+ower the con

tents heat and th~ more conservative this figure becomes. 

Therefore 9 it is recommended that 115 F be adopted as.the design 

liquid temperature for uninsulated dual service tank cars, and that 

summer filling density calculations be based on this temperature. 

MAXIMUM LIQUID TEMPERATURES FOR WINTER FILLING DENSITIES: 
1 ' A search of the pa.st 20 years' weather records revealed that the 

highest average ambient temperature recorded in the United States dur

ing the months of November through March was 76.4 F. This was in 

Florida in March~ 1952e The highest maximum ambient temperature in the 

same period was 104 Fe This was in Texas in March!) 1952. 

Using the extreme values 9 

. Tb = 80 F 
Tc = 105 F 
S ·=JO% 

Ta= 88 F From Equation (1) 
Tp = 93 F From Equation (.3) 

lUnited States ;Department of Commerce 1 Weather Bureau Climatological 
Data. Published monthly. · 
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Inasmuch as there is at least a 20 degree differential between 

summer and winter maximum product temperatures, it is recommended that 

winter filling densities be established for uninsulated dual ser,n.ce 

tank cars, and that 95 F be adopted as the.basis for their calculation. 
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2. A Basis for the Determination of Filling Densities in Insulated 
Tank Cars 

INTRODUCTION~ 

Appendix A, "Effectiveness of Paint vs. Insulation for Limiting 

Pressure Increase in Tank Cars, 11 and Appendix A-1, ''Maximum Temperature 

of Liquid Anhydrous Ammonia and Propane in Uninsulated Tank Cars, 11 pre-

sented information on the operation of uninsulated dual service tank 

cars. 

Subsequent to these reports, a study of insulated tank cars in 
,.· 

the same service has been made. From this study it appears that an 

increase in filling densities of insulated tank cars is feasible. 

It is the purpose of this supplement to present a method for the 

determination of summer ~nd winter filling densities for irisulated 

tank cars. 

RECOMMENDATIONSi 

As an interim measure, it is recommended that summer filling 
., 

density for anhydrous ammonia in insulated tank cars be based on 100 F 

and be established at 58.33%1. 

It is also recoIDillendedg (1) that additional tests b~ conducted 

to establish fully and confirm the relationships between the temperatures 

of LP-Gas and liquid anhydrous ammonia in insulated tank cars and ambient 

temperature; and(~) th~t the results of these tests be usedta;s bases 

for the determination of summer and winter filling densities for LP=Gas 

and anhydrous ammonia in insulated tank cars. 

1rt is interesting to note that ICC Regulations, Paragraph 73.314 
specifies a filling density of 57%, and further states that ~, __ lagged tank 
m,ust not be completely full at 105 F. Based on a liquid temperature of 
105 F, the filling density would be 5?-.9r;.%. 

.·-""'"'····· 
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PROPOSED PROCEDURE~ 

Following .. the general pattern of the 1956 tests, liquid tempera-

tures of anhydrous ammonia and of propane in insulated tank cars would 

be recorded along with ambient temperature for about a 6-month exposure 

period. With the aid of an electronic computer and by a linear regression 

curve fitting routine, liquid temperature in the tank car would be ex

pressed as a function of ambient conditions. Study of the 1956 test 

data has sho~· that the resulting equations will be of the fcirm 

T1 ~ KoTbq t K1Tbl f K2'l'b2 f • · • • · t K1~TblO t K11:r~ f K12 (1) 

where 
Tt: max.'flllum liquid temperature in an insulated tank car for any 

given day., degrees F. 

Tb0 -:::: A'lfetage ambient temperature for that day, degrees F. 

Tc : maximum ambient temperature for that day, degrees F. 
1, 

Tb1 ... Tb10 ~ average ambient temperatures for the preceding 
10 days, respectively, degrees F. · 

Ko ... K12: constants 

Having the basic equations for maximum liquid temperatures in 

terms of ambient temperature; it wj;,11 be necessary only to determine 
'' ·' 

. . 

"maximtiin.!.1 average ~bient temperature conditions for summer and winter 

in order to establ.i.~h the temperature bases for summer and wint.er f-,ill= 

ing densities. 

