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Thermal Effects during Pressurization of Vehicle
Gas Tanks from Reservoir Tanks

Lawrence D. Wing*
NASA Goddard Space Flight Center, Greenbelt, Md.

Two theoretical methods of analyzing the process of filling vehicle-borne, high pressure gas tanks from gas
reservoirs are presented. The first method assumes that a given weight of gas at ambient temperature and a
specified pressure is required in the vehicle tank and selects a tank volume to exactly accommodate these con-
ditions. The second method assumes the vehicle tank has a given volume and then predicts the temperature over-
shoot that results from loading a fixed weight of gas to a predetermined pressure and, thereafter, the final gas
pressure after the vehicle tank and its contents have returned to ambient temperature. In addition, a means is
presented for predicting to what pressure the vehicle tank must be loaded such that, after returning to ambient
temperature, it will contain at least the desired weight of gas at the desired pressure.

Nomenclature
B = universal gas constant = 1546 (ft-Ibf/mole ° R)
CP = gas specific heat at constant pressure (Btu/1 bm ° R)
Cv = gas specific heat at constant volume (Btu/lbm °R)
J =778.26-(ft-lbf/Btu)
k — specific heat ratio CP/CV
M = number of moles of a gas
M = molecular weight of a gas
N = the number of moles of a gas contained in volume, V
P = pressure (psi, psf, or atm)
Q = quantity of heat (Btu)
Qc = heat transferred between the vehicle tank gas and the

tank walls during the fill process (Btu)
RG - specific gas constant for gas, G (ft-lbf/lbm °R)
T = temperature (°R)
V = volume (f t 3)
W = weight of gas (Ibm)
Wk = work done on or by gas (ft-1 bf)

IL = the Joule-Kelvin Coefficient (°C/atm or °R f t 2 / Ib f )
Subscripts
1 = reservoir conditions (assumed constant)
2 = vehicle tank conditions at end of fill process
3 = vehicle tank conditions after the filled gas has re-

turned to T3 (usually ambient temperature)
A =air
H = helium
m = gas mixture
S = maximum permissible value

Introduction

SUPPLIES of helium at relatively high pressures are often
required in sounding rockets for such purposes as

pressurizing liquid fuel and oxidizer tanks or for attitude con-
trol jet systems. Pressures in vehicle tanks of the order of 3500
psi introduce safety problems that necessitate loading as
closely as possible to launch time. Experience has shown that
the vehicle helium tanks often display an appreciable increase
in temperature as the reservoir gas is allowed to flow into the
tank. The result is that the fill process is drawn out in time by
the need to fill to.a predetermined pressure, allow the gas to
cool to ambient temperature, and then add more gas. This of-
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ten-repeated * 'topping -off" method might take as much as an
hour to assure that the final conditions of pressure and tem-
perature in the tank are such that the required energy is
available during flight.

The work reported here attempts to derive an approximate
analysis of the thermodynamic effects for the purpose of
devising a faster and simpler pressurizing gas tank loading
procedure. The applicability of the theory used (thus, the con-
clusions) must be confirmed by experiment because of the
fundamental assumptions with respect to the thermodynamic
processes involved.

Assumptions
The following assumptions are made for this analysis: 1)

the entire fill process is adiabatic in that no heat is assumed to
flow from the gas (loaded into the vehicle tank) to or from the
tank walls until after the fill process is complete. Although
this assumption is clearly incorrect, the magnitude of the error
can only be determined by experiment. In any case, the error
results in an underprediction of the weight of gas loaded; 2)
Eqs. (2) and (6) assume that the expansion from reservoir to
vehicle tank conditions is adiabatic and isentropic; 3) Eq. (7)
(correctly) assumes a "constant volume" change of con-
ditions from "end-of-fill" through "return to T3" (usually
^ambient); 4) the fill process is so regulated that the gas flow
never approaches sonic velocity. If experimental evidence in-
dicates that there is substantial heat transfer, Qc, between the
vehicle tank gas and the tank walls during the fill process,
then this heat can be accounted for by adding it to Eq. (4)

where Qc is positive for heat flowing from the tank walls to
the gas.

