
characterize visco-elastic polymers (16) , appear to be 
iiecessary to define turbulent behavior of suspensions of 
interacting particles. 

NOTATION 
D 
du/dr = shear rate 
gc 
K = Ostwald-deWaele coefficient, lb.f/sq.ft.-sec.n 
L = axial distance, ft. 
n = Ostwald-deWaele exponent 

Greek Letters 
aP = pressure drop, lb.f/sq.ft. 
7 

= pipe inside diameter, ft. 

= conversion constant, 32.2 lb., ft./lb.f sec.2 

= Bingham plastic coefficient of rigidity, lb.,/ft.- 
sec. 
wall shear stress viscosity, Ib.,/ft.-sec. 
viscosity of dispersed suspension, lb.,/ft.-sec. 
specific viscosity, ratio of dispersed viscosity to 
water viscosity at the same temperature 
water viscosity, ( Ib.,/ft.-sec.) 
density of suspension, lb.,/cu. ft. 
shear stress, Ib.f/sq.ft. 
wall shear stress DAP/4L, Ib.f/sq.ft. 
Ringham plastic yield stress, lb.f/sq.ft. 
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Thermodynamic Comparison of Large-Scale 

Liquefaction of Air, Hydrogen, and Helium 
R. E. LATIMER and R. A. MOSTELLO 

American Cryogenics, lncorporoted, O’Follon, Illinois 

In the United States in the 1940’s, liquefaction of air 
was achieved on the large scale of millions of standard 
cubic feet per hour or thousands of tons per day of liquid 
products. This consisted of production primarily of liquid 
oxygen and to a lesser extent of liquid nitrogen and liquid 
argon. These were stored, transported, and used in some 
cases as liquid. 

Two decades later in the United States, in the 1960’s, 
hydrogen will be liquefied on the large scale of millions of 
standard cubic feet per hour. This is hundreds of tons per 
day of liquid hydrogen. This liquid hydrogen will be 
burned with liquid oxygen in National Aeronautics and 
Space Administration rockets for the exploration of space. 

Oxygen and hydrogen are among the most reactive of 
chemical substances and are unlimited in their availabil- 
ity. This is not true of helium. However, it does not seem 
unreasonable to guess that re-liquefaction of helium, pri- 
marily for deep refrigeration purposes, will also be carried 
out on the large scale of millions of standard cubic feet 
per hour in the United States in the 1980’s. This is hun- 
dreds of tons per day of helium liquefaction. 

Efficient large-scale liquefaction of air or hydrogen or 
helium requires the expenditure of 2 to 4 kw. per 100 std. 
cu. ft./hr., and so a production level in the United States 
of millions of standard cubic feet per hour of any of these 
liquefied gases requires the expenditure of tens of thou- 
sands of kilowatts. The investment in gas compressors is 
millions of dollars, and the annual power cost is millions 
of dollars for such a scale of liquefaction. 

This paper examines the problem of minimizing the 
power consumption for liquefaction and thus reducing 
the high cost of power, of compressors, and of other plant 
investment. 

LOGARITHMIC REPRESENTATION 

When certain physical properties of various fluids are 
represented on a logarithmic graph of temperature vs. 
pressure, or on a graph of the property vs. log pressure or 
log temperature and with families of curves at similar 
reduced temperature or pressure, the curves are of simi- 
lar shape for the different fluids but are at different loca- 
tions on the graph. Logarithmic scales of temperature and 
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Fig. 1. Joule-Thomson inversion curves, vapor pressure curves, and 
vapor isenthalps. 

pressure place equal emphasis on properties of each fluid 
regardless of relative position on the absolute tempera- 
ture scale. Curves for different fluids are offset from each 
other rather than coincident as they would be on reduced 
properties plots, but their similar shapes are to be ex- 
pected from the law of corresponding states. 

In cryogenic processes, boiling Freons are the precool- 
ants for high-pressure air or nitrogen, boiling nitrogen is 
the precoolant for high-pressure hydrogen, and boiling 
hydrogen is the precoolant for medium-pressure helium. 
The triple point of nitrogen at 63.1"K. and 2 1bJsq.in.ab.s. 
and the triple point of hydrogen at about 13.9"K. and 1 
lb./sq.in.abs. impose a practical limitation on how low a 
precooling temperature can be reached by vacuum-pump- 
ing the liquid precoolant without solidifying it. Hydrogen 
precoolant for helium has been vacuum-pumped to 10°K. 
and 0.04 Ib./sq.in.abs., which is well down into the solid 
hydrogen region, in Simon batch type of laboratory-scale 
liquefiers (reference 16, pp. 64 to 67). However, this 
would not be a satisfactory method of operation for a 
large-scale liquefier. 

