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a b s t r a c t 

Compact high-effectiveness Counter Flow Heat EXchangers (CFHEX) are crucial components of recuper- 

ative coolers, such as Joule-Thomson and Turbo-Brayton coolers and of remote cooling systems realised 

by a convective loop. This paper presents a design and analysis of a cryocooler-based remote cooling 

system that extends the cooling capabilities of a two-stage cryocooler. Increased heat exchange between 

high- and low-pressure channels is established by adding copper mesh material. A compact effective 

mesh-based CFHEX design covering the 4.5-290 K temperature and 1–10 bar pressure operation ranges 

is presented. The discretised numerical model of the CFHEX is also presented and covers a wide field 

of parameters, including axial conduction, variable material and fluid properties based on experimental 

and theoretical data and wall-mesh thermal contact conductance. In our design the latter has shown to 

have a significant influence on the effectiveness of the CFHEX based on the analysis of a range of inner 

tube materials. The sizing of a high-performance CFHEX with a predicted effectiveness of 96.5 % (number 

of transfer units ( NT U) = 27.6) and an accumulated pressure drop of 15 mbar using the model is demon- 

strated. The outlook for future work and experimental measurements of the parameters to complete the 

numerical model is presented. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

A large number of ultra-sensitive instruments require cryogenic 

ooling to be provided in a minimised-disturbance and remote 

anner. Examples of those include SRF cavities in particle acceler- 

tors [1] , Superconducting Quantum Interference Devices (SQUIDs) 

e.g. used in the CERN Antiproton Decelerator [2–4] ), cryogenic 

irrors in gravitational-wave detectors (e.g. KAGRA [5] ) and in- 

rared detectors in space missions [6] . The currently existing Stir- 

ing and pulse-tube cryocoolers have residual exported vibrations 

n the 30 Hz - 10 0 0 Hz bandwidth [7] and typical vibration ampli-

udes of 1–10 μm depending on direction [8] leading to complex 

ystems being needed to provide mechanical damping. Moreover, 

n installations such as the CERN HiRadMat facility [9–12] , the re- 

ote cooling would be very beneficial to protect the cryocoolers 

rom the high radiation levels. This is important because their re- 
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enerators contain lead and rare earth materials, which are subject 

o irradiation and it is a common goal to reduce the amount of 

ach activated material. 

Depending on the cryogenic application and the cooling power 

equired, a spectrum of cooling options is available ranging from 

arge-scale cryoplants to small-scale cryocooler-based options. Be- 

ng a ”dry” system, the latter presents an advantage regarding 

aintenance and safety compared to cryostat-based solutions. For 

emote cooling, a number of approaches exist that allow to spa- 

ially separate the cryocooler from the device to be cooled as well 

s to reduce the mechanical disturbances transferred to it. These 

an range from flexible conductive straps connected to the cold 

nger of the cryocooler [1,13] to more sophisticated approaches, 

uch as fluid circulation loops profiting from the Joule-Thomson 

ooling effect [14] , sorption coolers [15] or complex zero-boil- 

ff cryostat arrangements [2,16,17] . For remote-cooling systems 

hat apply a convective cooling loop and recuperative coolers like 

urbo-Brayton [7,18,19] , Counter-Flow Heat EXchangers (CFHEXs) 

orm crucial components and their effectiveness can be a corner- 

tone for the system performance. 
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Nomenclature 

Symbols 

α f Fluid-mesh heat transfer coefficient, W/(m 

2 K) 

αIF Wall-mesh heat transfer coefficient, W/(m 

2 K) 

� Change in quantity 
˙ H Enthalpy of the fluid stream, W 

˙ m Mass flow rate, kg/s 

ε Effectiveness 

λ Thermal conductivity of a material, W/(m K) 

μ Fluid viscosity, kg/(m s) 

ρ Density, kg/m 

3 

σbend Bending stress, Pa 

σshear Shear stress, Pa 

A Area, m 

2 

A f r Frontal area, m 

2 

A wet Wetted area, m 

2 

A wire Cross-sectional area of the wire, m 

2 

C Heat capacity, J/K 

c p Specific heat capacity, J/(kg K) 

C min Heat capacity of a minimum C stream, J/K 

d h Hydraulic diameter, m 

d w 

Wire diameter, m 

e v Porosity, void fraction 

E Cu Young’s modulus of copper, Pa 

f Friction factor 

F b , F y Forces acting on a mesh wire, N 

F b,crit Critical buckling load, N 

F cont. Contact force between the wall and the mesh wire, 

N 

h Specific enthalpy of the fluid stream, J/kg 

I zz Second moment of area, m 

4 

j H Colburn- J factor 

K Column effective length factor 

k Thermal conductivity of a fluid, W/(m K) 

L Length, m 

n Number of control volumes for numerical analysis 

p Pressure, Pa 

P CIF Cooling power at cooling interface, W 

P r Prandtl number 

Q actual Actual heat transfer rate, W 

Q max Maximum heat transfer rate, W 

R Thermal resistance, K/W 

r Radius, m 

Re Reynolds number 

T Temperature, K 

t Wall thickness, m 

T stage Temperature at a cryocooler stage, K 

u Fluid velocity, m/s 

U 0 Total heat transfer coefficient, W/(m 

2 K) 

Subscripts 

‖ Through-plane 

⊥ In-plane 

a v g Average value 

cond Conduction 

con v Convection 

HEX Heat exchanger at cryocooler stage 

hp High-pressure flow side or high-pressure flow 

hp2 wi High-pressure flow to inner wall (direction) 

in Inlet flow 

l p Low-pressure flow side or low-pressure flow 

l p2 wi Low-pressure flow to inner wall (direction) 

l p2 wo Low-pressure flow to outer wall (direction) 
2 
mesh Mesh 

out Outlet flow 

wi Inner wall 

wo Outer wall 

Acronyms 

NT U Number of transfer units 

CFHEX Counter-flow heat exchanger 

CIF Cooling interface 

HP High-pressure 

IF Interface 

JT Joule-Thomson 

LP Low-pressure 

For high-end science and technology applications (e.g. space ex- 

loration, particle physics) as mentioned above, the weight and the 

vailable space are often constrained, while the cooling installa- 

ions themselves are frequently not standard. Therefore, the com- 

actness, sizeability and high effectiveness of the CFHEX are essen- 

ial. Compactness presents a particular importance for cryogenic 

pplications, as it enables space-wise integration of the CFHEX- 

ased convective loops with existing installations and allows re- 

ucing the surface area exposed to thermal radiation, thus min- 

mising the parasitic heat in-leaks. 

Overviews of advantages and disadvantages of various CFHEX 

ypes are given in literature [20,21] . Highly promising candi- 

ates for the compact and effective design are matrix heat 

xchangers due to their high wetted surface areas per vol- 

me and large heat transfer coefficients [20] . An extensive re- 

iew of different matrix heat exchangers for cryogenic appli- 

ations was described by Venkatarathnam and other authors 

22,23] . In particular, the wire mesh screens inner geometry 

llows for an extremely scalable, adaptable and low cost de- 

ign as the screens are commercially manufactured in an ex- 

ended variety of shapes, sizes and materials. An important 

dvantage of mesh-based CFHEXs over other inner geometries 

s that they provide a non-uniform thermal conductivity along 

nd across the CFHEX leading to a reduced axial thermal 

onduction. 

A few attempts were made to accomplish mesh-based CFHEXs 

n the past. One of the first mesh-based CFHEXs was modelled and 

onstructed by Steyert [24] achieving the number of transfer units 

dimensionless heat transfer performance value), NTU [20,21] of 8 

uring the testing. An NTU of 14.5 was initially predicted by the 

alculations and the reduction in performance was attributed to 

he flow undesirably passing via the edges of the screens. Fur- 

her, mesh-based CFHEXs were attempted for the use in cryocooler 

pplications [25,26] . One example of a high-effectiveness mesh- 

ased CFHEX design reaching an NT U of 15.7 was presented by 

hao et al. [27] , who used stainless steel spacers to reduce the 

xial thermal conduction. The latter aspect is crucial for cryo- 

enic CFHEX design as the temperature differences can go up 

o ≈ 220 K. 

