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Abstract— Heat exchanger is the most crucial component in 

cryogenic processes, for improving efficiency and 

decreasing cost of the whole plant. The selected dissertation 

problem is focuses on design of coil finned-tube type 

cryogenic heat exchanger used for helium liquefaction 

system. So, first heat exchanger in Collins cycle has been 

selected for the dissertation work. The main reason for using 

this configuration is the inherent requirements of cryogenic 

heat exchangers; one is high heat transfer effectiveness and 

second is low pressure drops in both of the streams. The 

effectiveness and pressure drop of heat exchanger drives the 

performance of the whole liquefaction system. Coil finned 

tube type of heat exchangers provides high crossflow heat 

transfer coefficient on shell side which is a governing 

parameter to decide overall heat transfer coefficient. 

Moreover it provides very low shell side pressure drops and 

high overall effectiveness of counter flow. The geometrical 

parameters can be manipulated to adjust the thermal 

performance as well as pressure drop performance of heat 

exchanger. The clearance between the walls of shell and fin 

is very important parameter to adjust the performance. 
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I. INTRODUCTION 

Liquefaction is a process in which gas is physically 

converted into liquid state. Many gases can be converted 

into liquid state by simple cooling at normal atmospheric 

pressure and some others require pressurization. 

Liquefaction is used for analysing the fundamental 

properties of gas molecules, for storage of gases and in 

refrigeration and air conditioning. 

Liquefaction is the process of cooling or 

refrigeration of a gas to a temperature below its critical 

temperature. So that liquid can be formed at some suitable 

pressure which is below critical pressure. Using an ambient 

temperature compressor the gas is then passed through a 

heat exchanger to a throttling valve or an expansion engine. 

Upon expanding to a certain lower pressure below critical 

pressure, cooling takes place and some of gas is liquefied. 

The cool low temperature gas returns to the compressor inlet 

through a recycle stream to repeat the cycle. 

A. Heat Exchangers 

The essential part of any liquefaction system is its heat 

exchangers. For liquefaction system there are various types 

of heat exchangers are available. In some conventional 

system, the system will operate even if the heat exchanger is 

not highly effective. In contrast a Cryogenic heat exchanger 

will produce no liquid if the heat exchanger effectiveness is 

less than approximately 85%. 

There are two major types of heat exchanger. 

 Nonstorage type heat exchangers of Recuperators 

 Storage type heat exchangers or Regenerators 

In Recuperators, the fluids are separated by a heat 

transfer surface, and ideally they do not mix or leak. In such 

heat exchanger heat is transfer by metallic wall which 

separate the fluids. 

On the other hand, exchangers in which there is 

intermediate heat exchange between the hot and cold fluid 

via thermal energy storage and release through the 

exchanger surface or matrix are referred to as indirect 

transfer type, or simply regenerators. In such a heat 

exchanger flow of fluids are alternative. For continuous flow 

one must two identical matrices with periodic switching or a 

disc rotating slowly (thermal wheel) and passing alternately 

through the hot and cold fluid ducts. 

Recuperators are further divided into following types. 

1) Linde concentric tube heat exchangers 

2) Giauque-Hampson exchangers 

3) The Collins heat exchangers 

4) Plate-fin heat exchangers 

5) Perforated plate heat exchangers 

6) Sintered metal powder exchangers 

Regenerators are further divided into following types. 

1) Fixed or valved type regenerators 

2) Rotary regenerator, axial flow type 

3) Rotary regenerators, radial flow type 

The basic requirements of any cryogenic heat 

exchanger are high effectiveness and low pressure drop in 

both the fluid streams to stipulated limits. 

It may be seen that there exists the possibility of 

almost infinite variation in heat- exchanger design. The form 

chosen depends upon several factors, among which are 

1) The importance of avoiding pressure drop, 

2) The need for low heat capacity, 

3) The cost, 

4) The pressures to be accommodated, and 

5) The dimensions of the space available for the 

exchanger. 