Figure 1 shows the Joule-Thomson inversion curves for 
air ( l o ) ,  hydrogen (1 9 ) ,  and helium (8) , on a graph of 
log pressure vs. the logarithm of the absolute temperature. 
The vapor pressure curves appear for reference. At any 
point on the inversion curve, a small reduction in pressure 
through a throttling valve is accompanied by no reduc- 
tion or rise in temperature. At the temperature reached 
by precooling, the inversion pressure is the one at which 
the high-pressure gas will have the lowest enthalpy when 
it enters the warm end of the main heat exchanger of the 
gas liquefier. On Figure 1, constant enthalpy lines, ex- 
tending from the inversion curve down to atmospheric 
pressure, are shown for each fluid. This shows the number 
of degrees of Joule-Thomson cooling achieved on expan- 
sion through a valve by starting from any precooled con- 
dition. The high-pressure expansion valve is at  the cold 
end of the main heat exchanger, but one should examine 
the enthalpy relationships of the individual streams at 
the warm end of the heat exchanger to understand the 
refrigeration capability of a liquefier. 

The stages of compression at equal pressure ratios are 
equal distances on a logarithmic pressure scale. Figures 
1, 2, 3, and 4 show the discharge pressures based on a 
pressure ratio of 2.8 for each successive stage of compres- 

" I ,  

and equal initial temperiture requires equal power and 
is an equal distance on the scale of the logarithm of the 
pressure. The scale of log pressure is in this case, there- 
fore, a direct measure of the compression energy per 
standard cubic foot of gas. Each increment of log pres- 
sure for an expansion engine represents an equal incre- 
ment of engine work removed, divided by the absolute 
temperature. Thus the logarithmic pressure scale shows 
the refrigeration value of each increment of an engine 
expansion because the refrigeration value is approximately 
the number of B.t.u.'s removed, divided by the absolute 
temperature. 

JOULE-THOMSON REFRIGERATION 

Since the scope of this paper is limited to large-scale 
liquefaction, attention is focused on minimizing the power 
consumption rather than on matters of convenience and 
simplicity such as avoiding the complexity and hazards 
of hydrogen liquefaction for the precooling of helium and 
the hazards of using high pressure. Minimized power con- 
sumption requires using high pressure to obtain maximum 
Joule-Thomson refrigeration per unit of compressor power, 
using precoolants to increase the Joule-Thomson effect, 
and using expansion engines to cool by external work the 
part of the high-pressure gas that is in excess of the 
amount that can be fully cooled countercurrent to the un- 
liquefied gas being rewarmed. 

Figures 2, 3, and 4, introduce, for air, hydrogen, and 
helium respectively, the thermodynamic function ( dH/ 
dln P)  T; that is, the amount of change in enthalpy per in- 
crement of log pressure (or per increment of compressor 
work) at constant precool temperature. This function is 
plotted vs. log pressure. Each figure shows curves for three 
different temperatnres to which the high-pressure gas 
might be precooled. The height of the curve shows the 
amount of Joule-Thomson refrigeration available from 
each increment of compression. The area under the curve 
from one pressure to another is the amount of Joule- 
Thomson refrigeration that is obtained with a liquefaction 
cycle in which the compressor operates between these 
two pressures and the fluid is precooled to the temperature 
that the curve represents. 

A convenient pressure ratio for each stage of an air 
compressor is 2.8, and In 2.8 minus In 1.0 is numerically 
equal to 1.03, or nearly unity. Therefore, on Figures 2, 3, 
and 4, the area under a curve spanning one such stage of 

Pressure, atm. 

Fig. 2. (aH /a ln  P) T, isotherms for air, 
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compression is numerically almost equal to the average 
height of the curve over that range. 

Figure 2, for air, shows that the fifth stage of compres- 
sion produces much more Joule-Thomson refrigeration 
value than any other stage. This is the compression "from 
62 atm. to 173 atm. With precooling to 0°C. (273"K.), 
the fifth stage produces about 160 cal. of Joule-Thomson 
refrigeration per gram mole of air compressed (290 B.t.u./ 
lb. mole). Each pound molecular weight of any gas -oc- 
cupies 387 std. cu. ft. at standard conditions of 70°F. 
and 1 atm. absolute. Thus, by precooling with the aid of 
Freon to O'C., the fifth stage of air compression from 62 
to 173 atm. has a Joule-Thornson refrigeration value of 
290 B.t.u. per 387 std. cu. f t .  of air compressed. 