In terms of numerical modelling, most early approaches were 

ased on ε − NT U relations, where the significant changes in solid 

nd fluid properties at low temperatures were neglected [23] . Later 

ttempts were made to treat mesh screens as fins and to discre- 

ise CFHEXs to account for the effects of axial conduction, parasitic 

eat loads and property variation [28] . Further works [29] com- 

leted the numerical model by including the outer CFHEX wall 
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Fig. 1. Schematics of the two applicable examples from the variety of remote cooling arrangements. (a) A certain amount of helium gas is extracted from the cryocooler 

compressor circuit to feed the additional convection loop. This high-pressure (HP) gas flow is pre-cooled by a series of HEXs before arriving at the CIF, where the useful 

cooling power is extracted. The fluid passes via the flow regulation valve to obtain a low-pressure (LP) gas that can be returned to the compressor [30] . (b) The cryocooler 

compressor circuit and the additional convection loops are separated. Some cooling power of the 1 st stage of the cryocooler can be transferred via a commercial CryoFan 

circuit, e.g. to pre-cool the thermal radiation shield around the CIF. The main low-temperature convection loop is driven by a compressor/pump and enables a JT expansion 

close to the CIF to increase the useful generated cooling power. 
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nd mesh axial and radial conductivities. However, most existing 

pproaches neglect the effect of the mesh-wall contact thermal 

onductance in mesh-based CFHEXs and the potential that its im- 

rovement has on the maximum performance of the mesh-based 

FHEXs, especially at higher mass flow rates. 

This paper describes an efficient representative numerical 

odel including inner and outer walls, the mesh, fluid and ma- 

erial property variation and mesh-wall contact conductances. The 

odel has been applied to four different gases, three different 

all materials, different mesh sizes and CFHEX geometries. The 

odel is analysed and used to perform a dimensioning of a highly- 

ffective mesh-based CFHEX ( ε = 96 . 5 % or NT U > 27 ) for a real

ryocooler-based remote cooling system. The cooling system anal- 

sis and its predicted performance with the designed CFHEX is also 

resented. 

. Cryocooler-based remote cooling options 

To illustrate the remote cooling systems based on cryocoolers 

ith convective fluid loops and their working principle, two exam- 

les are presented in Fig. 1 [14] . In the arrangement in Fig. 1 (a),

art of the high-pressure helium gas (typically at ≈ 22 bar) is ex- 

racted from the compressor line feeding the cryocooler. The flow 

asses through a series of HEXs, where it is pre-cooled by the re- 

urning flow and the cryocooler stages before reaching the cooling 

nterface (CIF), where the useful cooling power is transferred. As 

he returning flow is fed back to the compressor, such a system 

oes not require any additional means of circulation. Due to the 

igh pressure of the gas in this system, relatively small pipelines 

an be used and the resultant low fluid velocities help reducing the 

ibration levels at the cooling interface. For such a system, certain 

estrictions apply to the amount of helium that may be extracted 

rom the compressor lines to maintain adequate performance of 

he cryocooler itself. 
3 
To obtain a higher cooling power at the CIF, an example of the 

rrangement in Fig. 1 (b) with two additional convection loops can 

e used. The first fluid loop is driven by a commercially available 

ryoFan and is set up to cool down a thermal shield that envelops 

he CIF allowing to reduce radiative heat transfer to it. The main 

onvection loop is based on the Linde-Hampson cycle, where the 

re-cooled flow is isenthalpically throttled through a restriction to 

rofit from the cooling obtained via the Joule-Thomson (JT) effect. 

he circulation here is ensured by a compressor/pump and the 

hird heat exchanger is located close to the CIF to intercept the 

esidual heat loads at the lowest possible temperature. This ap- 

roach allows achieving even lower temperatures at the CIF com- 

ared to the arrangement in Fig. 1 (a). 

For both systems in Fig. 1 , the mechanical decoupling can be 

chieved by using flexible transfer lines between the cryocooler 

nd the CIF and the available cooling power at the CIF will be de- 

ermined mainly by the performance of the cryocooler and the ef- 

ectiveness of the CFHEXs. 

. Fluid circuit design 

.1. System modelling 

A prototype remote cooling system, which will also provide the 

latform for the testing of a compact high-effectiveness CFHEX, is 

nder construction in the CERN Cryolab and is shown in Fig. 2 . 

he working principle of this system is similar to that of Fig. 1 (b),

lthough in this setup the radiation shield around the CIF is cooled 

y a conduction link to the 1 st stage of the cryocooler and not by 

n additional convective loop as in Fig. 1 (b). 

The goal of the system design is to maximise the cooling power 

t the CIF for a given cryocooler and to determine the optimum 

perating conditions, namely the mass flow rate and pressures at 

he inlet and outlet of the system, at which the maximum cool- 

ng power is achieved. The cooling power at the CIF, P can be 
CIF 



A. Onufrena, T. Koettig, J. Bremer et al. International Journal of Heat and Mass Transfer 183 (2022) 122107 

Fig. 2. Schematic of a prototype remote cooling system. Important locations are marked by the numbers. Between 1 & 2 and 3 & 4 the respective cryocooler precooling 

stages are located. See Fig. 3 for available cooling powers. Both radiation shields are thermalised at the 1 st stage of the cryocooler. 
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xpressed as 

 CIF = 

˙ m �h CIF (1) 

here �h CIF is the specific enthalpy change of the flow entering 

nd leaving the CIF. The enthalpy at any point in the system is a 

unction of the fluid pressure and temperature. The distribution of 

hese two parameters heavily depends on the effectiveness and the 

ressure drop of CFHEXs 1, 2 and 3, thus let us start with defining

hese relations. 

For a perfectly insulated CFHEX, where no external or parasitic 

eat loads by axial conduction are considered, the effectiveness is 

iven by the ratio of actual heat transfer rate to the thermody- 

amically limited maximum possible rate [20] . The latter would 

e achieved if both flows have equal temperatures at one of the 

FHEX ends. In general, the high-pressure stream has a higher spe- 

ific heat capacity and will exhibit a lower �T . Therefore, the max- 

mum achievable heat exchange can be related to the maximum 

emperature increase of the low-pressure stream: 

˙ H max = 

˙ m l p · [ h l p (T hp,in ) − h l p (T l p,in )] (2) 

he actual enthalpy change, which in a perfectly insulated CFHEX 

n absolute sense is equal in both streams, can be expressed as: 

i

4 
˙ H actual = 

˙ m l p · [ h l p (T l p,out ) − h l p (T l p,in )] = 

˙ m hp · [ h hp (T hp,in ) − h hp (T hp,out )] (3) 

owever, in practice the CFHEX is not perfectly insulated and due 

o the heat exchange with the surroundings and the axial conduc- 

ion along the CFHEX, the actual enthalpy changes are not equal. 

hus, the effectiveness of the CFHEX, defined as 

= 

� ˙ H actual 

� ˙ H max 

(4) 

s different for both streams. Therefore, for the system with con- 

tant mass flow rate ( ˙ m hp = ˙ m l p ), the two effectiveness values are 

efined as: 

hp = 

h hp (T hp,in ) − h hp (T hp,out ) 

h l p (T hp,in ) − h l p (T l p,in ) 
(5) 

l p = 

h l p (T l p,out ) − h l p (T l p,in ) 

h l p (T hp,in ) − h l p (T l p,in ) 
(6) 

ortunately, the average value εa v g = (εhp + εl p ) / 2 is insensitive to 

he heat transfer between the CFHEX and the surroundings, hence 

t accurately characterises the CFHEX behaviour [31] . 
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Table 1 

Boundary conditions and assumptions used for the system analysis. The numbered subscripts correspond to the locations marked in Fig. 2 . 

Parameter Value Remark 

T 0 290 K Known inlet fluid temperature 

p 0 p hp,in Known, user-defined and varied during the analysis. 

T 1 st stage T 2 nd stage Temperature of the corresponding stage for the given heat load is derived from the experimentally measured 

cryocooler capacity map shown in Fig. 3 . 

εHEX �p HEX 95 % 50 mbar Initially approximated value at 150 mg/s for a wound copper tube stage HEXs. 1 st stage HEX: protruded square copper 

tube (7 mm × 7 mm) with round inner hole of 3.5 mm diameter; total length ≈ 2 m. 2 nd stage HEX: protruded circular 

copper tube with inner diameter of 3 mm and outer diameter 5 mm; total length ≈ 1.9 m. 

T 6 4.5 K Targeted temperature at the CIF. 

h 5 , h 6 h 5 = h 6 Isenthalpic expansion in the JT-valve. 

p 10 > 1 bar Outlet pressure is to be kept slightly above 1 bar to avoid in-leaks to the system from the surroundings. 

Table 2 

Available cooling power at the CIF for a set of CFHEX ef- 

fectiveness values with pressure drop of 100 mbar per 

CFHEX side, inlet pressure of 5.3 bar and mass flow rate 

of 150 mg/s. 