ESTIMATED RESULTS~ 

. Summer .Filling Densities 

As an indication of results to be expected, the data. from the 

insulated ammonia car in the 1956 tests were correlated in the.manner 



just described. The resulting equation was 

Ti = a - .14Tbo I- .11Tc /, .12Tb1 /. .11~b2 t .10Tb3 I .09Tb4 I 
.o8Tb5 I- .07Tb6 I- .06Tb7 I- .04Tb8 I 03Tb9 I .02Tb10/. 1 

An estimate of the 11 hottest consecutive days over the past 

25 years was obtained from tlie United States Weather Bureau. When 

these values were substituted into Eq. (2) 
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(2) 

T = .14(96) t .11(110) t .i2(97) ~ .11 (98) f .10(98) f .09(98) f 

~.07(97) f .06(97) f .04(97) /·.03(96) t .02(97) t 1 :: 97' F 

The present filling density for ammonia in insulated tank cars is 

57%. The filling density based on a maximum liquid temperature of 97 F 

would be 59%. 
- . 

'.A similar increase could be expected for propane. 

Win.tar Filling Densit.i,u 

By substituting the highest ambient temperatures 1to be expected 

during winter ~onth_s into the temperature correlation equation, maxi

mum winter liquid temperature would be obtained. An investigation would 

be required to determine su°ttable ambient temperatures. This would in= 

volve considerably more record searching than the investigation of 

summer conditions, as the trends are much less definite. It is believed 

that such an investigation would show increases in winter filling densi-
,•.;.. 

ties to be possible. 

DISCUSSION: 

During the 1956 tests, data were taken only on ammonia. Furthermore, 

the test period was not long enough to fully establish and verify the 
, .. - i 

relationship between liquid temperature and ambient temperature in the 
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, 
insulated tank car. The data were sufficient, however, to obtain an 

estimate of results to be expected from more complete tests. 
' ' 

Based on knowledge of known hot years and known'hot locations, 

the United States Weather Bureau supplied maximum and average ambient 

temperatures for the period of August 29 through September 8, 1952, 

for Yuma, Ari~bna. More complete test data will justify a more com

plete study of weather records. It must be kept in mind that the con

stants in Eq. ~?) were determined by incomplete data. It is quite 

possible that more complete data will show that 97 Fis too high. 
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APPENDIX B 

OBSERVED VALUES OF Ta, Tb, T AND S 
C 

Date Observed Values 

Ta Tb Tc s 

June 

20 73 70 89 84 

21 78 82 97 84 

22 82 84 104 84 

23 80 78 96 84 

24 81 83 102 84 

25 83 86 100 84 

26 85 87 102 84 

27 86 87 102 84 

28 88 88 102 84 

29 85 80 100 84 

30 85 82 102 84 

31 81 79 99 84 
-

July 

l 80 80 94 27 

2 84 84 100 27 

3 84 83 98 27 

4 87 86 102 27 

5 92 90 110 27 
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APPENDIX B (CON 1T) 

Date Observed Values 

Ta Tb Tc s 

6 94 91 109 27 

7 94 92 108 27 

8 95 91 110 27 

9 93 87 108 27 

10 92 87 108 27 

11 94 92 108 27 

12 94 89 106 27 

13 94 90 109 27 

14 97 90 109 5 

15 95 90 110 5 

16 94 90 108 5 

17 97 91 110 5 

18 95 77 99 5 

19 91 57 62 5 

20 72 66 77 5 

21 72 70 84 5 

22 78 75 90 5 

23 88 80 96 5 

24 91 86 106 5 

25 92 83 102 5 

26 90 81 · 97 5 
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APPENDIX B (CON•T) 

Date Observed Values 

Ta Tb Tc s 

27 92 85 102 5 

28 92 85 102 5 

29 94 81 103 5 

30 96 . 88 108 5 

31 72 75 83 5 



APPENDIX C 

OBSERVED REFLECTIVITY RE.ADINGS ON LIGHT COI.ORED _ TANK GARS* 
- -- -- - -

Date of Car Original Date Original Top Side End Weighted 
:f!,e!3'.ding No. Color Painted Reflectivity Average** 

10-29-56 WRN:x:471 Gray 8=8=5.3 58 -26- 29 25 27 
10-29-56 :WRNX642 Gray 8-8-53 58 20 22 19 21 

9-30-57 £SJ::>X21560 White 8-57 84 57 56 56 56 
9-30;,.,57 PSl':X.:16713 White 7=57 84 58 55 55 56 

10-29..;;57 PSPX25154 White 9=57- 84. 56 69 65 62 
2-5-58 r§r;132s9 Qray 9-57 42 29 36 34 32 

=· - - ,c=:i,, c=a:t - - - -=- - - - - - - --- ' . 