When one considers the above-mentioned figures of 
290 or 450 or 700 B.t.u. of Joule-Thomson refrigeration 
per 387 std. cu. f t .  of air from the fifth stage of compres- 
sion, using precooling to 0", -50", or -lOO"C., respec- 
tively, it is significant to compare refrigeration losses and 
expansion engine refrigeration. A 200-ton/day air-sepa- 
ration and liquefaction plant is likely to have an incoming 
heat leak of about 0.9 B.t.u./lb. of high-pressure air, or 
about 26 B.t.u./387 std. cu. ft. With a temperature differ- 
ence of 15°F. between the high-pressure air entering the 
warm end of the main heat exchanger after precooling 
and the unliquefied low-pressure air or waste nitrogen 
leaving the warm end of the main heat exchanger (about 
75% of the high-pressure air entering), there is a loss of 

(SJT 
cal./g. mole 

Pressure, atm. 

Fig. 3. @H/aln PIT, isotherms for hydrogen. 

However, if Freon precooling to -50°C. (223°K.) is' 
used, the fifth stage of air compression produces about 
250 cal./g. mole (450 B.t.u./387 std. cu. ft.) of Joule- 
Thomson refrigeration. If precooling with Freon 13 to 
-100°C. (173°K.) is done, the Joule-Thomson refrigera- 
tion produced by the fifth stage of air compression is about ' 
390 cal./g. mole (700 B.t.u./387 std. cu. ft.) of air. Thus, 
deep precooling of the high-pressure air is very valuable 
in increasing the fraction of the air liquefied by the proc- 
ess. 

As Figure 2 shows, each successive stage of air com- 
pression up to the fifth stage makes substantially more 
Joule-Thomson refrigeration than the preceding stage of 
compression. Therefore, to minimize power consumption 
in liquefaction, one might consider an air or nitrogen re- 
frigeration cycle which operates from 22 atm. up to 173 
atm., or from 8 atm. up to 173 atm. The lower stages of 
compression are not as useful. 

15 X 7 X 0.75, or 79 B.t.u. refrigeration per 387 std. cu. 
ft. of high-pressure air. 

A 77%-efficient engine which expands 60% of the 
high-pressure air from 189 atm. and 228°K. down to 10 
atm. and saturation (108"K.), removes 34 B.t.u./lb. of air 
expanded, or 590 B.t.u./387 std. cu. ft. of total high-pres- 
sure air. This is an engine expansion spanning the third, 
fourth, and fifth stages of compression. 

Figure 3 shows in similar fashion the decrease in en- 
thalpy of high-pressure hydrogen at various precool tem- 
peratures of SO", 69", and 64°K. achieved by boiling of 
nitrogen, per increment of log pressure or per increment 
of compressor work. Precooling to 80°K. requires the 
boiling of nitrogen at 20 lb./sq.in.abs. Precooling to 69°K. 
requires vacuum-pumping of the nitrogen to 5 lb./sq.in. 
abs. Precooling to 64 OK. requires vacuum-pumping the 
nitrogen to 2 lb./sq.in.abs. Lower precooling temperature 
is accompanied by more area under the curve in Figure 
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3, and thus more Joule-Thomson refrigeration is devel- 
oped between any hydrogen compressor intake and dis- 
charge pressures. 

Figure 4 shows for helium the decrease in enthalpy of 
medium pressure helium per increment of log pressure or 
per increment of compressor work, with precooling to 
22",  14", or l l"K.,  respectively, by boiling of hydrogen. 
Precooling to 22°K. requires boiling of hydrogen at  23 
Ib./sq.in.abs. Precooling to 14°K.  requires vacuurn-pump- 
ing of hydrogen to 1.1 lb./sq.in.abs. Precooling to 11°K. 
requires vacuum-pumping of solid hydrogen far below the 
triple point, to 0.1 Ib./sq.in.abs. Figure 4 shows clearly 
that precooling by vacuum-pumping nearly to 14°K. is 
quite important, and that vacuum-pumping of the solid 
hydrogen almost to 11°K.  might be advantageous if it 
were mechanically practical. 

It became apparent to us in the study of liquefaction 
processes over the extreme temperature range from Freon 
evaporators down to helium liquefaction, that heat-ex- 
changer temperature differences must be kept down ap- 
proximately in proportion to the absolute temperature. 
This is inherent in the second law of thermodynamics, and 
it appears plausible when processes are examined on 
graphs utilizing logarithmic representation of the absolute 
temperature. We havc chosen to design heat exchangers 
for temperature differences of about 0.036 times the ab- 
solute temperature. This is an arbitrary figure which is in 
approximate agreement with main heat exchangers which 
are generally in use in large air liquefaction plants. This 
is about 8°C. at the 230°K. level, 25°C.  at the 69°K. 
level, 0.5"C. at the 14°K. level, and 0.15"C. at thc 4.2"K. 
level. In some cases, heat-exchanger temperature differ- 
ences pinch out almost to zero at an intermediate point 
and unavoidably open up to much larger differences at 
the cold end and the warm end. 

