
Cryogenics (Final Exam) 

M2794.008500            Dec. 16, 2019 

1. Please determine the number of theoretical plates required to yield 95% of liquid 

nitrogen as the top product stream and 95% of liquid oxygen (5% nitrogen) as the 

bottom product stream in a rectification column under the following conditions. 

(1) 50:50 of nitrogen and oxygen feed stream composition (by mole fraction) in the 

saturated liquid state. 

(2) Top product flow rate is 70 mole/s. 

(3) The pressure inside the rectification column is 101.3 kPa. 

(4) The heat of 900 kW is supplied in the boiler. 

You may also need the tables below for your reference. 

Table 1. Enthalpy of nitrogen-oxygen mixtures. h = enthalpy of the saturated liquid at the 
bubble point; H = enthalpy of the saturated vapor at the dew point. 

 
Table 2. Distribution coefficient function, ln(Kp/p0), for nitrogen, oxygen, and argon. The 
value of the reference pressure is p0  =  101.3 kPa (1 atm) . Here, the distribution 
coefficient K (sometimes called the equilibrium ratio) is defined by Kj  =  yj/xj where x 

and y is the mole fractions in the liquid and vapor phase of j component, respectively. 

 



2. In an actual air separation system, not only nitrogen and oxygen but also around 0.93% 

of argon is included in the feed air. It is known that this argon, in the feed, has adverse 

impact on the purification of the oxygen and nitrogen from the system. For example, it is 

practically impossible to attain oxygen product greater than 95% purification by volume 

from the air-separation. Therefore, argon-separation system is demanded in a field of air 

separation. 

The argon-separation system usually consists of two basic parts; (a) a recovery 

subsystem, and (b) the (argon) purification subsystem. When the recovery subsystem (a) 

is installed with an air-separation system as follows, please describe the operation of the 

whole system referring the number of lines. 

 
Fig. 1. Argon recovery subsystem. The Ar − O2 − N2 mixture is withdrawn from the 
upper column at the point at which the argon concentration is the largest. 

 

3. The ideal Philips refrigerator using helium 4 as a working fluid operates on the Stirling 

cycle for use in a hot-air engine. When ambient temperature is 60 K, heat source 

temperature is 40 K, initial density is 0.1 mole/L, and the final density is 2 mole/L 

under the compression, please answer the questions below. 



 
Fig. 2. Philips refrigerator schematic. 

 

(1) Plot the temperature-entropy diagram of the ideal Philips refrigeration cycle 

suggested. 

(2) Determine the specific heat absorbed (J/mole), work requirement (J/mole) and 

coefficient of performance (COP). 

(3) Describe the expected performance change when the processes are not ideal, and 

the regenerator effectiveness is below unity. 

 

4. A schematic of the Gifford-McMahon refrigerator is shown below. This system consists of 

a compressor, a cylinder closed at both ends, a displacer within the cylinder, and a 

regenerator. The displacer takes a role of moving the gas from one expansion space to 

another. Please answer the following questions on the Gifford-McMahon refrigerator. 

(1) Explain an advantage of the Gifford-McMahon refrigerator over the Solvay 

refrigerator. 

(2) Plot the temperature-entropy diagram of the ideal Gifford-McMahon refrigeration 

cycle of the system below. 

(3) Please mention the change on the system when the effectiveness of the regenerator 

is less than unity. 

 



 
Fig. 3. Gifford-McMahon refrigerator schematic. 

 

5. Thermodynamic liquid-level probes are based on the principle that a liquid undergoes a 

large change in volume when it is evaporated. A schematic of one of the thermodynamic 

liquid-level gauges is shown below. This gauge consists of a thin capillary tube that is 

slightly heated by electric current, dead volume connected to the capillary tube, the 

same gas as the fluid in the bath which fills up the tube and the dead volume, and a 

pressure gauge which indicates the pressure inside the liquid-level gauge. 

Please describe the principle of the thermodynamic liquid-level gauge in terms of the 

volume change in the capillary tube and the dead volume. 

 



 
Fig. 4. Thermodynamic liquid-level gauge. 

 

6. Suppose you transfer liquid nitrogen into small Dewar from a supply tank as shown 

below. In a circumstance that you also have another compressed nitrogen gas, please 

describe how to accomplish moving the liquid nitrogen in a safe way. Please draw the 

tube connection with your explanation as well. 

 

 

 

 
 
 
 

 

 

 

 
Fig. 5 Liquid nitrogen supply tank Fig. 6 Liquid nitrogen 

Dewar 
Fig. 7 Compressed 
nitrogen gas 

 

 

 



 

7. Please draw a proper schematic diagram of a vacuum system to reach the pressure level 

of 0.10 to 0.01 mPa (10-6 to 10-7 torr) in a vessel using a mechanical vacuum pump and a 

diffusion pump and explain the operation of your vacuum system. You also need to apply 

liquid-nitrogen-cooled cold trap in your system. 

 

8. Impure nitrogen gas having a composition of 95% of nitrogen, 5% of carbon dioxide 

enters a refrigeration purifier at 300K and atmospheric pressure (101.325 kPa). Assuming 

all the gases obey the ideal-gas equation of state, determine the partial pressure of 

carbon dioxide in the gas leaving the purifier. The exit temperature of the gas is 150 K 

and the exit pressure is 101.325 kPa. You may need the table below. 

Table 2. Constants for the vapor-pressure equation, ln(p/p0)  =  C1 – C2/T  – C3lnT 
where p0 = 101.325 kPa and T is expressed in Kelvin 

 
 

 

 

 

 

 

 

 

 



 

 



 

 