_, 

3-27-58 .. PSPX16708 White 7-57 84 67 65 67 66 
JJ-~:7-52 PSPI.16630 White 7-57 84 44 51 56 48 . - {Very dirty car) - -
4-22.:.:.58 PSPX16630 White, 7-57 84 52 63 56 56 

1So~ewhat cleaner than 16630 
4-22-58 PSPX16708 

= -.I 
White 7~57 84 70 67 66 68 

5-7-58 l:'~PI16708 White 7-57 84 73 71 70 72 
---

5-7-58 PSPX16630 White 7-57 84 57 71 61' 62 

*The first six readings were taken at random on light colored tank cars in Bartlesville, 
O~ahoma, and Phillips, Texas. The second six reading's were made on two tank cars at Bartlesville 
which are part of a test setup. Progressive chalking (cleaning) is reflected in the readings on 
the two cars· .iii the last' six readings. - ,. 

**The weighted average was calculated as follows: 
,, '".i. 

wt. avg. ::: (3)(top) .J. 2(side) .J. end 
i:) 

a
l--' 
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· APPENDIX D 

A SUMMARY OF SUPPLEMENTAL WEATHER DATA . . . 

OBTAINED FROM BORGER, TEXAS, AIRPORT* 

Date Wind Wind Remarks 
Direction Velocity 

mph 
July 
11 SW 17 Clear 

12 s 20 Clear 
,; 

13 s 16 Partly Cloudy 

14 SSW 15 Partly Cloudy 

15 SSW 8 Cloudy 

16 NNE 9 Overcast 

17 ENE 14 Overcase 

18 NNE 6 Partly Cloudy 

19 NE 6 Cloudy 

20 s 13 Overcast 

21 WSW 8 Clear 

22 SSW 9 Cloudy 

23 N 2 Partly Cloudy 

24 s 1 Partly Cloudy 

25 SSW 9 Clear 

26 s 14 Partly Cloudy 

27 s 17 Partly Cloudy 

28 SSW 16 Partly Cloudy 
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APPENDIX D (CONVT) 

< 

Date Wind Wind 
Direction Velocity Remarks 

mph 

July 

29 s 23 Overcast 

30 NW 8 Overcast 

31 NW 8 Overcast 

August 

1 SSW 12 Overcast 

2 s 14 Overcast 

3 s 15 Overcast 

4 SW 21 Partly Cloudy 

5 SW 7 Clear 

6 SSW 11 Partly Cloudy 

7 SSW 12 Partly Cloudy 

8 SSW 17 Partly Cloudy 

9 SSW 10 Overcast 

10 s 14 Clear 

11 s 12 Clear 

l.2 s 9 Clear 

13 s 12 Clear 

14 s 2 Clear 

15 s 11 Cloudy 

16 SSW 17 Cloudy 
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APPENDIX D (CONVT) 

Date Wind Wind Remarks 
Direction Velocity 

mph 

August 

17 SW 14 Cloudy 

18 N 17 Overca~'t 

19 NNE 14 Overcast 

20 NE 9 Cloudy 

21 SW 9 Clear 

22 E 2 C.lear, Gusts of wind 

23 N 9 Clear 

24 s 12 Cloudy 

25 SSW 14 Cloudy 

26 Sw 17 Cloudy 

27 SSW 12 Clel:!,r 

28 SSW 9 Overcast 

29 SW 11 Clear 

30 WSW 17 Clear 

31 s 16 Partly Cloudy 

~} No me,§.surable precipitation was recorded during the above period 
of time. 
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The following list of figures refer to the 

data in the thesis and not the Phillips 

Petroleum Company Report. 
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FIGURE 6 .. 
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