MINIMUM CARNOT WORK REQUIREMENTS FOR 
LIQUEFACTION 

Figure 5 shows the amount of sensible heat that must 
be removed, as well as the latent heat of liquefaction, in 
cooling down at atmospheric prcssure from' a sink tem- 
perature of 302.6"K. (85°F.). The amount of cumulative 
heat removal is shown plotted vs. temperature for air 
liquefaction, for helium liquefaction, for hydrogen cool- 
ing, ortho to para conversion, and liquefaction. The solid 
line for hydrogen is based on catalyzed continuous ortho to 
para conversion during cool-down. This basis was chosen 
in order to remove heat at as high a temperature as pos- 
sible. The dashed line for hydrogen shows all the ortho to 

Pressure, atm. 

Fig. 4. (3H/Zln P ) T ,  isotherms for helium. 
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Fig. 5. Cumulative heat-removal cooling curves. 

para conversion done after cool down to the liquefaction 
temperature of 20°K. In the case of helium, the negligible 
latent heat compared to the sensihlc heat should be noted. 
This is why a helium liquefier requires far more power 
than a helium refrigerator which has only latent heat to 
remove. Figure 5 is based entirely on sensible and latent 
heat removal at 1 atm. pressure. 

Figure 6 shows the minimum Carnot work required to 
pump to the sink temperature the heat that must be re- 
moved at each temperature level if the gas to be liquefied 
is cooled at atmospheric pressure (as on Figure 5 ) .  That 
a much greater proportion of work is required to remove 
heat for latent heat removal at the lowest temperature 
level than for sensible heat removal at higher tempera- 
tures up to the sink temperature may be seen by a com- 
parison of Figures 5 and 6. Figure 6 shows cumuIatively 
the work requirement down to each successive tempera- 
ture level. The minimum work for hydrogen liquefaction 
is shown to be 36% greater if the ortho to para conver- 
sion is all done at liqucfaction temperature rather than if 
an equilibrium is maintained during the cool-down. 

For air, not quite half of the heat removed is latent 
heat, but over three-fourths of the Carnot work is for the 
latent heat removal. For hydrogen, less than one-tenth of 
the heat removed is heat of liquefaction, and one-ninth is 
heat of ortho to para conversion. Because of the low tem- 
perature level of the liquefaction, nearly half of the Car- 
not work for hydrogcn is for the liquefaction, and about 
one-seventh is for continuous equilibrium ortho to para 
conversion. For helium, only 1.3% of the heat removed 
is latent heat (35.5 B.t.u./lb. mole), but since this is at 
the lowest temperature level it requires 22% of the total 
work. Thus, a helium refrigerator requires only about 22% 
as much power consumption for reliquefying cold helium 
as that which is required for liquefying helium gas initially 
at ambient temperature. A helium refrigerator requires 
that the gas be warmed to ambient temperature, com- 
pressed, and then cooled again. However, the object is to 
remove latent heat from the cold gas. 

The Carnot work requirement per increment of heat 
removal at each temperature level is shown by means of 
thc top curve on Figme 7. This is based on the simple 
equation 

W T s - T  - --- 
0 T 

or in differential form 

d W  Ts-T - - - -- 
dQ T 
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Carnot work 
requirement, W, 
B.t.u./lb. mole, 
in cooling from 
302.6"K. (85'F.) 
to temperature 
shown, at 
atmospheric 
pressure. 

curves are shown for air, for helium, for hydrogen with 
continuous equilibrium ortho to para conversion, and for 
hydrogen with the ortho to para conversion done entirely 
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Temperature, degrees K. 
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Fig. 6. Cumulative Carnot-work cooling curves. 



Gas liqiiefied 

Temp. liquefied at, "K. 
"C. 

Precool temp., "K. 
O F .  

Max. pressure compressed to, atm. 
% of high-pressure gas through 

expansion engine: 
Pressure in, atm. 
Pressure out, atm. 
Temp. out, "K. 

Flash tank pressures, atm. 
atin. 