These criteria are often conflicting: 

1) The need for high surface area vs. the requirement 

of low pressure drop, and  

2) High lateral heat transfer between fluid streams vs. 

low heat leak longitudinally from top to bottom. 

It is not surprising that many design attempts have 

been made to accommodate conflicting requirements. 

II. LITERATURE REVIEW 

A. J. Croft and P. B. Tebby presented a paper for design of 

finned-tube cryogenic heat exchanger. The paper reports 

that earlier application of finned tubing was in Collins 

helium liquefier. These types of heat exchangers became 

quite popular because of its inherent characteristics of high 

effectiveness and low pressure drop. Although this paper 

don’t throw light on any pressure drop relation, it states that 

minimum value of internal diameter of tubing is chosen 
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subjected to allowable pressure drop. This paper also gives 

some guidance in choice of materials. The material should 

give adequate conductivity and less short circuiting 

conduction longitudinally. In this paper different idea for 

finned tube selection is also given. Copper tube with fins, 

Brass tube with machined fins can also be used. Cupronickel 

tube can also be used with soft soldered helical strip of 

copper wound over it. The correlations for shell side and 

tube side flow are given. Thermal design of heat exchanger 

is covered in this paper. The procedure given in this paper is 

followed for heat exchanger design in following projects. 

 Clerendon laboratory helium liquefier 

 Clerendon laboratory hydrogen liquefier 

And good agreement between theoretical 

expressions and practical data was found. 
(1)

 

D. H. Parkinson also used this kind of heat 

exchanger in a joule Thomson helium liquefier. The 

effectiveness stated in the paper for this heat exchanger is 

92%. Copper tubing was used in this heat exchanger. 
(2)

 

J. Cosier and Croft designed a new form of finned 

tube heat exchanger based on the theory given by croft and 

Tebby. They used a nylon Core which had helical flute 

machined on that to fill the dead area. In this form of design 

it is noted that the internal diameter became so small that 

one single solid core can be used. The weight of his new 

design was 52 kg for 4.3 kW thermal exchange load. 
(3)

 

Atrey also presented a paper of thermodynamic 

analysis of Collins helium liquefaction cycle. The paper 

gave some remarkable conclusions for heat exchangers. 

Atray used reciprocating engines as expanders, but same can 

be found for turbo expanders. Atrey developed software to 

analyze and simulate the cycle by changing the values of 

variables. This paper also gave the effect of mass fractions 

through expanders, efficiency of expander and effectiveness 

of heat exchanger on the liquefaction yield. For optimizing 

other parameters effectiveness of all heat exchanger is 

assumed 95% and efficiency of expanders is assumed 75% 

for all expanders. The paper also shows that the temperature 

exactly before the J-T valve should be below or around 7.5 

K to produce liquid yield for 15 bar pressure. By showing 

importance of heat exchanger in any liquefaction cycle, the 

paper states that if effectiveness of all heat exchanger is 

increased from 95% to 97%, the liquid yield increases by 

12%. Increase in effectiveness of any heat exchanger will 

increase the liquid yield. A cryogenic liquefier will produce 

no liquid if the heat exchanger effectiveness is less than 

approximately 85%. 
(4) 

P. K. Kush et.alpresented a paper on design and 

optimization of coil finned-tube type heat exchanger for 

cryogenic applications. In this paper extensive research 

work is carried out for design of coil finned-tube type heat 

exchanger. Major issue of developing these heat exchangers 

are to ensure uniform flow distribution over the finned tubes 

of heat exchanger by controlling the manufacturing 

clearance to achieve the higher order of magnitude of 

effectiveness. In this paper it is shown that clearance 

provided for ease of manufacturing can be used for adjusting 

the thermal and pressure drop performance of finned tube 

heat exchanger. This paper also consider the clearance in the 

thermal and pressure drop design. For pressure drop 

consideration only frictional pressure drop is considered 

here. The fin efficiency for finned tubing can be assumed 

100% for calculations. To show how the clearance affects 

the effectiveness it is stated in paper that if clearance is 

decreased from 1.2 mm to 0.3 mm effectiveness will 

increase from 91.7% to 95.8%. In this paper followings are 

derived. 
(4) 