CFHEX effectiveness Cooling power at the 4.5 K CIF 

[%] [W] 

90.0 0.26 

93.0 0.54 

96.0 0.81 

98.0 0.97 
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Fig. 3. Cooling power of the two-stage GM cryocooler (Leybold-Heraeus GMBH; 

RGD 1040 cold-head with RW5 compressor unit) for a range of 1 st and 2 nd stage 

temperatures measured at the CERN Cryolab. The maximum measurement uncer- 

tainties: ±0 . 11 K for the 1 st and ±0 . 018 K for the 2 nd stage temperatures; ±0 . 1 W 

for the 1 st and 2 nd stage cooling powers (error bars are not shown for clarity). The 

operation in the high-lighted area allows achieving the maximum cooling power at 

the CIF for the remote convection loop, e.g. pre-cooling of ≈ 12 W at T 1 st stage = 46 K 

and ≈ 2 . 3 W at T 2 nd stage = 10 K. Operation at 2 nd stage temperatures below 9 K or 

1 st stage cooling powers above 15 W would cause the stage temperatures to become 

unstable, thus deteriorating the overall performance of the system. 
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For the HEXs at the cryocooler stages, εHEX is expressed by 

q. (7) : 

HEX = 

h hp (T HEX,in ) − h hp (T HEX,out ) 

h hp (T HEX,in ) − h hp (T stage ) 
(7) 

or which in the perfect case, the fluid flow would exit at T stage .

n reality, T HEX,out will be higher and hence εHEX < 1 needs to be 

onsidered in the system analysis. 

After the high-pressure flow passes the heat exchangers, it un- 

ergoes isenthalpic expansion in the JT-valve, hence h 5 = h 6 with 

umbering as indicated in Fig. 2 . Past the CIF, the enthalpy, h 7 is

ssumed to be equal to that of a saturated vapour at 4.5 K and at

he corresponding pressure achieved in the JT expansion. 

From the enthalpy-effectiveness relationships given by Eqs. 1, 2, 

, 4, 5, 6, 7 , a system of eleven equations can be constructed based

pon the locations indicated in Fig. 2 . Since the equations are a 

unction of pressures and temperatures, an iterative solving routine 

as set up with a set of assumptions and boundary conditions. The 

ummary of these with explanatory remarks is given in Tab. 1 . 

Under these assumptions and boundary conditions, the use- 

ul cooling power at 4.5 K can be determined for a given inlet 

ressure, mass flow rate, CFHEX effectiveness and pressure drop. 

herefore, the next step is to determine the influence of these pa- 

ameters on the cooling cycle. 

.2. Outcome of the fluid circuit design 

.2.1. Inlet pressure and mass flow rate 

The chosen two-stage cryocooler allows to develop a convection 

ooling loop as depicted in Fig. 2 and test its performance. The 

ooling powers that this cryocooler can supply at the correspond- 

ng stage temperatures were measured and are shown in Fig. 3 . 

he marked area in the graph highlights the region of stable op- 

ration, where the maximum performance of the convection loop 

an be achieved. 

The optimum operating mass flow rate in the convection loop 

s strongly linked to and limited by the cooling capacity of the cry- 

cooler. Fig. 4 depicts the variation of the useful cooling power at 
5 
he 4.5 K CIF for a range of inlet pressures and mass flow rates as

ell as the corresponding evolution of the cryocooler stage tem- 

eratures. Here we assumed a �p of 0.1 bar for all CFHEX streams, 

hich yields a vapour pressure of 1.3 bar at points 6 and 7 in 

ig. 2 and hence a saturation temperature of 4.5 K. 

It can be seen in Fig. 4 (a) that for higher mass flows the use-

ul cooling power increases, however a higher heat load on the 

ryocooler stages is induced leading to higher stage temperatures. 

dditionally, the heat extracted from the flow via the stage HEXs 

ight be in reality less than in the system calculations due to 

 range of factors: under-estimated thermal resistances between 

he HEXs and the cryocooler stages (copper-indium-copper pressed 

ontact) or the cryocooler stages being subjected to additional 

eat-loads from the cooling of the thermal radiation screens. To 

perate sufficiently far from the cryocooler limits and avoid tem- 

erature instabilities as well as to ensure that the pressure drop 

ssumptions are conservative, a nominal operating mass flow rate 

f ˙ m = 150 mg/s was selected. 

The increase in performance for the higher inlet pressures ob- 

erved in Fig. 4 can be explained using the low-temperature end 
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Fig. 4. Influence of the fluid inlet pressure on the remote cooling system parameters. A �p = 100 mbar and ε = 96 % is used for all CFHEXs in this analysis. (a) The maximum 

cooling power achievable at 4.5 K as a function of mass flow rate for different fluid inlet pressures. (b) Evolution of the cryocooler stage temperatures at increasing mass 

flow rate for the same set of inlet fluid pressures as in Fig. 4 (a) shown in the cryocooler capacity map. 

Fig. 5. Pressure-enthalpy diagram for helium showing the low-temperature end of 

the thermodynamic cycle of the described remote cooling system with the JT ex- 

pansion into the two-phase region. The numbering corresponds to that in Fig. 2 . We 

assume p hp,in = 5 . 3 bar and �p = 100 mbar per CFHEX stream, hence p 5 = 5 bar 

and p 6 = p 7 = 1 . 3 bar. The pressure is plotted on a logarithmic axis and the dia- 

gram is generated in REFPROP [32] . 
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f the helium p − h diagram depicted in Fig. 5 . Following the 

sotherms, it can be seen that for a given JT-valve inlet tempera- 

ure, the expansion to 1.3 bar from the higher pressure results in 

ore liquid being produced (point 6 in Fig. 5 moves further left in 

he two-phase region), thus more energy can be deposited at 4.5 K 

efore the liquid fully evaporates. However, due to the curvature 

f the isotherms this effect reverses for higher pressures. For the 

FHEX effectiveness of 96 %, the temperature at the JT-valve inlet 

s ≈ 6 . 2 K, thus the start of the expansion is close to the optimum

d h/d p) min at 5 bar. Above this pressure, the cooling power slowly 

eteriorates after a negligible increase, therefore the operating in- 

et pressure of 5.3 bar was defined as nominal, where the addi- 

ional 0.3 bar compensates for the pressure loss in the preceding 

FHEXs. As it can be seen from Fig. 5 , it is important to increase

he effectiveness of the CFHEXs to achieve 6.2 K at the inlet of the 
6 
T-valve to maximise the cooling power at the target temperature 

f 4.5 K. 

.2.2. Effectiveness and pressure drop 

The analysis for CFHEXs 1, 2 and 3 was conducted to determine 

he impact of their effectiveness on the system performance. The 

utcomes are summarised in Table 2 . It can be seen that with the 

urrent system design and a CFHEX effectiveness of 93 %, a cooling 

ower of ≈ 0.5 W can be generated at 4.5 K, which is equivalent 

o the cooling power of the cryocooler alone at the much higher 

emperature of 9 K. In addition, the cooling power can be further 

ncreased by a factor of almost 2 if 98 % effectiveness is achieved. 

Fig. 6 depicts the influence of the CFHEX pressure losses �p on 

he performance of the system. Since the outlet pressure is con- 

trained to 1 bar for the convection loop (point 10 in Fig. 2 ), a �p

eduction in the low-pressure stream would allow a JT-expansion 

o a lower pressure. This is beneficial as it increases the useful 

ooling power at the CIF, e.g. reducing the �p from 200 mbar to 

00 mbar at 150 mg/s corresponds to 0.1 W of additional cooling 

ower as indicated in Fig. 6 (a). However, a lower �p also implies a 

igher pressure of the flow at the stage HEXs resulting in slightly 

ncreased heat loads on the cryocooler stages. This effect is similar 

o the one seen in Fig. 4 and should be taken into account. 

.2.3. CFHEX objectives 

The nominal system operating point is found to be at p hp,in = 

 . 3 bar and ˙ m = 150 mg/s, where a cooling power of 0.8 W at

.5 K is expected for 96 % effective CFHEX. This will be later re- 

terated as the pressure drop and effectiveness of the CFHEXs be- 

ome known in the course of testing. Bearing these in mind, the 

esearch objectives can be summarised as following: 

1. Maximise the effectiveness of the CFHEX (goal: > 96 %). 

2. Minimise CFHEX size (motivated by compatibility with typical 

cryocooler-based remote cooling systems, such as the one from 

Fig. 2 ). 

3. Design three CFHEXs that cover the operating range between 

4.5 K and 290 K (temperature) and 1 bar to 10 bar (pressure). 
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Fig. 6. Influence of the CHFEX pressure drop on the remote cooling system parameters. A p hp,in = 5.3 bar and ε = 96 % is used for all CFHEXs in this analysis. (a) The 

maximum cooling power achievable at 4.5 K as a function of mass flow rate for different pressure drop values (per CFHEX stream). (b) Evolution of the cryocooler stage 

temperatures for the same set of the pressure drops as in Fig. 6 (a) shown in the cryocooler capacity map. 
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4. Ensure the leak-tightness between the high- and low-pressure 

flows with a maximum allowable value 1 of 1 × 10 −5 mbar ·l/s 
and the leak-tight operation in insulation vacuum with a max- 

imum allowable leak rate 2 of 1 × 10 −9 mbar ·l/s. 