% of high-pressure gas through 

% of high-pressure gas liquefied 
Carnot power, kw./lOO std. cn. 

ft./hr. liquefied: 
To cool to precool temp. at 

expansion engine 

1 atm. 
To liquefy, from precool temp. 
Total 

Actual power, kw./100 std. cu. 
ft./hr. liquefied: 
Precooling 
Gas compression at 77% eff- 

ciency 
Power return from expanders 
Plant auxiliary power except 

Total 
precooling 

% Carnot efficiency 

TABLE 1. POWER REQUIREMENTS OF LIQUEFACTION PROCESSES 

Air Air Air Air 

83 83 83 83 
-190 -190 -190 - 190 

249 
-12 
307 

300 
10 

108 
10 
1.2 

5'7 
28.8 

0.008 
0.680 
0.688 

0.04 

1.90 
-0.17 

0.17 
1.94 

35.5 

228 189 169 
-50 -120 -156 
194 

189 
10 

108 
10 
1.2 

60 
25.7 

0.014 
0.674 
0.688 

0.07 

1.89 
-0.16 

0.19 
1.99 

34.5 

358 

350* 
37 * 

133* 
1.2 

30 
41.5 

0.030 
0.658 
0.688 

0.20 

1.78 
-0.08 

0.12 
2.02 

34.0 

166 

162 
37 

133 
1.2 

38 
31.5 

0.042 
0.646 
0.688 

0.36 

1.58 
-0.03 

0.16 
2.07 

33.2 

Hz 
20.3 

80 

148 

145 
2 

22.9 
2 
1 

66 
31.1 

0.163 
0.777 
0.940 

0.93 

2.03 
-0.06 

0.16 
3.06 

30.7 

H% 

20.3 

69 

133 

130 
7.6 

29.6 
2 
1 

60 
29.3 

0.20 
0.74 
0.940 

1.05 

1.65 
-0.04 

0.17 
2.83 

33.2 

Ha 
20.3 

64 

123 

120 
10 
31.3 
2 
1 

56 
30.3 

0.22 
0.72 
0.940 

1.10 

1.60 
-0.03 

0.16 
2.83 

33.2 

Helium 

4.22 

14 

28.5 

27.5 
1.5 
5.9 
1.5, 
1 

43 
34.4 

0.434 
0.436 
0.870 

2.61 

1.44 
-0.005 

0.14 
4.19 

20.8 

Helium 

4.22 

11 

24 

23 
1.14 
4.36 
1.14 
1 

49 
46.2 

0.480 
0.390 
0.870 

2.96 

0.96 
-0.003 

0.11 
4.03 

21.6 

* Followed by rehoat and turho-expander expansion. 180°K.  and 37 atm. in, 1.2 a h .  and 83" K. out. 
The engine expansion commences at  the precool temperature in all cases Fhown here. 
NOTE: kw. hr./100 std. cn. ft. is the same a s  kw./100 std. cu. ft./hr. It may he regarded as energy per unit of product or as power per unit 

rate of prnductinn. We refer to it herein as power, following the convention in  the industry, and it is oidinarily expressed as kw. hr./100 std. cu. ft. 

down and liquefaction as the total heat removed. In the 
case of air cooling and liquefaction, the Carnot work is 
only 1.75 timcs a s  much as the total heat removed. 

ACTUAL POWER REQUIREMENTS FOR LIQUEFACTION 

Based on the general principles of liquefaction with 
minimum power consumption that are stated in the first 
paragraph of the section herein on Joule-Thomson refriger- 
ation, based on the authors' experience in designing and 
optimizing of air separation and liquefaction plants of 
very large size, and based on the similarity of the prob- 
lems of liquefaction of air, hydrogen, and helium on a 
large scale, the authors have calculated several different 
cycles for liquefaction of air, hydrogen, and helium. 

Pressure ratios of 2.8 for each stage are generally used, 
commencing each stage of compression at  100°F. and 
using 77 % adiabatic efficiency of compression including 
motor efficiency. Expansion engines and turbo-expanders 
are assumed to be 77% adiabatic efficient, with expansion 
commencing at the precool temperature and in nearly all 
cases extending to saturation. I t  is found that reheat and 
further expansion in a turbo-expander is undesirable from 
the standpoint of minimum power. For the large expan- 
sion engines that are considered, 93% of the energy re- 
moved from the gas in the expander is assumed to be 
recovered and returned into the electrical system by 
means of the generators used as power absorbers, or 
recovered by direct mechanical conversion. 

Temperature differences in heat exchangers are in gen- 
eral based on being 0.036 times the absolute temperature 
at each end. This fixes the percentage of the high-pressure 

gas that must be bypassed around the main heat ex- 
changer through the expansion engine. Heat leak above 
the 64", 69", or 80°K. level is allowed for in the amount 
to be expected in a 200 ton/day size of air separation 
and liquefaction plant, specifically 26 B.t.u./lb. mole (387 
std. cu. f t . )  of gas compressed, based on experience with 
a wide range of plant sizes over many years. With the 
assumption of the use of vacuum powder insulation, such 
as has been used widely since it was reported by Dewar 
( 4 )  in 1898, and other means of vacuum insulation with 
radiation shielding, heat leak from the temperature level 
of liquid hydrogen up to liquid nitrogen temperature is 
allowed for at the rate of 0.7 B.t.u./lb. mole of gas com- 
pressed. Heat Ieak of 0.26 B.t.u./lb. mole of gas com- 
pressed is allowed for below liquid hydrogen precool 
temperature. 