 Maximum allowable clearance 

 Correction factor for heat transfer co-efficient and 

pressure drop 

 Effect of mass flow rate on sizing of heat 

exchanger 

 Effect of bypass factor on sizing and pressure drops 

 Optimization of mean diameter of shell 

 Inner tube diameter optimization 

 Optimization of fin height 

 Effect of number of fins on pressure drop 

performance and sizing 

P. K. Gupta, et.al presented a paper on 

experimental research on heat transfer coefficients for 

cryogenic cross-counter flow coiled finned-tube heat 

exchanger. In this paper experiments were conducted in the 

range of effective Reynolds number 500-1900. The effect of 

diametrical clearance on the prediction of overall heat 

transfer coefficient is also investigated experimentally. The 

results from present study were compared in form of overall 

heat transfer coefficient. In this experiment, variation of 

high pressure of tube side gas in range of 11.1-1.7 MPa 

absolute, while low pressure gas stream was at 0.1 MPa in 

all conditions. The mass flow rate of gases is varied by 

varying the speed of expander through break mechanism as 

well as varying the inlet pressure of high pressure stream 

during the experiment. It is noted that as the mass flow 

varied, the temperature readings of heat exchanger as well 

as of other heat exchanger in the system were changed and 

the whole system achieved a new steady state level. They 

used three methods to calculate the free flow area. Projected 

area method, porous plug analogy, hypothetical cylinder 

concepts were used.The present study clearly indicates 

which method of calculation of free-flow area would be 

suitable for applying the selected correlations considered in 

the study. The study also identifies which correlations suited 

with clearance effect and which are not. For an example, the 

correlations given by Zukauskas and ESDU for in-line plain 

tube bundles, the PFR correlation for in-line radial high 

finned tubes in cross flow, the Rabas and Taborek 

correlation for the banks of radial low finned-tube bundles 

in cross flow fitted well (within 15%) with the experimental 

data when they were applied with the method of projected 

area along with the clearance effect. A new correlation 

based on the free volume concept has also been developed. 

The proposed correlation predicts in better accuracy range 

(within 10%) and a tolerance zone has been decided for 

different values of diametrical clearance. 
(5) 

P. K. Gupta, P. K. Kush and Ashesh Tiwari 

presented a paper on experimental research on pressure drop 

characteristics for cryogenic cross-counter flow coiled 

finned-tube heat exchanger. The heat exchangers were 

developed using integrated low finned tubes. Experimental 

studies have been performed to know the pressure drop 

characteristics of tube side and shell side flow of these heat 

exchangers. All experiments were performed at room 

temperature in the Reynolds number range of 3000–30,000 

for tube side and 25–155 for shell side. The results of 
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present experiments indicate that available correlations for 

tube side cannot be used for prediction of tube side pressure 

drop data due to complex surface formation at inner side of 

tube during formation of fins over the outer surface. Results 

also indicate that surface roughness effect becomes more 

pronounced as the value of di/Dm increases. Pressure drops 

in finned tubes used in these heat exchangers are found to be 

higher than 1.8–3.5 times as compared to the smooth tubes 

depend on the mean diameter of coiled finned tube heat 

exchanger. Present study concludes that the rough surface 

formed on internal surface of finned tubes during formation 

of fins on the outer surface has significant effect on the 

pressure drop. Experimental results confirm that the 

correlations available for smooth and rough surface cannot 

be applied for the prediction of friction factors. Therefore, 

present study proposed new correlations for estimation of 

friction factors for the finned tubes. These correlations 

predict the experimental values within maximum ±20% 

error band depend on the range of di/Dm. In this heat 

exchanger configurations, the Reynolds number of shell side 

is very low and therefore we have also developed the new 

correlation for predicting the shell side friction factor. This 

correlation predicts the experimental value within ±5% error 

band. 
(6) 