Theory
The problem is illustrated schematically in Fig. 1 . The reser-

voir containing gas, G, at pressure, Plt and temperature, Tt
(ambient), is assumed to contain sufficient mass of the gas to
permit the loading of the vehicle tank to desired conditions
with no more than negligible effect upon Pl and TJm The
loading process consists of merely opening the valve and per-
mitting the gas to flow into the vehicle tank until some
predetermined value of P2 is reached. At this point, the valve
is closed and the vehicle tank gas will return, in time, to am-
bient temperature and some pressure (P3) below that which
existed in the vehicle tank at the end of the fill process (P2).

The field problem involves getting a specified mass (WO of
gas into the vehicle tank at a predetermined pressure, P3, and
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Fig. 1 Schematic sketch of the problem.

anticipated operating temperature, T3, such that the required
energy (work potential) will be provided by the tank gas.
Translated into the terms of Fig. 1, the data known at the on-
set are G, P/, T]t V2t V3, P3 and T3. The unknown quantity
is the pressure (P2) to which the vehicle tank must be raised in
order to attain the required value of P3 after the vehicle tank
gas has come to thermal equilibrium with its surroundings.

The first calculation seeks the volume, K/, of the desired
weight, W, of the gas, G, at P/ and Tl (reservoir conditions).
It is obtained from

/ " ' • * * C / ' / \^ /

Next, the work done on the gas in expanding from reservoir to
vehicle tank conditions is determined. This process, assumed
to be adiabatic and isentropic (n = k~CP/Cv), yields

Wk=(P]VI-P2V2)/(k-l)

The heat equivalent of this work is

Q=Wk/J

and the resulting change in temperature of the gas is

(2)

(3)

(4)

or the final (end of fill process) temperature in the vehicle
tank is

r2 = r 7+Ar (5)
The vehicle tank pressure (P2 ) at end-of-fill is

P2 = Pi \VilV2\k (adiabatic, isentropic) (6)

in which k- (CP/CV) for gas, G. Finally, the pressure, P3, to
which the gas, G, in the vehicle tank will come when the tem-
perature ( T 2 ) returns to T3 (where T3 is usually taken as
^ambient) is obtained from

P3=P2T3/T2 (constant volume) (7)

In the preceding work it is assumed that the volume of the
vehicle tank is fixed (and, of course, known). It is possible,
knowing the values of W, P7, Tn and the required value of
P3, to obtain that volume (V2 = V3) of the vehicle tank which
will contain W pounds of G at T3 and P3 from

(8)

First Method

If the value of V2 is predetermined from Eq. (8) and this
volume is used in Eq. (2), it will be found that the net work
done on the gas is zero. This results in A7=0 so at the con-
clusion of filling the vehicle tank, the gas in this tank will
weigh W pounds and will be at r2 = rambient and P2 (the
required pressure). Since T2 = T3, then P2 =P3. Moreover, if
the thermodynamic assumptions [adiabatic, isentropic for
Eqs. (2) and (6), constant volume for Eq. (7)] are valid, then
one can decide upon the P3 and T3 for any arbitrary H^in or-
der to have the correct available energy, solve Eq. (8) for
V2( — V 3 ) and then design the ve.hicle tank to have this exact
volume. The tank, in this case, can be filled in one continuous
operation without appreciable temperature overshoot. The
method has the weakness that, if the energy requirements
change, a new tank would have to be designed or the second
theoretical method substituted for the "preselected volume"
method.

Second Method
The second method assumes that the tank volume will be

predetermined but will not conform to the definition of V2
from Eq. (8). This is tantamount to assuming that the vehicle
tank is already designed and built when the energy level
required by the gas is determined. An examination is made
here to define that pressure to which the vehicle tank must be
over-pressurized (in excess of the desired P3 value) during the
fill process to assure that when the gas has slowly returned to
ambient temperature (T3), the desired P3 value with the ap-
propriate weight of gas is obtained. The relation between P2
and P3 is obtained from Eq. (7). Note that T3 will usually
have the value of T/ =rambient but the subscript 3 is retained
such that any arbitrary value may be assigned.

P2=P3(T2/T3)

Putting this value into Eq. (6), get

P3(T2/T3)=P1[(V,/V2)]k

(9)

(10)

in which all but T2 are specified. Note that here P2 is the value
to which the tank must be pressurized in order to yield the
desired P3 after T2 returns to rambient. From Eqs. (2-4)

(k-l) CPWGJ

or, with Eq. (5)

T =T PiVi-PM
2 l (k-l)CPWGJ

Combining Eqs. (10) and (12)

(11)

(12)

P,V, -P.T,
(CPWGJ(k-l)

(13)

in which P2 is the appropriate end-of-fill pressure.