In the case of air liquefaction, the liquid air is con- 
sidered to be withdrawn at 83°K. (-190°C. or -310"F.), 
a temperature to which liquid oxygen and liquid nitrogen 
can be conveniently cooled and commonly are cooled in 
efficient air separation and liquefaction plants. This is a 
little warmer than liquid air at its atmospheric pressure 
boiling point. 

Plant auxiliary power requirements for heaters, blow- 
ers, motor-generator sets, cooling tower pumps and fans, 
etc., are allowed for to the extent of 3.6% to 10% of the 
total power consumption on the basis of the same allow- 
ance for auxiliary power per std. cu. ft./hr. of gas com- 
pressed as in a 200 ton/day air separation and liquefac- 
tion plant, namely 0.19 kw./lb. mole/hr. (387 std. cu. ft./ 
hr.) of gas compression. 
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Table 1 shows the basic characteristics of the lique- 
faction processes for air, hydrogen, and helium that were 
computed and the breakdown of the computed power re- 
quirements. Also for each case, the Carnot power require- 
ment for cooling the gas at atmospheric pressure to the 
precool temperature is tabulated, as is the Carnot power 
requirement for the remainder of the cooling to lique- 
faction, including in the case of hydrogen the power for 
ortho to para conversion. The total Carnot power require- 
ment is also tabulated. The percentage of Carnot effi- 
ciency, which is tabulated, is the total Carnot (minimum) 
power divided by the total actual power computed. 

The power was calculated for precooling air to various 
temperatures, hydrogen to 69"K., and helium to 14°K. 
This includes the power for compression of gases used as 
precoolants; that is, Freon and nitrogen for precooling 
hydrogen, and Freon, nitrogen, and hydrogen for pre- 
cooling helium. This also includes the vacuum-pumping 
of nitrogen and hydrogen precoolants. Allowance was 
made for power return from the expansion engines for 
nitrogen and hydrogen precoolants. Plant auxiliary power 
requirements relating to precoolants were included on 
the basis of the aforementioned 0.19 kw. per 387 std. cu. 
ft./hr. of precoolant gas compression. From calculations 
for these cases, the actual precooling power for the re- 
maining cases in the table were estimated, including 
hydrogen precooled to 80°K. and 64"K., and helium pre- 
cooled to 11°K. The heat that must be removed in pre- 
cooling equals the sensible heat in cooling at atmospheric 
pressure of the gas to be liquefied, plus the increase in 
Joule-Thomson refrigeration of all the gas compressed at 
its actual high pressure, in cooling it from the sink tem- 
perature to the precool temperature. 

The actual heat removed in precooling also includes the 
heat leak into the system above the precool temperature, 
plus any warm-end temperature-diflerence refrigeration 
loss from the heat exchange system at sink temperature 
in excess of the loss from the warm end of the main heat 
exchanger at precool temperature. This includes the re- 
frigeration loss in any vacuum-pumped precoolant gas that 
is vented cold. In addition to these first law losses in 
precooling, there are the second law losses owing to the 
existence of temperature differences throughout the pre- 
cooling heat exchange system. First law losses in pre- 
cooling also include refrigeration requirements for dryers 
and other adsorption or absorption purifiers and for their 
regeneration and subsequent cool-down. 

The various processes compared in Table 1 give a 
power comparison among different precool temperature 
levels. For air, a wide range of high pressures is com- 
pared. For hydrogen and helium, pressures close to the 
inversion pressures are used. In all cases, engine expan- 
sion is carried out for part of the high-pressure gas, from 
the precool temperature and pressure down to saturation 
temperature and pressure, based on 77% adiabatic effi- 
ciency. One exception is helium at 14°K. for which the 
expansion starts at 27.5 atm. and ends at 1.5 atm. and 
5.9"K., still 1.2"C. warmer than saturation. Deeper pre- 
cooling of helium than to the hydrogen triple point would 
be necessary in order to be able to expand helium in an 
engine down to saturation. 

In the case of air expansion from 189°K. (-120°F.) 
and 350 atm. (5,140 Ib./sq. in. gauge) to the critical 
point of air at 37 atm., the computation is with 47°C. of 
reheat followed by a turbo-expander expansion to 1.2 atm. 
and saturation. This case is inferior in power consumption, 
however, to other cases shown in which the exhaust air 
from the initial expander is warmed and returned to the 
compressor at 10 or 37 atm. rather than being expanded 
on down to low pressure in a turbo-expander after reheat. 