Ashesh Tiwariet.alpresented a paper on second law 

analysis of counter flow cryogenic heat exchangers in 

presence of ambient heat-in-leak and longitudinal 

conduction through wall. Performance of highly effective 

heat exchangers is governed by the various internal and 

external irreversibilities. In low temperature applications, 

the performance of these heat exchangers strongly depends 

on the irreversibilities such as ambient heat-in-leaks, 

longitudinal heat conduction through separating wall of heat 

exchanger and conduction through high temperature 

connecting tubes when they are integrated to the system. 

The special focus of this paper is the study of effect of these 

irreversibilities on the performance of heat exchangers 

through second law analysis. It is observed that the effect of 

ambient heat-in-leak is different for the balanced and 

imbalanced counter flow high NTU heat exchangers. This 

paper also makes it possible to compare the different 

irreversibilities for varying range of NTU and analyze the 

influence of external irreversibilities on the performance of 

heat exchangers when either hot fluid or cold fluid is 

minimum capacity fluid. An attempt has been made to 

address the various external irreversibilities of the counter 

flow cryogenic heat exchangers in addition to the internal 

irreversibilities through second law analysis. In many 

cryogenic applications such as helium liquefier/refrigerator, 

both balanced and imbalanced flow heat exchangers are 

used and the performance of these heat exchangers severely 

influenced by these external irreversibilities in addition to 

other parameters. Keeping of this in mind, the effect of these 

irreversibilities has been studied for both balanced and 

imbalanced flow of heat exchangers. It can be observed 

from the present analysis that the effect of the external 

thermal irreversibilities is more when the hot fluid is 

minimum capacity (Ch=Cc< 1:0) fluid and the contribution 

of the total external irreversibilities to the total thermal 

irreversibilities is only 2% when the value of Ch /Cc is 2.0. It 

can therefore be concluded that in the absence of pressure 

drop irreversibility, the performance of heat exchanger is 

less susceptible to the external irreversibilities for the given 

heat exchanger configuration in the case when the cold fluid 

is minimum capacity fluid. In the present analysis, the 

variation of internal thermal irreversibilities with the NTU 

in presence of ambient heat-in- leak and longitudinal 

conduction through separating wall of heat exchanger is also 

studied for the balanced and imbalanced flow of heat 

exchangers. It is observed that variation in exergetic loss 

with the NTU is different for the different values of l in 

presence of ambient heat-in-leak and longitudinal 

conduction as compare to the value of k = 0.0 for the same 

value of l. The internal exergetic loss is decreases as the 

NTU of heat exchanger increases when cold fluid is 

minimum capacity fluid while the internal exergetic loss 

becomes nearly constant as the NTU of heat exchanger 

increases when hot fluid is minimum capacity fluid. The 

practical conclusion is that the increase in NTU is not 

always beneficial from the exergetic performance point of 

view in presence of external irreversibility for the design of 

the heat exchanger with negligible pressure drop. The 

analysis presented here also reconfirms that there is 

optimum range of NTU exist in presence of the external 

irreversibilities and internal irreversibilities where heat 

exchanger can perform efficiently thermodynamically. 
(6) 

J. M. Geist and P. K. Lashmet presented a paper on 

Miniature Joule-Thomson Refrigeration Systems. In this 

refrigeration system coil-finned type of heat exchanger is 

selected. Several heat exchanger configurations were 

evaluated during the preliminary design of refrigeration 

systems. The most compact exchangers were designed with 

helically finned tubes coiled around a mandrel, the high-

pressure gas flowing inside the tubes and the low-pressure 

gas flowing outside the tubes. The heat exchanger design 

was based on extrapolations from available data. In order to 

obtain more precise design factors a test program was 

initiated to measure the heat transfer coefficients and the 

pressure drop. Helically finned and coiled heat exchangers 

were fabricated in our Research and Development 

Department, using bare tubes ranging from 0.015 to 0.125 

in. OD and with fin heights equal to 1/2 the tube diameter. 