Discussion
If tests should demonstrate that the assumptions yield

reasonable estimates, then two design procedures are
available: 1) preset the volume of the vehicle tank [Eq. (8)] for
each application and build the tank with exactly that volume.
This design results in a system which can be filled all at once
to the desired final pressure without temperature overshoot;
and 2) design the vehicle tank to have a volume slightly larger
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Fig. 2b Joule-Kelvin Coefficient vs temperature.!

than that indicated by Eq. (8) and then calculate [Eq. (13)]
that pressure ( P 2 ) to which the gas in the tank must be raised
in a single-shot fill process such that, upon cooling to an ar-
bitrary final temperature (T3 ), the tank will contain not less
than the required weight of gas at the required temperature
and pressure. This process requires that the vehicle tank be
1 'over-pressurized" to accept the pressure overshoot required
by the temperature overshoot associated with the filling
process.

A factor which must be accounted for in either case is the
possibility of additional heating of the vehicle tank after com-
pletion of the fill process but before use of the gas (e.g.,
aerodynamic heating). There is particular danger in this form
of heat addition if the vehicle tank is of the structurally in-
tegral type. If the primary purpose of the gas is to pressurize
the vehicle liquid propulsion system tanks, then normally a
sufficient amount of gas is used prior to any aerodynamic
heat input (while the vehicle is lifting off and accelerating
through Mach 1) that a pressure rise in excess of the tank
capacity is practically impossible. If, however, the heat source
is either of solar origin or is internal (nonaerodynamic in
origin) or if no part of the gas is used until after the heat is in-
put (as might occur in the case of a liquid fueled second stage
pressurizing gas tank), then the vehicle tank must be either
protected by insulation or designed to withstand the resulting
overpressure.

The magnitude of the overpressure which results from heat
sources is difficult to predict without tests on the specific con-
figuration. Equations (4, 5, and 7) can be used to predict the
pressure overshoot from the fill process and, indeed, can in-
clude the effects of added heat if the magnitude of the heat
that can actually get into the gas (not just the tank walls) is
known. This latter heat that is received by the gas can be
estimated for each individual case by means of extrapolated
or interpolated data from heating tests such as that suggested
in paragraph A of the Appendix.

The need to consider all possible sources of heat input
(which is common to all pressure tank design problems) does
more or less tie in with the second analytical method in that
some design over-pressure may be required by either the fill

(1) DESIGN TEST TANK TO WITHSTAND
PRESSURE INCREASE RESULTING FROM
INCREASE IN TEMP. FROM AMBIENT TO
Ts + SAFETY FACTOR (E.G., 1.5Ts)

(2) T.C.'S BONDED TO EXTERNAL SURFACE
OF TANK WALL TO OBTAIN MEAN WALL
TEMPERATURE HISTORIES.

Fig. 3 Schematic sketch of test equipment for heat transfer from
tank walls to the gas in the tank.

process or later heat input. Thus, the increasing of the tank
strength satisfies both needs.

Attention is called to the fact that heat transfer from the
vehicle tank wall to the gas within is ignored during the fill
process only. Tests should be run (using some system similar
to the test tank of Fig. 3) to measure the validity of this
assumption. In general, for the case for which the second
analysis applies (V2 actual is greater than required-hence
temperature overshoots), the heat loss to the tank wall will
result in slight overfilling of the vehicle tank. Thus, provided
that this overfilling does not create dangerous pressures from
subsequent heat input, the energy level in the vehicle tank will
be greater than that calculated. At the end of the fill process,
the pressure will be correct, the temperature slightly lower
than anticipated but the weight of gas loaded will be a slight
amount greater than that originally planned.