5. CFHEX design should be scalable and easily manufacturable. 

6. Maximise the power of the remote cooling system. 

. Analytic relations for the CFHEX design 

The proposed mesh-based CFHEX design consists of two con- 

entric tubes (which will be also referred to as “walls” for the pur- 

ose of heat transfer description as the common term [29] ) filled 

ith layers of woven mesh screens that act as fins maximising the 

eat transfer area (see Fig. 7 for a schematic, the design details will 

e discussed in further sections). This approach provides a scal- 

ble design, adaptable to a wide range of applications as well as 

he possibility to use a tailored type of mesh for high- and low- 

ressure passages. In addition, such a design does not require com- 

licated manufacturing techniques as it can be accomplished with 

ommercially available metal tubes and mesh. As shown in Fig. 7 , 

he high- and low-pressure streams are in the inner and outer pas- 

ages of the CFHEX, respectively. In this arrangement (when com- 

ared to the opposite configuration) the pressure difference be- 

ween the outer CFHEX wall and the surrounding insulation vac- 

um is lower, thus a thinner wall may be afforded in terms of me- 

hanical stability. For the inner tube such an arrangement is also 

echanically favourable as it reduces the risk of the inner tube 

uckling under the external pressure. As a result, thinner inner and 

uter tubes can be used, which allows to reduce the axial con- 

uction along the CFHEX (especially for CFHEX 1 in Fig. 2 due to 

he large temperature differences in the axial direction), hence im- 

rove the overall performance. Compared to a classical spiral con- 

entric tube-in-tube geometry CFHEX, which is a typical choice for 
1 The effect of the leak of this size between the fluid flow passages on the system 

erformance is considered insignificant. 
2 Typical maximum leak rate used in the high-technology cryogenic installations. 

R

7 
any cryogenic applications, our proposed design provides a factor 

f three reduction in volume following the design calculations. 

To meet the effectiveness goal, the internal CFHEX geometry 

hould be carefully designed. In such a CFHEX, the heat transfer 

rom one fluid flow to the other occurs via convection between 

he flow and the mesh and/or the wall separating the two flows as 

ell as via conduction through the mesh and the wall. The mesh 

creens form a separate structural part, hence the heat has to be 

ransferred across the interface between the mesh and the CFHEX 

alls. Additionally there is heat transferred between the CFHEX 

uter wall, the mesh and the low-pressure flow. 

All this forms a thermal resistance network between the two 

uid flows as well as between the outer wall and the low-pressure 

uid flow. The contribution of the direct convection between the 

uid and the mesh is not included in this network as the amount 

f heat transferred this way is significantly smaller than that trans- 

erred via convection between the fluid and the mesh. This is due 

o a much larger wetted surface of the mesh compared to that of 

he tubes (e.g. for the roughest mesh from Table 4 , the ratio of the

ube-to-mesh wetted areas is approximately 1-to-100). 

With variables depicted and explained in Fig. 7 , one can define 

 set of such resistances in the radial direction from each flow to 

he middle of the corresponding wall, namely R hp2 wi (high-pressure 

ow to inner wall), R l p2 wi (low-pressure flow to inner wall) and 

 l p2 wo (low-pressure flow to outer wall): 

 hp2 wi = 

1 

α f,hp A wet,hp 

+ 

ln (r wi,hp /r hp ) 

2 π�z · λmesh ‖ ,hp 

+ 

+ 

1 

A IF,hp2 wi αIF,hp2 wi 

+ 

0 . 5 t wi 

λwi A wi 

(8) 

 l p2 wi = 

1 

α f,l p A wet,l p 

+ 

ln (r l p /r wi,l p ) 

2 π�z · λmesh ‖ ,l p 

+ 

+ 

1 

A IF,y,l p2 wi αIF,l p2 wi 

+ 

0 . 5 t wi 

λwi A wi 

(9) 
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Fig. 7. Schematic of the proposed mesh-based CFHEX design, which consists of an inner and an outer tube (also referred to as “walls” for the purpose of heat transfer 

description) and the mesh placed in the high- and low-pressure fluid flow passages. The variables used in Eqs. (8), (9), (10) are illustrated with the relevant directions and/or 

locations indicated by their subscripts, e.g. hp = high-pressure CFHEX passage, hp2 wi = high-pressure to inner wall (direction). 
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 l p2 wo = 

1 

α f,l p A wet,l p 

+ 

ln (r wo,l p /r l p ) 

2 π�z · λmesh ‖ ,l p 

+ 

+ 

1 

A IF,l p2 wo αIF,l p2 wo 

+ 

0 . 5 t wo 

λwo A wo 
(10) 

In the above equations the four terms from left to right denote 

he thermal resistance in convective heat exchange between fluid 

nd mesh, the resistance in the conduction through the mesh to 

he wall, the contact resistance between mesh and wall and, fi- 

ally, the thermal resistance in the conduction through the wall in 

adial direction. α f,hp and α f,l p are convective heat transfer coef- 

cients between the mesh and the high- and low-pressure fluid 

ows, respectively, with the corresponding wetted mesh surface 

reas A wet,hp and A wet,l p . λmesh ‖ ,hp and λmesh ‖ ,l p are the mesh con- 

uctivities in the indicated high- and low-pressure flow passages, 

espectively. r hp , r l p , r wi,hp , r wi,l p and r wo,l p are the radii as defined

n Fig. 7 . A IF,hp2 wi , A IF,l p2 wi and A IF,l p2 wo are the mesh-wall inter- 

ace contact areas with the respective interface heat transfer coef- 

cients αIF,hp2 wi , αIF,l p2 wi and αIF,l p2 wo (the locations are indicated 

y the subscripts and detailed in Fig. 7 ). t wi , t wo , A wi and A wo are

he inner and outer wall thicknesses and inner and outer wall con- 

uction areas normal to the radial direction, respectively. 

The convective heat transfer coefficient α f is a geometry de- 

endent parameter, which for the mesh-based CFHEX is defined 
8 
s [21] : 

f = c p 

(
˙ m 

e v A f r 

)
j H 

P r 2 / 3 
(11) 

here e v is the porosity of the mesh, A f r is the frontal area faced

y the flow, P r = c p μ/k is the Prandtl number, with μ and k being 

uid viscosity and thermal conductivity, respectively; j H is the Col- 

urn J-factor, which represents the heat transfer capabilities and 

s a function of the Reynolds number Re = ρud h /μ that is defined 

ith the fluid density ρ , velocity u and respective hydraulic di- 

meter d h [20,21] . For the mesh-based CFHEX, d h = e v · d w 

/ (1 − e v )

21] , where d w 

is the wire diameter. Numerous studies were per- 

ormed to define the j H dependency on Re . Assuming the thickness 

f the mesh to be twice the wire diameter, the following cases are 

onsidered in the analysis: 

1) j H = (1 . 415 − 2 . 49(1 − e v )) Re 0 . 236(1 −e v ) −0 . 483 - correlation for 

the woven matrices within the range of 0 . 55 < e v < 0 . 85 stated

by Barron [21] . 

2) j H = 1 . 21 Re 0 . 47 · 1 
2 - derived correlation from Chen et al. [29] for 

stacked mesh screens. 

3) j H = 5 . 86 Re −0 . 68 ( 1 −e v 
e v 

) 0 . 2 · 1 
2 - derived correlation from Park 

et al. [33] for inline-stacked mesh screens. 

4) j H = 2 . 63 Re −0 . 65 ( 1 −e v 
e v 

) 0 . 2 · 1 
2 - derived correlation from Park 

et al. [33] for staggered mesh screens. 
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Fig. 8. Existing models of the key simulation parameters applicable to a mesh CFHEX inner geometry from indicated literature sources. Different (a) Colburn J-factor j H and 

(b) friction factor f models as a function of Re number on a double logarithmic scale. j H and f correlations in the legends correspond to the dependencies listed in Section 4 . 
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5) j H = 1 . 4 × 10 −4 Re 2 − 0 . 015 Re + 0 . 57 - correlation for lead-

coated mesh from Koettig [34] (basic quadratic fit to experi- 

mental data). 

In addition to the previously defined effectiveness ε, the qual- 

ty of the heat transfer in the CFHEX can be represented by the 

umber of transfer units NT U , which is defined as: 

T U = 

U 0 A 

C min 

= 

ε

1 − ε
(12) 

here U 0 is the overall thermal conductance between the flows, A 

s the corresponding heat transfer area and C min is heat capacity of 

he smallest heat capacity stream. 

There are several loss mechanisms present in the CFHEXs. Some 

osses are attributed to the friction between the fluid flow and the 

FHEX surface. These can be described by a pressure drop param- 

ter �p defined as: 

p = 

f L 

d h 

(
˙ m 

e v A f r 

)2 
1 

2 ρ
= 

f L 

d h 

ρu 

2 

2 

(13) 

here f is the Re -dependent friction factor between the flow and 

he solid surface, L is the length of the mesh in the direction of the

ow, A f r is the frontal area faced by the flow and e v is the porosity

f the mesh. As will be further shown, for the derived operating 

onditions from the previous section, Re in the CFHEX tends to be 

ow due to the small hydraulic diameters of the mesh yielding a 

aminar flow condition. Therefore, three laminar flow friction factor 

odels are considered here: 

1) f = 64 /Re - classical friction factor for laminar flow in a circular 

tube. 