The heat transfer and pressure drop data for 40 runs using 

nitrogen and hydrogen are presented in this paper. For the 

nitrogen runs, the joule-Thomson effect provided a 

temperature change sufficiently large for precise 

measurements of temperature differences. For the hydrogen 

runs it was necessary to cool the high-pressure hydrogen in 

order to obtain temperature differences sufficiently large to 

be measured precisely. In all runs, the temperatures at the 

inlet and outlet of the heat exchangers and the shell-side 

pressure drops were measured. In some of the test 

exchangers, duplicate thermocouples were installed at each 

of the test points in order to obtain check measurements. 

Since the flows through the high-pressure and the low 

pressure circuits were identical, it was not necessary to 

measure the flow rate with a high degree of precision in 

order to obtain accurate heat transfer coefficients. The 

correlation for heat transfer was based on the over-all heat 

transfer coefficients. Using a standard design calculation for 

the inside film coefficienthowever It was estimated that the 

individual outside heat transfer coefficients and outside j 

factors were approximately equal to twice the over-all heat 

transfer coefficients and J factors. The resistances to heat 
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transfer on the inside of the tubes and the outside of the 

tubes were approximately equal. Comparisons between the 

data which were obtained in this work and previously 

published data for compact exchangers are presented in this 

paper. The over-all J factor for heat transfer for the helically 

finned and coiled heat exchanger is only slightly less than 

the individual j factor reported for the Collins-type ribbon 

packed heat exchanger. The approximate J factor reported in 

this work is substantially higher than the j factor reported 

above. It is to be noted that the ratio of the friction factor f to 

the heat transfer factor j for compact ribbon-packed heat 

exchangers is approximately equal to the ratio of f to j 

reported in the present work. From this it may be concluded 

that more compact heat exchangers can be designed with 

helically finned and coiled tubing, which also represents a 

Collins type of heat exchanger, without any sacrifice in 

shell- side pressure drop. For the preliminary design of 

helically finned and coiled heat exchangers, operating at 

shell-side Reynolds numbers of approximately 1000, the 

NTU per coil is about 1/3 and the NVH per coil is 

approximately equal to 4. 
(7) 

III. CONCLUSION 

 Cryogenics liquefier will produce no liquid if the 

heat exchanger effectiveness is less than 85% In 

Atrey’s analysis it is cleared that decrease in heat 

exchanger effectiveness from 97% to 95% reduces 

the liquefaction yield in helium liquefier by 12%. 

 The design of cryogenic heat exchangers is subject 

to limited pressure drop conditions. If the clearance 

is not considered for estimation of pressure drops 

then it may be overestimated and it will require the 

larger shell diameter to keep the pressure drop 

within limits. The lower flow velocity within heat 

exchangers will be the result of this and therefore 

lower shell side heat transfer coefficient. Again, it 

will require larger unit and as a result of this. 

 It is clear from the literature that the heat exchanger 

can be adjusted either by choosing the suitable 

mean diameter of shell with an appropriate 

clearance for given fin geometries or by selecting 

the optimized fin geometries. 

 It also makes clear that the inner diameter of finned 

tube, number of fins and fin height can be adjusted 

for the given fixed parameters.  

 It can be concluded that heat exchanger behaves in 

a different way when the hot fluid is minimum 

capacity fluid than the cold fluid is minimum 

capacity. It is therefore important to analyse the 

effect of these secondary losses in both cases of 

minimum capacity fluid, hot and cold fluid. 

 Pressure drops in finned tubes used in our heat 

exchangers are found to be higher than 1.8–3.5 

times as compared to the smooth tubes depend on 

the mean diameter of coiled finned tube heat 

exchanger therefore the new correlation for 

predicting the shell side friction factor has been 

developed. This correlation predicts the 

experimental value within ±5% error band. 
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