Sample Problems
As a means of illustrating the use of the methods discussed,

a sample source reservoir is hypothesized. The gas is helium
and the reservoir is assumed to have sufficient volume to per-
mit removal of W (Ibm) of helium without significantly
changing the reservoir pressure and temperature. The reser-
voir conditions are

P, =6000 (psi) = 864,000 (psf)
T, =540(°R) = 80(°F)
#He =386(ft-lbf/lbm°R)
kHe =Cp/CV = 1.658
CPHe =1.25(Btu/lbm°R)

The desired final conditions in the vehicle tank are

W =5.0 (Ibm)
P3 = 3500 (psi) = 504,000 (psf)
T3 =540(°R) = 80(°F)

Casel
For the first case, the vehicle tank volume is selected such

that it holds exactly 5.0 Ibm of helium at 3500 psi and 540°R.
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To do this, the volume is obtained from Eq. (8) and is 2.068
f t 3 . From Eq. (1), the volume of 5.0 Ibm of helium at reser-
voir conditions is 1.206 f t 3 . The work done on the gas in
going from K/ to V2 is [Eq. (2)] zero. Thus, since no work is
done on the gas, then r/ = T2 or there is no temperature over-
shoot. This suggests that the tank can be filled directly to the
desired pressure and the helium weight will automatically be
the 5.0 Ibs that was used to obtain V2. (Caution must be taken
to assure that the filling process does not involve supersonic
flow at any time.) These results do not account for the Joule-
Kelvin effect which is estimated (in a later section) to be small-
to-negligible in this case.

Case 2
This case is the same as Case 1 but, instead of predeter-

mining the V2 value by means of Eq. (8), it is arbitrarily given
the value of 2.5 f t 3 . The applicable conditions are

Vl = 1.206 f t 3 , r7=540°R
V2 = 2.5ft3 ,P2=3500psi = 504,OOOpsf
W =5.0 Ibs of helium

Now the work done on the gas is no longer zero. From Eq. (2)
the work is -331,000 ft-lbf and the heat equivalent is 425.3
Btu so ATis 68.TR or T2 = 148°F. The tank was filled to the
desired pressure (3500 psi) but the helium temperature "over-
shot" by 68°F above ambient. After the temperature returns
to ambient (540°R), the tank will have a pressure of [Eq. (7)]
3108 psi. This clearly results in available helium energy (work
potential) definitely less than the design requirement. Ac-
cordingly, it is of interest to calculate the pressure to which
the vehicle tank must be pressurized in a single-step fill
operation in order to end up with the desired 5.0 Ibs of helium
at 3500 psi and 540°R in the tank. This calculation utilizes Eq.
(13) to get P2 =755,630 psf (5247 psi). Using the assumption
of a constant volume process to determine whether or not this
pressure will reduce to the desired 3500 psi, the work is [Eq.
(2)] 1,287,000 ft-lbf from which the heat equivalent is - 1654
Btu (note that if Wk = negative, AT is positive) and
AT=2650R or T2=805°R which temperature with the
calculated P2 value from Eq. (7), yields P5=3522 psi. This
figure is within 0.6% of the anticipated value (3500 psi) so the
analysis is apparently valid in theory and lacks only ex-
perimental verification of the assumptions. Note, however,
that in order to assure a final pressure of 3500 psi, it has been
necessary to load the 2.5 ft3 tank with an excess amount of
gas -in this case about 6.08 Ibs instead of 5.0 Ibs. If exactly 5
Ibs of helium is to be loaded, the tank volume must be
predetermined. If the total energy and tank pressure are the
governing factors and only a minimum gas weight is specified,
the above method is valid. In either case the pressure over-
shoot must be predetermined to avoid a catastrophic ex-
plosion on the one hand or failure to provide the required
energy on the other.
Case 3

It is now of interest to consider the same conditions as Case
2 but to remove the assumption of a vehicle tank which has
been evacuated of air prior to the filling process. Instead, the
tank is assumed (initially) to contain air at one atmosphere
pressure and ambient temperature. For this case, the
following initial conditions apply to the air

PA =2116.2 psf
VA = K2 = K 3 = 2 . 5 f t 3

TA =rambien t-540°R
MA = number of moles of air in VA
B = universal gas constant = 1546 (ft-lbf/mole ° R)

The number of moles of air is

MA (PA VA /BTA ) = 0.0063 moles (air)

The number of moles of helium is

MH = (PH y\\ /BTn) = 1.2484 moles (helium)

So the number of moles of mixture is

MM=MA +M// = 7.2547moles (mixture)

The temperature of the mixture after adiabatic loading of
helium on top of the air is

T=(PMVM/MMB)=649.6°R

The temperature of the helium (assuming the tank was
evacuated of air prior to the filling with helium) is

TH = (P2 ^2/MHB) = 652.9°R (14)