2) f = 70 . 2 Re −0 . 44 - friction factor for the staggered circular micro- 

pillars from Vanapalli [35] . 

3) f = 

C 1 
Re (1 + C 2 Re 0 . 88 ) - friction factor for woven screen matrices

with C 1 and C 2 for 0 . 60 < e v < 0 . 85 from Barron [20,21] . 

Fig. 8 depicts the proposed relations of j H and f as functions 

f Re . For both parameters, the dependencies given by Barron 
9 
21] (based on data from Kays & London [20] ) were measured for 

he same type of woven mesh as is used in our CFHEX and are 

ather conservative in terms of the heat transfer. Hence these were 

aken as a baseline for the analysis. 

Another loss mechanism deteriorating the performance of the 

ompact high-effectiveness cryogenic CFHEXs is axial conduction, 

hich is more prominent at short conduction lengths and large 

emperature gradients [21] . Axial conduction is one of the impor- 

ant considerations that will drive the material selection discussed 

n Section 6 . 

. Numerical model 

A two-dimensional thermo-fluidic numerical model was estab- 

ished to predict the CFHEX performance parameters, namely effec- 

iveness ε and pressure drop �p. The numerical model has been 

alidated experimentally in the work presented in [36] . 

In this model the outer and inner walls of the concentric mesh- 

ased CFHEX with the mesh as well as the high- and low-pressure 

uid flows are represented. The heat transfer between the walls, 

esh and the flows is evaluated taking into account the varia- 

ions of the fluid and solid properties. The model uses a simi- 

ar approach to the one presented by Nellis [37] , however it was 

xtended significantly to represent the relatively complex geom- 

try of the mesh. It also includes the axial conduction along the 

FHEX walls and the mesh, conduction thorough the mesh in ra- 

ial and axial directions as well as temperature- and contact force- 

ependent wall-mesh thermal interface conductance. The impor- 

ant role of the latter in the CFHEX performance will be demon- 

trated in the further sections, where the model is applied to a 

ange of tube materials, mesh sizes, CFHEX dimensions and opera- 

ion conditions. 

The numerical model consists of a network of high- and low- 

ressure fluids and solid wall volume elements as depicted in 

ig. 9 . Exponential control volume sizing as described in [37] was 

sed to have a higher node concentration towards the ends of the 

FHEX, where the parameter changes are more abrupt due to the 
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Fig. 9. Two-dimensional schematic (half of the CFHEX above the symmetry axis) of the nodal and control volume network used in the numerical model, representing high- 

and low-pressure flows as well as inner and outer walls (see Fig. 7 for definitions). Control volume size is exponentially decreasing towards CFHEX ends. Wall nodes are 

located in the middle of the control volumes (apart from end nodes) and flow nodes are located at the edges of the control volumes. 
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a  
oundary conditions. In thermal equilibrium (the stationary case 

n which we want to determine the temperature distribution and 

FHEX effectiveness), ener gy balances can be composed for all vol- 

me elements. Based on these energy balances a set of equations 

an be constructed in the form AT = B , where T is the vector con-

aining the temperatures of all nodes; A is a sparse matrix con- 

aining flow- and material-dependent coefficients; B is a vector re- 

ated to the boundary conditions. This set of equations (and thus 

he temperature distribution) can be solved by inverting the ma- 

rix A . The mesh is not included in the grid as separate nodes

o limit the computation time, which would otherwise more than 

ouble, and furthermore, the mesh temperature can be estimated 

airly well from the temperatures of the fluid and the inner wall. 

he procedure is as follows: at the start, linear temperature pro- 

les are assumed in the high- and low-pressure fluids as well as 

n the walls. Then the mesh temperature is simply assumed to be 

he average of the respective fluid and wall temperatures. Based 

n this initial set of temperatures all the relevant (pressure- and 

emperature-dependent!) parameters in the matrix A can be deter- 

ined. Using this initial matrix A a new distribution of fluid and 

all temperatures can be found. In the next step, the values of the 

esh temperatures T mesh,hp and T mesh,l p in all volumes are deter- 

ined using Eqs. 8, 9, 10 as 

 mesh,hp,i = 

T hp,i −1 + T hp,i 

2 

+ 

(
T wi,i −

T hp,i −1 + T hp,i 

2 

)
×

×

⎛ 

⎝ 

1 

α f,hp | ( T hp,i + T hp,i −1 
2 

)A wet,hp,i /R hp2 wi,i 

⎞ 

⎠ (14) 

 mesh,l p,i = 

T l p,i −1 + T l p,i 

2 

+ 

(
T wi,i −

T l p,i −1 + T l p,i 

2 

)
×

×

⎛ 

⎝ 

1 

α f,l p | ( T lp,i + T lp,i −1 
2 

)A wet,l p,i /R l p2 wi,i 

⎞ 

⎠ (15) 

ith this new set of temperatures (wall, mesh and fluid) we again 

etermine the parameters in matrix A , solve the set of equations 

y inverting A , and thus find again a new set of temperatures, de- 

ermining the mesh temperatures through Eqs. (14) and (15) . This 

teration process is repeated until the temperature change between 

ubsequent iterations is below a certain specified value (less than 

0 mK in our CFHEX analysis). 

Since the mesh is not included as nodes in the grid, we need to 

nclude its contribution in the heat flows that are part of the en- 

rgy balances of the grid elements. In radial direction, as expressed 
10 
n Eqs. 8, 9, 10 the mesh is considered to be a part of the thermal

ath between fluid and wall. In axial direction, the conductive heat 

ow from mesh layer to layer should be related to the axial tem- 

erature difference of the mesh in the respective volume elements. 

owever, since the mesh is not represented by separate nodes, this 

xial heat flow term is related to the temperature difference of 

he inner wall. This is acceptable since, firstly, in practice the axial 

eat flow through the mesh is small compared to that through the 

alls and, secondly, although the temperatures in absolute sense 

re different, the differences in temperature between subsequent 

lements of fluid nodes and wall nodes are quite similar (in other 

ords the local temperature gradients are quite equal). 

The fluid flow is represented by a single node in radial direc- 

ion. This is considered to be sufficient as the radial temperature 

radients are small due to the high thermal conductivity of the 

esh (see [38] for mesh conductivity data). Thus, flow and ma- 

erial properties will not vary significantly in the radial direction. 

adial flow effects are also assumed to be negligible as the porous 

edia of the mesh acts as a great flow distributor. Once the CFHEX 

esign is accomplished, the comparison between the performance 

redicted by the numerical model and obtained experimental data 

ill show if this assumption is appropriate. 

The energy balance for a fluid control volume is depicted in 

ig. 10 . In the steady-state regime, the enthalpy flows in and out 

f the volume and the heat transfer from fluid to the walls are 

he two contributors considered. Thus, the energy balances of the 

igh- and low-pressure fluid control volumes can be expressed as 

ollows: 

˙ 
 · [ c p,hp | T hp,i 

· T hp,i − c p,hp | T hp,i −1 
· T hp,i −1 ]+ 

+ 

1 

R hp2 wi,i 

·
(

T hp,i + T hp,i −1 

2 

− T wi,i 

)
= 0 (16) 

˙ 
 · [ c p,l p | T lp,i 

· T l p,i − c p,l p | T lp,i −1 
· T l p,i −1 ]+ 

 

1 

R l p2 wi,i 

·
(

T wi,i −
T l p,i + T l p,i −1 

2 

)
+ 

+ 

1 

R l p2 wo,i 

·
(

T wo,i −
T l p,i + T l p,i −1 

2 

)
= 0 (17) 

here R l p2 wi,i , R hp2 wi,i and R l p2 wo,i are calculated as described in 

qs. 8, 9, 10 at the corresponding nodes. To evaluate these resis- 

ances, α f is calculated at the average temperature of a fluid el- 

ment, λmesh ‖ and αIF at the corresponding mesh temperatures 

efined by Eqs. (14) and (15) , and λwi and λwo at the wall node 

emperatures in question. The characteristic lengths, L hp2 wi , L l p2 wi 

nd L l p2 wo (see Fig. 7 ) are calculated such that there is an equiva-
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Fig. 10. Energy balance for fluid control volumes. (a) High-pressure fluid control 

volume. Enthalpy flow through the volume and energy flow towards the inner wall 

of the CFHEX are depicted. (b) Low-pressure fluid control volume. Enthalpy flow 

through the volume and energy flow from the inner and outer walls of the CFHEX 

are depicted. 
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ent amount of mesh area normal to the axial ( z) direction on both 

ides of the node. 