I t  appears that the lowest power consumption in air 

liquefaction may be obtained with extremely deep pse- 
cooling with Freon 13 or with extremely high pressure, 
in both cases having substantial back-pressure on the ex- 
pansion engine so that this fraction of the air is recycled 
at an interstage pressure. A flash tank at 10 to 20 atm. is 
also required. 

For hydrogen, the case in which expansion commences 
at 80°K. and 145 atm. and goes to 2 atm. involves too 
high a pressure ratio to be carried out economically in a 
single-stage reciprocating expander. This would have to 
be divided into two stages without reheat between, the 
second stage taking place in a turbo-expander. 

The lowest power consumption that was calculated for 
hydrogen was with a moderate degree of vacuum-pump- 
ing of nitrogen precoolant, to precool to 69°K. The same 
total power figure was computed also with vacuum-pump- 
ing to the nitrogen triple point, precooling to 64"& All 
cases computed for hydrogen use continuous equilibrium 
ortho to para conversion of the hydrogen to be liquefied, 
during its cool-down. 

For helium, the inlet pressure of the expander is -low 
enough (staying under the inversion pressure) to permit 
using turbo-expanders in all cases. The pressure ratio is 
high enough for it to be desirable to use two stages of 
turbo-expanders, without reheat between stages. 

The lowest power consumption for helium is calculated 
to be achieved with vacuum-pumping of solid hydrogen 
to 11°K. rather than only to 14°K. at the hydrogen triple 
point. However, it is doubted that it is mechanically feasi- 
ble to vacuum-pump solid hydrogen in a continuous proc- 
ess. Liquid hydrogen used for precooling helium should 
not have been converted to para, because this would be a 
waste of refrigeration. 

It is noteworthy that for the cases that were calculated 
and are compared in Table 1, the power requirement for 
liquefying air or hydrogen or helium is generally not af- 
fected greatly by the particular precool temperature 
chosen since deeper precooling is generally accompanied 
by fewer stages of compression. 

For hydrogen and especially for helium, it is necessary 
to build-in pressure drop for the high-pressure gas in the 
main heat exchanger paralleling the expander, so that the 
gas will emerge from the cold end of the heat exchanger 
and before the expansion valve at low enough pressure to 
obtain minimum enthalpy at the temperature the heat ex- 
changer and plant are designed to reach; that is, so as 
not to cross over the inversion curve during the cool-down. 

In Table 1, the cases for hydrogen and helium all have 
flash tanks at 1 atm. that require vacuum-pumping of the 
small amount of flash gas in order to get it back through 
the main heat exchanger to the warm end, up to the pre- 
cool temperature. In all cases calculated, pressure drop 
through the heat exchangers and other equipment is al- 

Actually, air liquefiers are generally associated with air 
distilling columns, and the total power consumption in- 
cludes the work of separating the air. Thus the total con- 
sumption is likely to be at least as high as 2.8 kw./100 std. 
cu. ft./hr. of liquid oxygen and nitrogen, rather than 1.9 
to 2.0 kw./100 std. CLI. ft./hr. of air or nitrogen liquefied 
without distillation. Thus, this entire analysis of air lique- 
fiers is a somewhat artificial comparison in relation to the 
normal requirement to include distillation. However, for 
purposes of comparison with hydrogen and helium lique- 
faction, it is essential herein to examine liquefaction sepa- 
rate from the other operation of distillation. 

lowed for. 

CARNOT EFFICIENCIES ACHIEVABLE IN LIQUEFACTION 

Figure 8 shows a comparison of the Carnot efficiencies 
for cool-down and liquefaction of air, hydrogen, and 
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Boiling point of liquid product, degrees K. 

Fig. 8. Efficiency of large liquefaction plants vs. boiling point of liquid. 

helium, a s  arrived at  in Table 1, plotted vs. a logarithmic 
scale of boiling point temperature of each gas. Figure 8 
illustrates that 35.5% Carnot efficiency is feasible for air 
liquefaction, and that at  much lower temperature almost 
as high as an efficiency of 33.2% is achievable for hydro- 
gen conversion and liquefaction, but that at the still lower 
temperature of helium liquefaction only about 20.8 % ef- 
ficiency is reasonably attainable. We believe our numbers 
are of the right order of magnitude. 

On Figure 8, points are also shown for reported per- 
formance of one of the largest helium liquefiers in exist- 
ence (yet far smaller than the size we envision), and for a 
large liquid hydrogen plant. These much lower efficiency 
points demonstrate that the highly efficient very large 
liquefaction plants aimed toward in this paper will con- 
stitute a high degree of technological advancement over 
any existing plants that the authors know about in detail, 
especially in the cases of hydrogen and helium. 