Therefore, accounting for air left in the vehicle tank changes
the post-loading temperature by only about (3.3°) 0.5%. In
any case, the tank would probably be purged of the air to
eliminate moisture or other contaminants so, leaving the
purging helium in the tank, the theoretical temperature
change would be less than that shown above. Although the use
of only one equation of state to calculate TM and TH is not
strictly correct, it is used here solely to demonstrate that the
air in the tank prior to fill can reasonably be ignored. As a
matter of interest, the basic assumption that the gases behave
as perfect gases is not correct but in the region examined it
does not introduce large errors. (In the present case, the
equation PK=7VM7?r was substituted for PV=RT resulting
in a 2.5% decrease in the post-fill temperature if the vehicle
tank is assumed to start out full of air at ambient conditions
as opposed to being evacuated. M is the molecular weight of
the gas and N is the number of molecular weights of gas in
volume, V.)

Case 4
The only other case of immediate interest is the case in

which the predesigned vehicle tank has a volume which is less
than the volume obtained from Eq. (8). Assume all values are
identical to those of Case 2 except V2 = 1.5 ft3 instead of 2.5
f t 3 . In this case, the work equation [Eq. (2)] yields WK
= 421,300 ft-lbf and the heat equivalent is 541 Btu.,Then AT
= - 87°R and T2 =453°R. Notice that if the negative work of
Case 2 indicates work done on (hence heat into) the gas, then
the positive work indicated here requires that work has been
done by the gas so the resulting AT must be negative. The case
is actually a trivial one, however, because at the desired P3
and T3 the 1.5 ft3 tank will not satisfy the energy require-
ments exactly. The above T2 will rise to T3 = rambient and the
pressure will be higher than intended. That is [Eq. (7)j, P3
= 4172 psi. This pressure is considerably above the desired
3500 psi but if the 3500 psi is held at T3 in the 1.5 ft3 tank, the
energy requirement will not be fulfilled. The obvious con-
clusion to this case is that no tank having a volume which is
less than that indicated by Eq. (8) should be used.

Joule-Kelvin Effect
The Joule-Kelvin (or Joule-Thompson) effect is a

phenomenon of real gases which (in certain temperature and
pressure regions) causes the gas temperature to increase with
decrease in pressure for a throttled process. The Joule-Kelvin
Coefficient is defined as

(15)

which is nothing more than the slope of an isenthalp plotted
on a T—P diagram. Isenthalps plotted on T—P diagrams
have regions of positive and of negative slopes. The locus of
zero slopes on a large number of isenthaps for any gas is
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called the ''inversion curve" for that gas and serves as the line
of separation between the plus and minus slopes (see dashed
line of Fig. 2a). For all points lying to the left of the inversion
curve, a decrease in pressure will cause a decrease in tem-
perature. For all points to the right of the inversion curve (or
"outside" the curve), decrease in pressure will cause an in-
crease in temperature. An isenthalpic process is assumed, of
course. Thus, adopting an appropriate sign convention to
conform to the above changes in temperature with pressure,
the temperature change is defined as

(16)

The value of /-t (Ref. 1) for helium in the range shown in Fig.
2b is virtually independent of pressure except at the extreme
lower end of the temperature scale -the region beyond the in-
terest of the present study. Accordingly, a conservative
estimate of \i (averaged over the entire range of Fig. 2b) is:
/*« -0.0551°C/atm. This value covers the range 1 atm<
P<200atmand -175°C<r< +300°C. For the case of sam-
ple problem 2: Pt =408 atm, P3 =213 atm, and AP«200 atm.
So

=0.0557 x200~ 11°C

The actual pressures in the sample problem are appreciably
higher than those pf Fig. 2b because no data was available for
P-400 atm. However, the small rise in temperature
calculated suggests that, inasmuch as the temperature range
of interest is considerably above the (- 175°C) of the Ref. 1
lower limit, the Joule-Kelvin effect will not grossly affect the
temperature overshoot estimates for the fill process.

Source Material
The Joule-Kelvin effect is discussed in some detail for

general gases in Chap. 14 of Ref. 2, Chap. 9 of Ref. 4, and
specifically applied to helium in Ref. 1. A convenient sum-
mary of gas laws for constant volume, constant pressure, con-
stant temperature, reversible adiabatic (isentropic) and
polytropic processes is found commencing on p. 293 of Ref.
3.