The wall nodes are located at the centres of the respective ele- 

ents as depicted in Fig. 9 . For the inner wall control volumes (as

hown in Fig. 11 (a), the energy balance consists of the contribu- 

ions from conduction along the wall and radial heat flow between 

he centre of the wall and the high- and low-pressure flows. 

In addition, as explained above, the inner wall node temper- 

tures are used to estimate the heat transferred by conduction 

hrough the mesh in the axial direction. With the wall and mesh 

hermal conductivities being evaluated at the entrance and the exit 

f the wall control volume, the resulting energy balances for the 

all control volumes can be summarised as: 

wi | ( T wi,i −1 + T wi,i 
2 

) · A f r,wi 

0 . 5 · (�z i −1 + �z i ) 
· (T wi,i −1 − T wi,i ) 

λwi | ( T wi,i + T wi,i +1 
2 

) · A f r,wi 

0 . 5 · (�z i + �z i +1 ) 
· (T wi,i − T wi,i +1 ) 

 λmesh ⊥ ,hp | ( T mesh,hp,i −1 + T mesh,hp,i 
2 

) · A f r,mesh,hp 

0 . 5 · (�z i −1 + �z i ) 
· (T wi,i −1 − T wi,i ) 

λmesh ⊥ ,hp | ( T mesh,hp,i + T mesh,hp,i +1 
2 

) · A f r,mesh,hp 

0 . 5 · (�z i + �z i +1 ) 
· (T wi,i − T wi,i +1 ) 

 λmesh ⊥ ,l p | ( T mesh,lp,i −1 + T mesh,lp,i 
2 

) · A f r,mesh,l p 

0 . 5 · (�z i −1 + �z i ) 
· (T wi,i − T wi,i −1 ) 

λmesh ⊥ ,l p | ( T mesh,lp,i + T mesh,lp,i +1 
2 

) · A f r,mesh,l p 

0 . 5 · (�z i + �z i +1 ) 
· (T wi,i − T wi,i +1 ) 

 

1 

R hp2 wi,i 

·
(

T hp,i + T hp,i −1 

2 

− T wi,i 

)
−

1 

R l p2 wi,i 

·
(

T wi,i −
T l p,i + T l p,i −1 

2 

)
= 0 (18) 
11 
wo | ( T wo,i −1 + T wo,i 
2 

) · A f r,wo 

0 . 5 · (�z i −1 + �z i ) 
· (T wo,i −1 − T wo,i ) 

λwo | ( T wo,i + T wo,i +1 
2 

) · A f r,wo 

0 . 5 · (�z i + �z i +1 ) 
· (T wo,i − T wo,i +1 ) −

1 

R l p2 wo,i 

·
(

T wo,i −
T l p,i + T l p,i −1 

2 

)
= 0 (19) 

or the inner and outer wall, respectively. The symbols used in 

q. (18) and (19) are explained in Fig. 7 . 

The numerical model was implemented as Matlab [39] and 

ython [40] codes. The temperature- and pressure-dependent k , c p , 

, ρ values, which are required to calculate α f and Re are obtained 

rom CoolProp [41] and REFPROP [32] databases. The tube mate- 

ial temperature-dependent properties were taken from NIST [42] . 

hermal conductivity of the mesh in through-plane direction under 

.5 kPa and 4.5 kPa compression loads and in-plane direction were 

easured experimentally down to 10 K [38] and used in the anal- 

sis. The latter was measured at a 45 ◦ angle to the wire direction. 

n this way, no mesh wire was directly linking two temperature 

easurement locations (i.e. the heat path was interrupted by at 

east one wire-wire interface) giving the lowest resultant thermal 

onductivity, hence ensuring the values are conservative. The cur- 

ent analysis assumes that the CFHEX is not subjected to thermal 

adiation. 

The boundary conditions and the assumptions to which these 

orrespond are given in Table 3 . The pressure drop for each cell 

s calculated using Eq. (13) with the friction factor model of in- 

erest (see Section 4 ). Absolute temperatures at node locations are 

pdated at each iteration followed by re-evaluation of fluid prop- 

rties. After temperature and pressure distributions are found, the 

ffectiveness values ( εl p , εhp and εa v g , see Section 3 ) and the total 

ressure drop for each flow can be calculated. 

. Results and discussion 

.1. Sizing of a CFHEX 

The CFHEX that is subject of this analysis is designed to be used 

s CFHEX 1 in the remote cooling system depicted in Fig. 2 . It will

perate between 50 K and 290 K at its ends and 5.3 bar and 1 bar

or the high- and low-pressure streams, respectively. 

In the proposed concentric tube design, the main sizing param- 

ters to be determined are the mesh material, its the wire diam- 

ter and pitch, the CFHEX length, inner- and outer-tube diameters 

nd their wall thickness. In addition, special attention should be 

aid to the effect of mesh-wall contact conductance on the CFHEX 

erformance. The influence of these parameters will be discussed 

n the following subsections. 

.1.1. Number of nodes 

As a first step in the CFHEX sizing, a model sensitivity study to 

he number of volume elements was performed. Fig. 12 shows the 

ariation of the effectiveness and pressure drop with the number 

f elements for a given design. Above n ≈ 400 elements, which in 

his study corresponds to a volume width of about 0.4 mm, the 

erformance parameters no longer experience a significant change. 

herefore, in the further studies n was selected such that the el- 

ment width was close to 0.3 - 0.4 mm, which typically corre- 

ponded to n = 400 − 500 . 

.1.2. Materials and length 

Oxygen-free high thermal conductivity copper (OFHC) or a 

igh-purity Electrolytic-Tough-Pitch (ETP) copper are the best 

hoices for the woven metal mesh material. Tab. 4 outlines the di- 

ensions of the three commercially available copper mesh options 
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Fig. 11. Energy balance for the CFHEX wall control volumes. (a) Inner wall control volume. The energy flows in axial direction include the heat by conduction along the wall 

and the heat fluxes through the mesh parallel to the main flow direction. In the radial direction, the heat flux from the high-pressure and to the low pressure fluid flow 

control volumes is depicted. (b) Outer wall control volume. The energy flows include the heat by conduction along the wall in the axial direction and the heat flux to the 

low pressure fluid flow control volumes in the radial direction. 

Fig. 12. Variation of the predicted (a) effectiveness, (b) high- and (c) low-pressure stream pressure drops with the number of elements in the axial direction for each fluid 

and solid. The simulation parameters are: p hp, 0 = 5 . 3 bar, p l p, 0 = 1 . 0 bar, ˙ m = 150 mg/s. 
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onsidered in the analysis. Based on the porosity models presented 

y Zhao et al. [43] combined with in-house experimental measure- 

ents, e v = 0 . 62 was used for all the mesh in the current analysis.

or the three mesh options from Tab. 4, Fig. 13 and 14 depict the

FHEX effectiveness and pressure drops as functions of its length. 

or all three mesh options the calculated effectiveness and pres- 

ure drops in both fluid passages increase with increasing length. 

he effectiveness gain of ≈ 0.5 % is observed for L > 170 mm when

he finer mesh is selected over the coarse option for our nominal 

perating conditions. However, the corresponding increase in the 

ressure drop in this case amounts to a factor of eight. As such 

osses are rather significant, the tendency to aim for a longer de- 

ign with a coarse mesh was pursued for the current application. 

n addition, the coarser mesh provides higher mesh-to-wall contact 

orce (the analysis is presented in Section 6.1.4 ). Based on these 
12 
onsiderations, the range between 170 mm and 210 mm (marked 

n Fig. 13 and 14 ) was chosen for the design length. 

.1.3. Inner and outer tubes 

Fig. 15 shows the effectiveness and low-pressure stream pres- 

ure drop variation with changes in inner- and outer-tube diam- 

ters. High-pressure stream pressure drop is primarily affected by 

he inner-tube diameter and this variation is shown in Fig. 16 . In 

hese studies, 0.5 mm-thick inner bronze and 0.7 mm-thick outer 

tainless steel tubes were used. It can be seen from Fig. 15 (b) 

nd 16 that the pressure drop of the corresponding flow increases 

or smaller diameters, i.e. smaller free-flow areas. For example, if 

he outer-tube diameter is kept constant, enlarging the inner-tube 

rea decreases �p hp and increases �p l p . This happpens due to 

he pressure losses increasing with the higher flow velocity in a 
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Table 3 

Boundary conditions and assumptions used for CFHEX analysis. The subscripts correspond to the locations marked with the corre- 

sponding numbers in Fig. 9 . 

Condition Remark 

T hp, 0 = T hp,in The inlet temperature of the high-pressure fluid flow is known. 

T l p,n = T l p,in The inlet temperature of the low-pressure fluid flow is known. 

T wi, 0 = T wi, 1 The inner wall warm end is assumed to be adiabatic. 

T wi,n = T wi,n +1 The inner wall cold end is assumed to be adiabatic. 