The helium liquefaction plant represented by the point 
shown at less than 8% Carnot efficiency, is Collins’ 25 to 
32 literdhr. plant at  Massachusetts Institute of Technol- 
ogy, Cambridge, Massachusetts, consuming 45 kw. plus 
liquid nitrogen precoolant (reference 16, p. 68). This plant 
does not liquefy hydrogen as precoolant, nor does it li- 
quefy its own nitrogen precoolant with the aid of Freon 
precooling and a nitrogen expansion engine. Our projected 
helium liquefier of 21% Caniot efficiency would be of a 
size using thousands of kw., a size justifying all of these 
refinements that Collins did not include. 

The 19% Camot efficiency hydrogen liquefaction plant 
indicated 011 Figure 8 is the first very large liquid hydro- 
gen plant that was built. It was built in a crash program, 
mid utilized two medium-size existing-design liquid oxy- 

gen plants to liquefy the nitrogen precoolant for the hydro- 
gen. It used low-pressure hydrogen turbo-expanders rather 
than the high-pressure reciprocating expanders now in 
use. The very large integrated hydrogen liquefiers that the 
authors eiivision should achieve the much higher efficiency 
of 33%, that they calculate. 

The authors bclievc that technical developments for 
hydrogen liquefaction are now moving very rapidly toward 
these power consumption and efficiency goals. 
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A Novel Technique for Determining Mass Transfer Coefficients 

in Agitated Solid-Liquid Systems 

A. J. MADDEN and D. G. NELSON 
University of Minnesota, Minneapolis, Minnesota 

In a recent paper Harriott ( 4 )  has 
pointed out the marked disagreement 
in the literature regarding mass trans- 
fer coefficients in agitated solid-liquid 
systems. Widely conflicting claims have 
been made as to the dependence of 
particle-fluid mass transfer coefficients 
upon various operating parameters (im- 
peller speed, particle-fluid density dif- 
ference, etc.). In part this may be ow- 
ing to difficulties in obtaining reliable 
data suggesting the need for an im- 
proved experimental method, designed 
to overcome shortcomings of some of 
the earlier studies. 

METAL-SOLUTION CHEMICAL 
REACTIONS FOR MASS TRANSFER 
STUDIES 

It has been established that under 
proper circumstances certain metals 
will dissolve chemically in aqueous so- 
lutions at diffusion-controlled rates. 
This fact does not appear to be gen- 
erally appreciated, and the potentiali- 
ties for studying mass transfer using 
metal-solution reactions have not been 
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fully exploited. In the application of 
this idea to studies on mass transfer in 
agitated solid-liquid systems, the use 
of a metal as the solid has several ob- 
vious advantages. First, the problem of 
particle attrition should be greatly min- 
imized as compared with studies on 
crystalline solids, such as salt or boric 
acid. Second, particle geometry may be 
more precisely defined, at least under 
some circumstances. A number of met- 
als and alloys are available as spheres 
in a wide range of sizes (ball bearings, 
Linde microspheres) , and spherical 
shapes are also available for a number 
of other inert, nonmetallic materials 
(glass beads, plastics). The latter ma- 
terials may be given a metal surface 
by various metallizing procedures. By 
appropriate choice of the substrate par- 
ticle and regulation of the thickness of 
applied metal surface, a wide range of 
effective particle densities may be fab- 
ricated. This would make possible a 
systematic examination of the effect of 
particle-fluid density difference on the 
mass transfer coefficient without chang- 
ing other properties of the solid-liquid 
system. This has not been possible in 
prior studies. 
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It  should be noted that some of the 
advantages of metal-solution systems 
have been achieved in a different way 
in other studies. Harriott ( 4 )  claims to 
have circumvented the attrition prob- 
lem, together with good definition of 
particle geometry, in studies on the 
neutralization of suspensions of small 
ion-exchange beads. The proposed 
metal-solution system, however, offers 
the additional advantage of a syste- 
matic study of the density-difference 
effect. 

EVALUATION OF THE TECHNIQUE 

Initial exploratory studies on the use 
01 metal-solution reactions for studies 
in mass transfer were based upon the 
work of Gregory and Riddiford (2) .  
Their study demonstrated that rotating 
copper and brass disks dissolve in 
aqueous potassium dichromate-sul- 
furic acid solutions at rates which are 
entirely diffusion-controlled, provided 
that the acidity is sufficiently high. Dis- 
solution rates in their studies varied as 
the square root of the rotational speed 
of the disks, as required by tlie ex- 

(Continued on page 427) 
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