Conclusions
The following conclusions have resulted from the work

reported here: 1) the first and most urgent conclusion is that
the assumptions upon which the analytical procedures are
based must be verified by experiment before attempting to ap-
ply them to an actual vehicle case/Subsequent conclusions are
predicted on the assumption that this verification has been
completed; 2) if the weight of gas (to be stored in the vehicle
tank at specific temperature and pressure conditions) is
known, the vehicle tank can be predesigned to have that exact
volume which will prevent temperature overshoot during the
fill process such that the tank can be loaded in a single, con-
tinuous flow from the reservoir; 3) if the more general case (in
which the tank has a volume greater than that specified in
number 2, above) is considered, a single fill process can still be
used if the tank has sufficient strength to accommodate an ap-
preciable pressure overshoot. That is, the tank can be filled to
a pressure which lies somewhere between the desired final
pressure and the reservoir pressure. This excess pressure
offsets the effects of the temperature overshoot (caused by the
work done on the gas) and the final pressure and temperature
in the vehicle tank will be as required; 4) the temperature over-
shoot effects arising from the Joule-Kelvin effect for helium
in the regions of pressure and temperature of interest in most
sounding rocket applications are relatively small and are not
expected to have significant effect upon the fill process; 5) the

entire fill process (if large pressures, e.g., 3500 psi, in the
vehicle tanks are required) may be assumed to be independent
of whether or not the air is evacuated from the vehicle tank
prior to fill; and 6) once the required P3t T3 and W are
defined, the vehicle tank should never have a volume which is
less than V2 as defined by Eq. (8).

Appendix
Two specific tests are suggested as a means of 1)

establishing the degree of applicability of the assumed
adiabatic nature of the fill process; and 2) demonstrating the
degree of accuracy with which the temperature overshoot can
be predicted and, ultimately, how closely it is possible to
achieve the final conditions of gas weight and pressure at
(usually) ambient temperature by means of the "pressure
overshoot," single-fill-process implied by Eq. (13). The same
equipment can be used to test the validity of the preselected
volume method of the first sample problem (Case 1).

A. Tank Wall-To-Gas Heat Transfer Test
The basic equipment required to derive mean rates of heat

transfer from the test tank wall to the stored gas is shown in
Fig. 3. Notice that the system shown provides the means of
obtaining average heat rates between the tank wall and the
stored gas. The parameters which should be varied are the
tank wall temperatures and the gas pressures (original amount
of gas loaded into the tank at ambient temperature -prior to
placing tank in oven). The 16 temperature sensors shown
bonded to the tank outer surface, the two internal (thin wire
resistance) gas temperature sensors and the test tank pressure
should all be recorded continuously. Various values of the
oven temperature (Ts) should be used and the history of all
measurements recorded until equilibrium is reached.

B. Check Fill Process Theory
If the test tank is removed from the oven and a pressure

source (reservoir) attached to the gas fill plug, the equipment
can be used to measure the conditions for Cases 1 and 2. Such
tests would utilize corrections in the "adiabatic fill process"
assumption if the oven tests so indicate. Notice that a single
test tank can be used for numerous tests of Case 2 by merely
varying the total weight of the gas to -be loaded in the
calculation of V, in Eq. (1). For each value of IV in Eq. (1), a
different pressure and temperature of the gas at the end of the
fill process will result.

Case 1 is simulated by selecting W such that P, V, equals
P2 V2 (or the work done on the gas is zero). This value of Wi's
W- V2P2IRGT1 in which P2 =P3 =the final desired pressure
and V2 is the actual test tank volume. This value of
W\s used in Eq. (1) to get the applicable Vj for use in Eq. (2).
If the theory of Case 1 is followed using the above W, this W
should be in the tank after it is pressurized to P3. (This can be
confirmed by comparing the empty and filled weights of the
tank.) Also, the temperature should be T3 = Tj at the con-
clusion of the fill process. Note that tank weighing to confirm
the amount of gas loaded should always be done where prac-
ticable.

References
^eesom, W. H., Helium, Elsevier Publishing Company, Am-

sterdam, 1942.
2Zemanski, M. W., Heat and Thermodynamics, McGraw-Hill,

New York, 1957.
3Marks, L. S., Mechanical Engineer's Handbook, Fifth Edition,

McGraw-Hill, New York, 1951.
4Adkins, C. J., Equilibrium Thermodynamics, McGraw-Hill, Lon-

don, 1968.


	b: 
	a: 