T wo, 0 = T hp,in The warm end of the outer wall and the high-pressure flow inlet are assumed to be at the same temperature. 

T wo,n = T wo,n +1 The outer wall cold end is assumed to be adiabatic. 

Fig. 13. Plot showing the influence of the CFHEX length and mesh size on its 

effectiveness. The considered length range for CFHEX design is highlighted in 

green. The simulation parameters are: p hp, 0 = 5 . 3 bar, p l p, 0 = 1 . 0 bar, ˙ m = 150 mg/s, 

T hp, 0 = 290 K, T l p,n = 50 K. (For interpretation of the references to colour in this fig- 

ure legend, the reader is referred to the web version of this article.) 
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l

Table 4 

Different copper mesh dimensions used in the analysis. 

Porosity e v = 0 . 62 is used for all mesh options. 

Mesh option Type Wire diameter Pitch 

[ μm] [ μm] 

1 Coarse 315 500 

2 Medium 180 315 

3 Fine 112 140 
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maller passage and vice-versa, as seen from Eq. (13) . An increased 

elocity yields reduced friction coefficients in the laminar region, 

owever the dynamic pressure head ρu 2 / 2 becomes much higher, 

esulting in the overall increased pressure loss. 

Fig. 15 (a) shows that the effectiveness benefits from a relatively 

arge inner-tube diameter and a relatively small outer-tube diame- 
ig. 14. Plots demonstrating the influence of the CFHEX length and mesh size on its (a) 

FHEX design is highlighted in green. The simulation parameters are: p hp, 0 = 5 . 3 bar, p l p, 0

13 
er. There are two effects that apparently counteract: on one hand, 

 smaller diameter at a fixed mass flow rate results in a higher Re 

umber, that in turn results in a lower Colburn J-factor j H as indi- 

ated in Fig. 8 (a), and a lower j H means a lower heat transfer co-

fficient, as expressed in Eq. (11) . However, on the other hand, the 

erm between brackets in that same equation shows that a smaller 

ow area at fixed mass flow rate results in a higher heat trans- 

er coefficient. Because of the two competing effects an optimum 

alue of the inner-tube diameter is shown in Fig. 15 (a) at a rel-

tively low (and constant) outer-tube diameter. Similarly, at con- 

tant relatively high value of the inner-tube diameter, an optimum 

alue is visible in the outer-tube diameter. Deciding for a smaller 

uter-tube diameter is in line with the compactness goal, however 

t leads to significant pressure losses as discussed earlier. 

For the system in Fig. 2 one of the goals was set to maximise

he cooling power at the CIF. This can be achieved by increas- 

ng the CFHEX effectiveness as well as by maintaining the �p l p 

ow as it eventually defines the lowest temperature at the CIF (see 

ection 3.2.2 for justification). From Fig. 15 it is evident that the 

ain in effectiveness comes at the cost of an increased LP pres- 

ure drop. Tab. 5 summarises approximate cooling power reduc- 
high- and (b) low-pressure stream pressure drops. The considered length range for 

 

= 1 . 0 bar, ˙ m = 150 mg/s, T hp, 0 = 290 K, T l p,n = 50 K. 
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Fig. 15. Plots showing the influence of the CFHEX inner- and outer-tube diameters on its (a) effectiveness and (b) low-pressure stream pressure drops. The design point was 

determined to be at the locations marked with the arrows such that a low total pressure drop is maintained at a high effectiveness value. The simulation parameters are: 

p hp, 0 = 5 . 3 bar, p l p, 0 = 1 . 0 bar, T hp, 0 = 290 K, T l p,n = 50 K, ˙ m = 150 mg/s; bronze 0.5 mm-thick inner and stainless steel 0.7 mm-thick outer tubes. 

Fig. 16. Plot showing the variation of the high-pressure stream pressure drop with 

the inner-tube diameter. Low �p l p region is marked. The design point was de- 

termined to be at the location marked such that a low �p l p is maintained at a 

high effectiveness value. The relevant simulation parameters are: p hp, 0 = 5 . 3 bar, 

T hp, 0 = 290 K, T l p,n = 50 K, ˙ m = 150 mg/s; bronze 0.5 mm-thick inner tube. 
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Table 5 

Cooling power changes for variations in ε and �p l p approximated 

from Table 2 and Fig. 6 (a). 

Cooling power decrease at the 4.5 K CIF 

1% loss in ε 80 mW 

1% increase in �p l p 1 mW 

d

m

s

1

t

f  

t

t

i

A

t

t

s

b

b

t

a

m

t

b

F

m

t

i

d

d

m

ion per loss in ε and per gain in p l p . Overall, it appears that ε
as a larger impact on the achieved cooling power. However, it fol- 

ows from Fig. 15 that a small increase in ε can correspond to a 

ery large increase in �p l p . For example, a design with ε = 96 . 8 %

ill have a p l p that is 50 mbar higher than that of a design with

= 96 . 5 %. In this case, the resultant cooling power at the CIF

ill be higher for a design with the lower pressure drop. There- 

ore, an optimum CFHEX design that maximises the P can be 
CIF 

14 
etermined by analysing a field of relevant geometries using the 

ethod described in Section 3 . Based on this assessment, the re- 

ultant CFHEX design point is marked with arrows in Fig. 15 and 

6 . The final CFHEX dimensions based on the length and mesh- 

ype analysis presented in Section 6.1.2 are depicted in Fig. 19 . 

Another important aspect in the design is the material selection 

or the CFHEX tubes. From Eqs. 8, 9, 10 it follows that the tube ma-

erial will have implications on the thermal resistance between the 

wo flows via the conduction through the wall and the mesh-wall 

nterface terms as well as on the axial conduction along the CFHEX. 

s the outer tube does not contribute to the heat transfer between 

he fluid flows, the thinnest mechanically stable tube from low 

hermal conductivity material would be the best choice (stainless 

teel, glass-fibre composites, e.g. G10, etc.). The design would also 

enefit from a thin inner tube; in this case the conduction length 

etween the flows is shortened, i.e. heat transfer is improved and 

he cross-sectional area, hence axial conduction along the CFHEX is 

lso reduced. However, most tubes are made from a homogeneous 

aterial, which means further attempts to decrease axial conduc- 

ion via the use of a less conductive tube material would decrease 

oth axial and radial heat transfer in the CFHEX. 

The influence of different material choices is presented in 

ig. 17 (a) when no contact resistance is considered. Under an ideal 

esh-wall contact assumption, a stainless steel or bronze inner 

ube provides an improvement in effectiveness of 2–10 % (depend- 

ng on the mass flow rate) compared to a copper tube of the same 

imensions. This is a direct consequence of the reduced axial con- 

uction discussed earlier, which is especially pronounced at low 

ass flow rates. 
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Fig. 17. Effectiveness as a function of mass flow rate for different inner tube materials. (a) Mesh-wall contact is assumed to have no thermal resistance. (b) Mesh-wall contact 

thermal conductances are based on the data from Gmelin et al. [44] . The simulation parameters are: p hp, 0 = 5 . 3 bar, p l p, 0 = 1 . 0 bar, T hp, 0 = 290 K, T l p,n = 50 K, stainless steel 

0.7 mm-thick outer and 0.5 mm-thick inner tubes used in all analyses. 
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.1.4. Mesh-wall contact conductance 

However, the maximum achievable effectiveness will deterio- 

ate significantly once the mesh-wall contact conductance αIF is 

ntroduced. This happens as the thermal resistances R described in 

qs. 8, 9, 10 increase, causing a larger temperature spread between 

he fluid streams. Fig. 17 (b) represents the stainless steel, copper 

nd bronze inner tube cases from Fig. 17 (a) with the contact con- 

uctance profiles listed by Gmelin et al. [44] . The conductance of 

he bronze-copper mesh interface here is assumed to be close to 

hat of a copper-copper interface due the fact that both materials 

ave available free electrons at the interface to transfer heat. The 

opper-stainless steel contact is assumed to be close to that be- 

ween two stainless steel surfaces as the passivated oxide layer of 

tainless steel is present in both cases. For stainless steel the data 

or M0 contact [44] was applied assuming the linear αIF (T ) depen- 

ency in the indicated temperature range. For Cu-Cu contact linear 

nterpolation between the data from the references 16a, 16b and 

3a [44] was used to calculate αIF value at 3.8 MPa compression 

nd reflect its variation with temperature. 3.8 MPa compression 

oad was chosen due to the availability of the temperature data 

hroughout the temperature range of interest. The mesh-wall con- 

act conductance was also measured experimentally for a geome- 

ry similar to that of the CFHEX [38] to obtain a more representa- 

ive value. However, it is challenging to ensure that the mesh-wall 

ontact force in the real CFHEX corresponds to that in an experi- 

ental specimen. A further confirmation of this value will follow 

rom the analysis of the upcoming experimental effectiveness re- 

ults and their comparison to the numerical predictions. 

A degraded mesh-wall contact conductance leads to a larger 

emperature difference between the streams especially for higher 

ass flow rate increases where a greater amount of heat needs to 

e transferred. Thus, the reduction in effectiveness becomes even 

ore prominent at higher ˙ m as it can be seen from in Fig. 17 (b).

he plot shows that an ε drop of 27–72 % is expected for the stain- 

ess steel inner tube. As seen from the graph, the inner bronze tube 

ecomes a better candidate to ensure a higher CFHEX performance. 

The contact conductance increases significantly at higher con- 

act pressures [44] . Thus, to further improve it as well as to ver-

fy whether the conductance data from literature can be applied 

o the mesh-based design, the highest possible mesh-contact pres- 

ure for the proposed design should be evaluated. Due to the ge- 
15 
metrical arrangement of the mesh wires, a rather sophisticated 

nalysis would be required to determine the contact pressure ana- 

ytically in a precise manner. However, its order of magnitude can 

e roughly estimated via a simplified structural analysis of a sin- 

le section of the mesh wire next to the wall. The copper wire end 

an be approximated as a ETP copper cantilever beam with a cir- 

ular cross-section supported at the wire intersection as shown in 

ig. 18 . 

From here, the maximum shear and bending stresses as well as 

he critical buckling load can be determined using the following 

quations derived from typical structural analysis approaches [45] : 

 b,crit = 

π2 E Cu I zz 

(KL ) 2 
(20) 

bend = 

(F y L )(d w 

/ 2) 

I zz 
(21) 

shear = 

4 F y 

3 A wire 

(22) 

here F b,crit is the critical buckling load of the wire, E Cu is the elas-

ic modulus of copper, I zz is the second moment of the wire cross- 

ectional area A wire , F y and F b are the forces as shown in Fig. 18 ,

bend and σshear are the bending and shear stresses, respectively. 

he column effective length factor K of 2.1 is used for this cal- 

ulation as a conservative assumption (a built-in rod with a free 

nd [45] ) and the effective length L of 500 μm (i.e. the largest dis-

ance between the wires for mesh option 1, see Tab. 4 ) is defined.

he maximum bending stress in the wire occurs at the maximum 

istance of d w 

/ 2 from its centroid to the extreme fibre. A typical 

ow-end yield strength of ETP copper of 120 MPa [46] is assumed. 

rom this simplified structural analysis it follows that the failure by 

uckling would not occur before the plastic deformation. Assuming 

he angle β of tan 

−1 (315 / 500) (see Fig. 18 ) between the wall and

he wire, the maximum stress normal to the wall of ≈ 9.6 MPa can 

e withstood before the wire starts deflecting plastically. Exceed- 

ng the elastic limit at the wire-wall interface would lead to the 

hermal contact conductance dependency on the contact pressure 

ather than the force as usually used for point contacts at low tem- 

erature. The 9.6 MPa value is ≈ 3 times higher than the 3.8 MPa 
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Fig. 18. Schematic of a standard mesh wire, its detailed near-wall arrangement with the directions of the forces acting on it and the wire end approximation as a cantilever 

beam. The latter is used for the maximum mesh-wall contact pressure estimation, which corresponds to the force F cont. normal to the wall. 
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Fig. 19. The cross-section and sectional cut of the final CFHEX 1 design with mate- 

rials and dimensions. All dimensions are in mm. 
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ressure [44] presented in Fig. 17 (b). The assumptions made dur- 

ng this structural assessment are rather conservative as in reality 

he majority of the wires in a mesh layer will have shorter effec- 

ive length than 500 μm. In addition, during the fabrication pro- 

ess the copper strands are cold-worked and plastically deformed, 

ence the realistic yield strength is likely higher than stated. More- 

ver, the mesh layers will be stacked together providing additional 

upport to the contact wires. As a result, the wall-mesh contact 

ressure will most likely be higher than the calculated 9.6 MPa. 

Another point to mention is that the in-plane conductivity of 

he mesh was measured in a 45 ◦ angle to the strand direction such 

hat there is no single wire passing between the ends of the sam- 

le [38] . Due to the concentric geometry of the CFHEX, this will 

ot be the case and the in-plane conductivity will increase. All 

his suggests that the effective radial resistance between the flows 

ill reduce. To reflect this and the tripled approximated mesh-wall 

ontact pressure (9.6 MPa vs the used 3.8 MPa compression based 

n the data from Gmelin et al. [44] ), it is assumed that αIF should

e scaled up with a suggested adjustment factor of ≈ 3. 

.2. Final design 

For the final design, the heat transfer and friction factor charac- 

eristics for the metal woven screens from Barron [21] were con- 

idered the most appropriate for the current mesh geometry and a 

elatively conservative assumption (see Fig. 8 ). The adjustment of 

esh-wall interface thermal contact conductance was applied as 

iscussed in Section 6.1.4 during the CFHEX sizing. 

The final CFHEX design with materials and dimensions is de- 

icted in Fig. 19 . 

It is sized for the nominal operating point of the convection 

oop at 150 mg/s (explained in Section 3 ). Fig. 20 shows the ex- 

ected performance of the CFHEX, with a maximum effective- 

ess of 96.5 % ( NT U = 27 . 6 ) and corresponding pressure drops of

.7 mbar and 7.9 mbar for the high- and low-pressure streams, re- 

pectively. 

On the system level, this performance results in an increased 

ooling power of 0.94 W at 4.5 K CIF temperature (GM-cryocooler 

ithout convection loop: 0.8 W at 4.5 K). 

.3. Outlook 

A numerical model has been developed to describe the effec- 

iveness and pressure drop of the novel CFHEX design based on 

esh enhanced concentric tube geometry. Several internal param- 
16 
ters of interface thermal contact and heat transfer are imple- 

ented in that model. 

A number of assumptions were made during the CFHEX sizing 

ith respect to several parameters. To verify their reliability and 

o complete the numerical model, measurements of the mesh-wall 

ontact conductance, the contact force between the stacked mesh 

ayers and the fluid-mesh heat transfer are planned. Further, the 

esigned CFHEX will be constructed and tested to validate the nu- 

erical model and provide a better understanding of the influence 

f the listed parameters. Based on the coming experimental results, 

he importance of the further development of the numerical model 

e.g. implementation of additional nodes in radial CFHEX direction) 

ill be assessed. Moreover, if the experimental pressure drop per- 
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Fig. 20. Predicted performance of the sized CFHEX 1 from Fig. 19 . (a) Effectiveness 

variation with mass flow rate calculated for both helium fluid streams including 

parasitic heat loads. The average effectiveness is the arithmetic mean of both flows. 

(b) Pressure drop variation with mass flow rate. The simulation parameters are: 

p hp, 0 = 5 . 3 bar, p l p, 0 = 1 . 0 bar, T hp, 0 = 290 K, T l p,n = 50 K. 
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ormance proves to be consistent with the predictions and is low, 

sing the larger inner-tube diameter might be considered to in- 

rease the effectiveness of the next generation of CFHEXs. It will 

lso be essential to experimentally benchmark the strong influence 

f the mesh to inner wall thermal contact conductance predicted 

y the presented numerical model. 

. Conclusions 

Cryocooler-based remote cooling systems have a potential to 

nable a variety of applications. In this paper, examples of remote 

ooling arrangements are outlined and a design of a prototype con- 

ection loop with the subsequent definition of its nominal operat- 

ng point is performed. The circulation loop aims to enhance the 

erformance of a standard GM-cryocooler (cooling power: ≈ 0.8 W 

t 9 K) such that it provides a similar cooling power at a re-

otely located 4.5 K CIF. An effective, com pact, low-cost, mesh- 

ased CFHEX for this convection loop is proposed and the numer- 

cal model has been established and presented. The influence of 

arious parameters on the CFHEX performance has been investi- 

ated. 
17 
The numerical analysis has shown that the mesh-wall contact 

onductance has a significant effect on the performance of the 

esh-based CFHEX at high mass flow rates and may cause up to 

7–72 % deterioration in effectiveness depending on the contact 

orce and the materials in question. Therefore, it is an important 

river of the material and manufacturing choices for a performant 

esign. 

During the design process it became evident that an experi- 

ental campaign is needed including the measurements of mesh- 

all contact conductance, the contact force between the stacked 

esh layers and the fluid-mesh heat transfer, to further improve 

he numerical model and to benchmark its reliability. 

Taking into account the wall-mesh contact, a CFHEX design 

ith 96.5 % effectiveness ( NT U = 27 . 6 ) and accumulated pressure

oss of �p < 15 mbar is presented. This leads to an increase in 

he calculated total cooling performance of the cryocooler-based 

onvection loop: a cooling power of 0.94 W at 4.5 K, compared 

o 0.8 W at 9 K of the original GM-cryocooler can be achieved. 

his serves as a demonstration of the potential of the mesh inner 

tructure for the compact CFHEX designs. 
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